
UNIVERSITÀ DEGLI STUDI DI TRIESTE

XXV CICLO DEL DOTTORATO DI RICERCA IN

SCIENZE e TECNOLOGIE CHIMICHE e FARMACEUTICHE

PEPTIDES AS RECOGNITION AND SENSING ELEMENTS

CHIM/06

Ph.D. program Director

Prof. Mauro Stener

Ph.D. Student

Silvia Pavan

Thesis Supervisor

Dr. Federico Berti

Anno Accademico 2011/2012





“ I tell you: 

one must still have chaos within oneself, 

to give birth to a dancing star. ” 1
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PhD Thesis

PhD candidate: Silvia Pavan                                                              Supervisor: Dr. Federico Berti

Abstract

! Antiretroviral therapy (ART) is the recommended treatment of people infected with HIV 

and involves taking a combination of three or more anti-HIV medications from at least two different 

drug classes every day to suppress HIV replication. Efavirenz (EFV) is a potent and selective non-

nucleoside inhibitor of the HIV-1 reverse transcriptase, used for over a decade as an essential 

component of antiretroviral therapy, due to its relatively long half-life that allows convenient once-

daily dosing. High intrapatient variability in EFV plasma is a clinical problem demanding a rapid 

measure of pharmacokinetic parameters on each patient to improve the compliance and efficiency 

of the therapy and to limit the appearance of resistant mutant strains1. 

! The aim of this project has been the design and development of new peptidic artificial 

receptors for EFV to be developed as recognition and sensing elements in biosensor systems for 

therapeutic drug monitoring.

! A novel computational tool was implemented for designing short peptides (between 5 and 

15 amino acids) with high affinity for a desired small target molecule. Starting from a poly-alanine, 

this new algorithm had selected a decapeptide (FFWPPFLNVW) with a theoretical binding energy 

of "12.1 kcal/mol for experimental validation2 . The peptide was synthesized by solid-phase 

techniques, and its structure was studied by NMR. The sequential chemical shifts assignments 

were provided by 1H,1H TOCSY and 1H,1H NOESY experiments. Circular dichroism data and the 

range of JH!-NH coupling constants suggested a #-turn secondary structure. Fluorescence 

quenching measurements gave a ligand-protein dissociation constant value KD = 64 nM $ "14.7 

kcal/mol for the dissociation constant of the EFV-peptide complex and this is in good agreement 

with the theoretical value obtained with the algorithm. 1H,1H NOESY and the variation of proton 

chemical shifts in the titration of EFV to a peptide solution confirmed the intermolecular contacts of 

the EFV-peptide complex, described by the theoretical model.

! For biosensor purpose this short peptide was incorporated in molecularly imprinted 

polymers to increase the solubility in water and selectivity for EFV. A set of imprinting nanoparticles 

with a combination of peptidic functional monomers was currently tested with several techniques 

(UV, HPLC and ITC) to compare their re-binding capacity towards our target and their selectivity.

! Another approach to develop a peptidic receptor for EFV was based on miniaturizing a 

natural binder of this molecule. We have identified a 101-amino-acid polypeptide derived from the 

sequence surrounding the IIA binding site of human serum albumin. Codon usage optimization 

was used to express a GST fusion protein in E. coli in high yields. This fusion protein retains its 

structural integrity, its catalytic activity, its ability to direct the stereochemical outcome of a diketone 

reduction, and its binding capacity to warfarin and EFV3. Notably, this newly cloned polypeptide 

represents a valuable starting point for the construction of libraries of binders and catalysts with 
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improved proficiency. Three libraries of clones were designed by site directed mutagenesis and 

fast screening was performed with surface plasmon resonance experiments. Then novel synthetic 

pathways were pursued to yield two EFV analogues with a spacer arm placed on different position 

of EFV molecule and with a suitable free amine group for immobilizing on a SPR golden chip.

! This work contributes to design artificial peptidic receptors for small molecules and to 

advance several methodologies to define their interaction and the structure of ligand-peptide 

complex. Our peptides developed toward the highly-used HIV-drug EFV are worthwhile in 

biosensor devices. Prospectively electrochemical assays with the albumin-derived fragment and 

solid-phase extraction cartridges, exploiting our short peptides incorporated within imprinted 

nanoparticles, may be applied for therapeutic drug monitoring of EFV in patient plasma.

Up to date, the results have been published in the following articles:

Pavan S, Berti F (2012) Short peptides as biosensor transducers. Anal Bioanal Chem 402(10):

3055-3070 

Hong R, Pavan S, Benedetti F, Tossi A, Savoini A, Berti F, Laio A (2012) Designing Short Peptides 

with High Affinity for Organic Molecules: A Combined Docking, Molecular Dynamics, And Monte 

Carlo Approach. J Chem Theor Comput 8:1121-1128

Luisi I, Pavan S, Fontanive G, Tossi A, Benedetti F, Savoini A, Maurizio E, Sgarra R, Sblattero D, 

Berti F (2013) An albumin-derived Peptide scaffold capable of binding and catalysis. PLoS One 

8(2):e56469

Further papers will be submitted in a short time.
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Tesi di dottorato

Dottoranda: Silvia Pavan                                                                          Relatore: Dr. Federico Berti

Riassunto

! Nella cura di persone affette da AIDS, l"attuale terapia di prima scelta è quella 

antiretrovirale (ART) che prevede l"assunzione giornaliera combinata di tre o più farmaci anti-HIV, 

appartenenti ad almeno due diverse classi per sopprimere la replicazione del virus. Efavirenz 

(EFV) è un potente inibitore non nucleosidico della trascrittasi inversa del virus HIV-1. É usato da 

oltre un decennio come componente essenziale della terapia antiretrovirale in quanto possiede un 

tempo di emivita sufficientemente elevato da permetterne un"unica somministrazione giornaliera. 

L"alta variabilità della concentrazione plasmatica di EFV nel singolo paziente, e da paziente a 

paziente, rappresenta un grave problema clinico. Una rapida misura dei suoi parametri 

farmacocinetici in ciascun paziente migliorerebbe la collaborazione, l"efficacia della terapia e 

ridurrebbe la comparsa di ceppi virali resistenti1. 

! L"obiettivo di questo lavoro è la progettazione e lo sviluppo di nuovi recettori peptidici 

artificiali per EFV da poter utilizzare come elementi attivi nel riconoscimento molecolare in sistemi 

biosensoristici per il dosaggio di farmaci.

! É stato applicato un innovativo strumento computazionale per “disegnare” piccoli peptidi 

(lunghi dai 5 ai 15 amminoacidi) che presentino alta affinità per una piccola molecola target. A 

partire da una poli-alanina, questo nuovo algoritmo ha selezionato un decapeptide 

(FFWPPFLNVW) con una teorica energia di legame di #12.1 kcal/mol da validare 

sperimentalmente2. Il peptide è stato sintetizzato su fase solida e la sua struttura è stata studiata 

con tecniche NMR. L"assegnazione ordinata degli spostamenti chimici dei protoni è stata effettuata 

con esperimenti NMR 1H,1H TOCSY e 1H,1H NOESY. I dati di dicroismo circolare e il calcolo delle 

constanti di accoppiamento JH!-NH concordano nell"attribuire al decapeptide una struttura 

secondaria di tipo $-turn. Le misure di quenching della fluorescenza hanno fornito una costante di 

dissociazione ligando-proteina pari a KD = 64 nM % #14.7 kcal/mol per la dissociazione del 

complesso EFV-peptide, concordando con il valore teorico ottenuto con l"algoritmo. Esperimenti 

NMR 1H,1H NOESY e la variazione degli spostamenti chimici dei protoni, a seguito di una 

titolazione di EFV ad una soluzione di peptide, hanno confermato i contatti intermolecolari già 

descritti dal modello teorico.

! Con lo scopo di creare sensori biomimetici, questo peptide è stato incorporato in polimeri 

ad imprinting molecolare in modo da aumentarne la solubilità in acqua e la selettività per EFV. Un 

set di nanoparticelle con combinazioni di diversi monomeri funzionali peptidici sono attualmente in 

fase di studio tramite varie tecniche (UV, HPLC e ITC) per determinare la loro capacità di catturare 

EFV e la loro selettività per il nostro target.

! Un altro approccio per sviluppare recettori peptidi per EFV ha coinvolto la riduzione della 

sequenza di un recettore naturale di questa molecola. Abbiamo identificato un polipeptide di 101 
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amminoacidi, che deriva dalla sequenza nell!intorno del sito di legame IIA dell!albumina umana. 

Grazie all!ottimizzazione dei codoni, il peptide è stato espresso, con elevate rese, in fusione con la 

proteina GST in E. coli. Questa proteina di fusione ha dimostrato di mantenere la sua integrità 

strutturale, la sua attività catalitica, la sua abilità di controllare la sterochimica della riduzione di 

dichetoni, e la capacità di legare warfarin ed EFV3. É da notare che questo polipeptide, clonato per 

la prima volta, rappresenta un prezioso punto di partenza per la costruzione di librerie di binders e 

catalizzatori, che potrebbero presentare miglioramenti nelle sue proprietà. Sono state progettate 

tre librerie di cloni da generare tramite mutagenesi sito specifica ed è stato ottimizzato un 

screening veloce dei cloni tramite esperimenti SPR. Sono state seguite nuove vie sintetiche per 

ottenere due analoghi di EFV con uno spaziatore posizionato in diversi punti della molecola EFV, e 

con un!ammina libera adatta per immobilizzare i due nuovi derivati di EFV su un chip d!oro di SPR.

" Questo lavoro ha contribuito alla progettazione di recettori artificiali per piccole molecole 

ed all!ottimizzazione di varie tecniche per definire la loro interazione e la struttura del complesso 

ligando-peptide. I nostri peptidi sviluppati verso il farmaco EFV, ampiamente usato in terapia anti-

HIV, sono adatti a dispositivi biosensoristici. In futuro, misure elettrochimiche con il frammento di 

albumina o cartucce d!estrazione in fase solida, sfruttando i piccoli peptidi incorporati in 

nanopolimeri ad imprinting molecolare, potrebbero esser utilizzati per il dosaggio del farmaco EFV 

nel plasma dei pazienti.

Finora, i risultati sono stati pubblicati nei seguenti articoli:

Pavan S, Berti F (2012) Short peptides as biosensor transducers. Anal Bioanal Chem 402(10):

3055-3070 

Hong R, Pavan S, Benedetti F, Tossi A, Savoini A, Berti F, Laio A (2012) Designing Short Peptides 

with High Affinity for Organic Molecules: A Combined Docking, Molecular Dynamics, And Monte 

Carlo Approach. J Chem Theor Comput 8:1121-1128

Luisi I, Pavan S, Fontanive G, Tossi A, Benedetti F, Savoini A, Maurizio E, Sgarra R, Sblattero D, 

Berti F (2013) An albumin-derived Peptide scaffold capable of binding and catalysis. PLoS One 

8(2):e56469

Ulteriori articoli saranno inviati a breve.

"
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1.1 Drug Monitoring of Efavirenz

1.1.1 Efavirenz

! Current treatments for human immunodeficiency virus (HIV) infection are designed to 

interfere with the viral replication by inhibiting either HIV protease or HIV reverse transcriptase 

(RT).  Antiretroviral therapy (ART) is the recommended treatment of people infected with HIV and 

involves taking a combination of three or more anti-HIV medications from at least two different 

drug classes every day to suppress HIV replication. ART is used in order to reduce the likelihood 

of the virus developing resistance and has prolonged the survival of HIV-infected individuals and to 

improve their quality of life1.

! Efavirenz (EFV), marketed by Bristol-Myers Squibb with the brand name Sustiva®, is one 

of the FDA-approved drugs used in the treatment of patients infected with HIV. EFV is a potent and 

selective non-nucleoside inhibitor of the HIV-1 reverse transcriptase, used for over a decade as an 

essential component of antiretroviral therapy2. Efavirenz is currently used worldwide in first-line 

regimens, coformulated with emtricitabine and tenofovir, due to the convenience of a single pill 

taken once daily and resultantly high treatment adherence3. 

! Peak EFV plasma concentrations are reached by 5 h following single oral doses. The 

time to peak plasma concentrations is !3-5 h and steady-state plasma concentrations of EFV are 

reached in 6-7 days. The bioavailability of a single 600 mg dose of EFV hard capsules in is 

increased by 17%-22% by food4. 

EFV is highly bound (!99.5%-99.75%) to human plasma proteins, predominantly albumin. 

! EFV is extensively metabolized in humans by CYP2B6 to inactive hydroxy metabolites, 

8-hydroxyefavirenz, which is subsequently hydroxylated to 8,14-di-hydroxyefavirenz by the same 

enzyme2.These metabolites are excreted predominantly in urine as glucuronides and to some 

extent as sulphate conjugates5. The elimination half-life of EFV after single oral doses is 55–76 h4. 

EFV is a well-known victim and perpetrator of drug– drug interactions and induces its own 

metabolism and clearance6. Central nervous system side effects (including dizziness, insomnia, 

impaired concentration, somnolence, and abnormal dreams) occur commonly and a relatively low 

genetic barrier to HIV-1 resistance is reported2, 4. 

! Although HIV infection is generally well controlled by EFV-containing regimens, a number 

of patients develop resistance to the drug. In these patients, the K103N mutation is present in over 

90% of the RT sequences examined7. In an e!ort to develop new generation drug with improved 
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activity against K103N and other resistant mutants, SAR (structure–activity relationship) 

investigations were launched to describe the e!ect of varying the aromatic substitution pattern of 

EFV, of modifying and replacing the acetylenic side chain8.

! The emergence of EFV-resistant HIV mutants could be a result of repeated exposure to 

ineffective of sub-therapeutic drug level due to the high intra- and inter-patient variability in plasma 

EFV concentrations9. Moreover, 20-40% of patients receiving EFV reported central nervous 

system side effects that are associated high EFV plasma levels. A plasma therapeutic range of 1–4 

"g/mL has been established for EFV10  and its pharmacokinetics vary between individuals and 

populations causing variation in drug concentrations11. Factors reported to be associated with 

interpatient variability in EFV concentration include gender, ethnicity12 and genetic polymorphisms, 

while autoinduction13 and adherence may contribute to both inter- and intrapatient variability14.

! Furthermore EFV is one of the anti HIV drugs with poor aqueous solubility (4 µg/ml)15 . 

The low solubility of the EFV in aqueous medium hinders the absorption and biodistribution of the 

drug from the gastrointestinal tract16. The oral bioavailability of the drug is around 40–45% and the 

interindividual variability observed demands therapeutic drug monitoring17 . Therefore EFV dosage 

individualization based on plasma concentration monitoring might improve the patient compliance 

and clinical outcomes, reducing associated toxicities, potential drug-drug and food-drug 

interactions and the development of resistance. 

1.1.2 Drug monitoring

! The development of rapid, accurate, and portable diagnostic tools is very important for 

the monitoring of drug concentrations in plasma samples from patients affected by chronic 

diseases. It should be noticed that there is no cure or established primary prevention measure 

(such as a vaccine) against HIV; a universal “test-and-treat” strategy has been proposed for HIV 

infected patients and antiretroviral therapy is essentially required for HIV positive patients18. The 

main objective of clinical research is to systematically identify and quantify drug molecules in a 

given sample. Therefore, it is necessary to detect accurately the concentration of anti-HIV drugs in 

HIV infected human plasma for evaluation of drug pharmacokinetics in clinical trials with efficacy19. 

In recent years, the development of facile and rapid analytical methods for detection and 

quantification of anti-HIV drugs in human plasma has become a popular subject20.
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Fig 1.1.1 Structures of EFV and of its main metabolites.
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! Indeed a number of methods have been reported for the analysis of EFV alone in 

biological fluids, and in combination with other drug including high performance liquid 

chromatography with ultraviolet detection HPLC-UV2122 23 24 , liquid chromatography with mass 

spectrometry detection LC-MS25 , HPLC with fluorescence detection26  and a capillary 

electrophoresis method27 . More recently, different innovative techniques were combined for 

therapeutic drug monitoring of EFV, using functionalized quantum dots as matrix in matrix-assisted 

laser desorption/ionization time-of-flight mass spectrometry analyses (MALDI-TOF-MS)28  or liquid 

chromatography with tandem mass spectrometry detection (LC-MS/MS)29 . The detection efforts 

have been extended to its metabolites30 (LC-MS/MS), to its dosage in pharmaceutical formulations 

(reverse phase HPLC31, 19F-NMR32) and to its intracellular quantification (HPLC–UV33, HPLC–

MS34) that may provide further understanding of therapeutic failure, especially where virological 

rebound occurs despite adequate plasma levels. The impressive number of these papers confirm 

the worldwide importance of therapeutic EFV monitoring35. However, all these methods are 

impractical for commercial use because they suffer from a long sample preparation time, or a long 

assay time, or a lack of an adequate sensitivity.  Some of these methods require expensive 

equipments, that are not available in most laboratories, or involve laborious liquid-liquid sample 

extraction procedures that negatively affect the accuracy of the results. Furthermore, these 

methods, as relied on sequential samples analysis, are not suited for screening of large number of 

specimens. Immunoassays are preferable in the field of clinical analysis because of their 

applicability for a wide range of analytes, high-throughput, low cost, convenience for screening of a 

large number of samples, and their specificity for the analyte of interest even in multi-component 

complex sample matrix such as plasma36. The antibody is the most important key reagent in the 

development of any immunoassay system. As well, specificity of the antibody to the analyte of 

interest is the limiting factor in the validity of the assay and the mode to link the small target 

molecule or hapten to the larger immunogenic carrier protein results the key step for generating 

highly sensitive and specific antibodies. Several immunoassay attempts were reported with 

different types of immunogen conjugates between a protein carrier and EFV derivatives37. 

However, no immunoassay has been commercially available as portable device for use in clinica to 

date. 

! Accordingly, the development of a new alternative analytical technology for the 

determination of EFV in plasma with adequate sensitivity, improved simplicity, lower cost, and 

higher throughput is urgently needed. 
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1.2 Recognition and Sensing Elements 

1.2.1 Biosensors

! Molecular recognition events are some of the most significant features of biological and 

chemical systems, and o!er unique and diverse structures and functions of various molecules, 

assemblies, and materials1. The biomolecular recognition is the ability of a biomolecule to interact 

selectively with another molecule in the presence of structurally similar rival molecules. This basic 

principle is not only important from a scientific point of view but also opens up a wide field of 

potential biotechnological applications. The recognition process itself is governed by a complex 

interplay of non-covalent interactions as salt bridges, hydrogen bonds, van der Waals, hydrophobic 

interactions, and entropic effects2. Molecular recognition is fundamental to biosensing. Since the 

first biosensor, that was developed by Updike and Hicks3 and consisted of a molecular recognition 

element and a transducer, several techniques have progressively been associated to provide 

accurate detection of target analytes (Fig 1.2.1)4 .

! A commonly cited definition is: “a biosensor is a chemical sensing device in which a 

biologically derived recognition entity is coupled to a transducer, to allow the quantitative 

development of some complex biochemical parameter”5 . “A biosensor is analytical device 

incorporating a deliberate and intimate combination of a specific biological element (that creates a 
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Fig 1.2.1 Schematic 

representation of a single 

element biosensor containing 

the biorecognition element, 

transducer and the physical 

output whose magnitude is 

related to the concentration of 

the analyte of interest8.



recognition event) and a physical element (that transduces the recognition event)”6 . Initially, bio-

element were isolated from living systems (enzymes, microbes, antibodies, receptors, plant or 

animal cells, organelles, or tissues). However, many biosensor recognition elements now available 

are not naturally occurring but have been synthesized in the laboratory. In addition, new molecular 

recognition elements of engineered biomaterials such as enzymes, microbes, antibodies, antibody 

recognition elements, receptors, and aptamers, etc., and of artificial materials such as peptide 

nucleic acids (PNAs) and molecularly imprinted polymers (MIPs) have been studied and applied to 

biomimetic sensor development in recent years4.

! The large variety of sensor-elements includes electric current, electric potential, intensity 

and phase of electromagnetic radiations, mass, conductance, impedance, temperature, viscosity, 

and so on7. The usual aim of a biosensor is to produce either discrete or continuous digital 

electronic signals, which are proportional to a single analyte or a related group of analytes (Fig 

1.2.2)8. 

! As current techniques and tools for biosensor construction, microfabrication techniques9, 

including nanoscale fabrication, are most significant for miniaturization of biosensing chips or 

devices, because they enable reduction of cost by mass production, reduction of sample volume, 

etc. In addition, several techniques and tools have been studied and used to improve biosensor 

properties, such as immunoreactions10 , conducting polymers11, plasma polymerized films 

(PPFs)12, bacterial magnetic particles (BMPs)13 , etc. Based on these studies, fundamental 

research for creating new biosensing devices has also provided the development of 

electrochemical sensors14, quartz crystal microbalance (QCM) sensors15, optical sensors16 that are 

surface plasmon resonance (SPR) sensors17, microfluidic chips18  that include capillary 

electrophoresis (CE) chips19, and chip arrays for nucleic acids20 and proteins21, etc. 

! Biosensor technologies allow high sensitivity and specificity22  and are applied in a wide 

range of disciplines for various purposes as environmental23 , food24, and clinical uses25. 

! The emergence of micro- and nanoscale technologies for biology has a great potential to 

lead to the development of next generation biosensors with improved sensitivity and reduced costs 
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Fig 1.2.2 Biosensing and transduction classes for in vitro biosensors. Methods of biosensing: (a) antibody/

antigen; (b) enzyme catalysed; (c) nucleic acid; (d) cell-based; (e) biomimetic. Methods of transduction; 

(f) optical; (g) electrochemical; (h) mass-sensitive; (i) thermal27.



as compact, integrated, and/or automated devices 26  for point-of-care sample analysis and real-

time diagnosis27.

! Biosensors are widely used in medicine to monitor or detect biological molecules for 

applications ranging from diabetes to cancer28 . Furthermore, through miniaturization, it is possible 

to fabricate biosensors that are portable, cheap, and highly sensitive that can be used in resource-

poor settings for diseases such as HIV/AIDS29 . Therefore, the continued progress in the 

development shows great potential in improving methods to diagnose diseases, to monitor their 

progression in medicine or hopefully for the therapeutic drug monitoring.

1.2.2 Molecular Recognition Elements

! Molecular recognition elements can be divided into two types – catalytic and affinity- 

bases. The former type includes enzymes, microbes, organelles, plant or animal cells, and plant or 

animal tissues; the latter includes antibodies, receptors, nucleic acids, and MIPs4. These elements 

are highly selective and sensitive and have been studied and applied to biosensor development. 

! Our interests aim to create new devices to recognize the small target molecule Efavirenz. 

Therefore, in this work the catalytic elements have been not mentioned, while the affinity bio- and 

artificial elements are described herein in the following sections.

1.2.2.1 Receptors

! For purposes of biosensing, receptors are alluring because of their generic “receiving” as 

well as “sending” functions. In addition to their being mediators of physiological processes, 

receptors are natural targets for a variety of toxins as well as drugs. Receptors are transmembrane 

(plasma and intracellular membranes) or soluble proteins that bind to specific molecules called 

ligands, the binding event initiating a specific cellular response30. 

! Although receptor preparations are attractive biosensor recognition elements due to high 

ligand specificity and affinity, their low yield and relative instability, labour intensive isolation and 

lengthy purification protocols of membrane associated proteins, as well as transduction difficulties 

have significantly impeded pursuit of receptor mediated sensing. However, the advent of 

recombinant techniques and of a multitude of expression systems, allowed to generate large 

amounts of receptor protein, alleviating many of earlier practical issues. Direct monitoring of 

receptor–ligand interaction was challenging due to absence of signal amplification associated with 

other sensor biorecognition elements, as for example, enzymes. However, the development of 

very sensitive, direct monitoring of the binding event is now possible using surface plasmon 

resonance31.

1.2.2.2 Antibodies

! Antibodies have been used extensively for detection purposes; however, their popularity 

increased significantly following Kohler and Milstein"s pioneering work establishing monoclonal 
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antibody hybridoma technology. Using cell clones that specifically produce monoclonal antibodies 

of choice, large quantities of antibody can be produced. Antibody recognition elements exploit the 

sensitivity and specificity of bimolecular antibody–antigen interactions. The major advantage of 

antibody biorecognition elements is that the immunogen, i.e. target, need not be purified prior to 

detection. A variety of signal transduction (optical and electrochemical) techniques have been 

developed and the most useful has been the enzyme-labeled fluorescence (ELF) technology that 

provide signal amplication due to the catalytic turnover of the fluorogenic or chromogenic 

substrate, thus increasing the sensitivity of the assay32. 

! Recombinant antibodies, consisting of genetically manipulated fused antigen binding 

domains (Fab and single chain Fv fragments) of common antibodies are now available. When 

compared to polyclonal or monoclonal antibodies, generation (expression and purification) of 

recombinant antibodies is less expensive and time consuming33 .

! Whilst numerous useful diagnostic kits exist for a multitude of disease states, such as 

cardiac disease34 and biological threat detection, e.g. Raptor™35, few biosensor devices based on 

recombinant antibody technology are commercially available. Biosensors have huge potential in 

the areas of clinical diagnosis/monitoring, environmental and food safety, biothreat analysis on the 

battlefield and counter terrorism36. In addition, point-of-care testing can remove the need for long 

delays by providing relatively short testing times. However, for point-of-care testing and other 

biosensor-based detection devices to become mainstream, current biological formats require 

reductions in size, sample and reagent volume requirements coupled with significant advances in 

reliability, ease-of use multi-analyte and high-throughput capabilities37.

1.2.2.3 Lectins

! Lectins constitute a broad family of proteins involved in diverse biological processes, 

occasionally having potent toxic properties. Lectins generally exhibit strong binding to specific 

carbohydrate moieties known as glycans, and this property has been extensively exploited as a 

basis for biosensor design38. Furthermore, particular structural profiles of glycans and their 

recognition by lectins have been attributed to disease progression, making analysis of saccharide–

lectin binding processes important as a diagnostic tool. Lectins are excellent biorecognition 

elements due to high affinity for saccharide moieties via multivalent interactions arising from the 

spatial organization of oligosaccharide ligands39.

1.2.2.4 Aptamers

! Aptamers are nucleic acid ligands (RNA, ssDNA, modified ssDNA, or modified RNA) that 

are isolated from libraries of oligonucleotides by an in vitro selection process called SELEX 

(Systematic Evolution of Ligands by EXponential enrichment)40 . These DNA/RNA ligands are 

thought to recognize their target primarily by shape (i.e. conformation) and not sequence41. Since 

they are short, single-stranded oligonucleotides, they are capable of folding into three-dimensional 

structures due to their self-annealing properties. Aptamers bind with high affinity and specificity to 

a broad range of target molecules, and have proven suitable for analytic and diagnostic 

applications42. 
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! Aptamers have been produced against a wide range of targets including small molecules, 

proteins and whole cells, making them very useful for detection purposes. These nucleic acid 

recognition elements are more flexible than their protein counterparts. Predominantly unstructured 

in solution, aptamers fold upon associating with their ligands into molecular architectures in which 

the ligand becomes an intrinsic part of the nucleic acid structure. Due to their high binding affinity, 

simple synthesis, easy storage, and wide applicability, aptamer sensor recognition elements are 

emerging as a new class of molecules that rival commonly used antibody biosensor recognition 

elements43. 

! A key development in aptamer-based sensors is represented by molecular beacon 

aptamers, which have the ability to directly report the binding to their specific targets. In a 

molecular beacon, a fluorophore and a quencher are attached to the 3" and 5" ends of the 

aptamer. In the absence of analytes, some aptamers have a random, flexible format (Fig 1.2.3). In 

the presence of analytes, the aptamer and the analyte will form a compact nanostructure so that 

the 3" and 5" ends of the aptamer will be brought close to each other. Thus, the fluorescent signal 

can be turned from an “on” to an “off” state.  However, this theme has now been adapted to a 

variety of nucleic acid formats including aptamers and nucleic acid peptides43. 
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Fig 1.2.3 Application exempla of aptamers. (a) An aptamer-based molecular beacon system. An aptamer 

is end-labeled with a fluorophore (F) and a quencher (Q). The binding of the target molecule will induce 

the structural change of the aptamer, bringing F and Q together t o “turn off” the fluorescent signal . (b) 

An electrochemical biosensor employing an aptamer carrying a redox-active molecule at its end. The 

binding of the target protein will force the end-labeled ferrocene (Fc) toward the electrode to provide 

continuous electronic communication of the ferrocene with the electrode. (c) An intermolecular 

hybridization-mediated molecular detection. The aptamer is used as a cross-linker to assemble AuNPs 

together to form aggregates. The binding of the target molecule will lead to dissembling of the aggregates 

and cause the color change from purple to red43.



!  Nucleic acid aptamers are an emerging class of synthetic affinity ligands but some 

challenges still remain. The molecular recognition between aptamers and target molecules, that 

involves multi-component systems, is still not well understood and the aptamer discovery is still a 

trial-and-error procedure in most laboratories. Furthermore a biosensing surface will not be 

completely covered by aptamers and its properties may be changed under some conditions (e.g., 

high salt concentration)43. 

1.2.2.5 Peptide Nucleic Acids

! Peptide nucleic acids (PNA) are synthetic DNA analogues or mimics with a polyamide 

backbone instead of a sugar phosphate one (Fig 1.2.4)44 . Of significant importance to biosensing, 

PNAs exhibit superior hybridization characteristics and improved chemical and enzymatic stability 

compared to nucleic acids45. Both double- and triple- stranded complexes are capable of being 

formed by PNAs in association with nucleotides4. The negatively charged ribose-phosphate 

backbone of nucleic acids is replaced by an uncharged N-(2-aminoethyl)-glycine scaffold to which 

the nucleobases are attached via a methylene carbonyl linker. Because the intramolecular 

distances and configuration of the nucleobases 

are similar to those of natural DNA molecules, 

specific hybridization occurs between PNAs 

and cDNA or RNA sequences. The uncharged 

nature of PNAs is responsible for a better 

thermal stability of PNA–DNA duplexes 

compared with DNA–DNA equivalents and, as 

a result, single-base mismatches have a 

considerably more destabilizing effect. As with 

DNA, the decrease in duplex stability depends 

on the position of the mismatch within the 

sequence46 . The neutral amide backbone also 

enables PNA to hybridize to DNA molecules in 

low-salt conditions because no positive ions 

are necessary for counteracting the interstrand 

repulsion that hampers duplex formation 

between two negatively charged nucleic DNA. 

PNAs are stable across a wide range of 

temperatures and pHs. The very different 

nature of PNA molecular structure enables 

new modes o f de tec t ion , espec ia l l y 

procedures that avoid the introduction of a 

label47 .
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Fig 1.2.4 Comparison of the structures of peptide 

nucleic acid (PNA) and DNA. The deoxyribose-

phosphate bacbone of DNA (red) is replaced by N-

(2-aminoethyl)-glycine unite in PNA (blue). The 

nucleobases are shown in black45.



1.2.2.6 Supramolecular Architectures

!  In the last 25 years, regarding the molecular recognition, nanotechnology and 

nanofabrication have paid much attention in supramolecular chemistry based on rational 

organization through assembly of constituent molecules. 

! Since the discovery of crown ethers and cryptands, a variety of synthetic receptors 

including spherands48, clefts49 and tweezers50 have been developed. Several e!ective strategies 

toward the design of receptor architectures have been established using computer-aided design51, 

template reaction concepts52, molecular imprinting protocols53, and microwave irradiation54.

! Current research is focused on meso-scale molecular recognition using sophisticated 

receptors (Fig 1.2.5). A new series of receptors have been designed to provide guest-binding 

cavities larger than 1 nm in diameter, which recognize and/or react with many kinds of guests. 

Molecular capsules, dendrimers, and helicates typically work as meso-scale receptors, some of 

which target fullerenes, proteins, polymeric drugs, bio-assemblies and other nanometer-sized 

guests. This subject is being continuously developed and the far future goals of molecular 

recognition chemistry might include construction of “living” complex functional systems through 

spontaneous self-organization based on rational molecules" and materials" design1.
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1.3 Short Peptides as Biosensor Transducers1

! Peptides represent a clear option if one wishes to mimic the molecular recognition 

mechanism occurring in biomolecules such as enzymes, antibodies, drug receptors, and 

transmembrane proteins2. The high specificity or high catalytic activity of these macromolecules or 

both are generated by binding sites in which multiple interactions can be formed with the target 

molecule, and there has been a considerable effort to understand the mechanism that controls 

recognition with the view of generating artificial macrostructures for the purpose of binding and/or 

catalysis. An example that has attracted significant research is represented by the olfactory 

receptor proteins3. These very complex molecules are difficult to purify from natural sources and 

impossible to synthesize, yet their availability for specific applications would be invaluable. For 

these reasons the design of short, peptide-based, artificial receptors capable of highly specific 

recognition is one of the goals of biotechnology to obtain competitors, inhibitors, mimotypes, drugs, 

reagents for affinity purification systems, and active elements in biosensors4 . Short peptides 

represent an excellent opportunity for the design of artificial receptors because of (1) the number 

of different molecules that can be obtained by combining the 21 natural amino acids, (2) the 

availability of both molecular biology and chemical techniques for the fast screening of peptide 

libraries, (3) the possibility of automated synthesis, and the low cost (in comparison, e.g., with 

monoclonal antibody technologies) for the preparation of relatively large amounts of highly purified 

peptides, (4) the ease of modification to further enhance binding, and (5) relatively easy modeling. 

A growing number of biomimetic, peptide-based sensing systems have been reported in the recent 

literature, and the wide range of target analytes includes whole cells, proteins, small organic 

molecules such as drugs, hormones, and pollutants, and ions. This section deals with short 

peptides, meaning peptides that could be available via automated chemical synthesis (two to 50 

amino acids), and relevant examples will be reported according to the source of biomimetic 

inspiration that allowed their design and according to the method adopted for their selection and 

synthesis as well: 

Designed synthetic peptides: we include binder elements designed on the basis of known 

interactions between single or a few amino acids and targets, with no attempt to build highly 

organized binding sites, but rather with attention being paid to the presence of peptide motifs 

known to allow intermolecular self-organization of the sensing peptides over the sensor surface. 
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Short peptides from random phage display: the peptides are selected in a random way from 

large, unfocussed, and often preexisting and commercially available phage display libraries, with 

no design elements.

Peptide receptors for ligand sensing: artificial, miniaturized receptors can be obtained from the 

reduction of the known sequence of a natural receptor down to a synthesizable and yet stable one. 

Alternatively, a binding site can be created over a designed, stable peptide scaffold.

Peptide ligands for receptor sensing: short peptides can also be used as active elements for the 

detection of their own receptors. Thus, antimicrobial peptides (AMPs) and cell-penetrating peptides 

(CPPs) are used for sensing bacterial cells, antigenic peptide sequences for antibody monitoring, 

and peptide substrates for enzyme detection. 

1.3.1 Designed Synthetic Peptides

! The simplest, but nevertheless very effective, level of design for peptides involved as 

active elements in sensors is found in ion-selective electrodes for metals such as copper5 , nickel, 

lead6  and zinc. The topic was reviewed by Chow and Gooding7  in 2006 and some interesting 

recent examples follow. 

! Even in the very simple tripeptide Gly-Gly-His, the design embodies ion selectivity, as the 

peptide interacts selectively with copper, whereas its isomer Gly-His-Gly cross-reacts with copper 

and zinc. On this basis, a field-effect transistor selectively sensitive to copper and a polypyrrole 
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Fig 1.3.1 Selective binding of copper to a microcantilever coated with the Gly-Gly-His tripeptide. 

EDC N-ethyl-N-(dimethylaminopropyl)carbodiimide, MPA mercaptoproprionic acid, NHS N-

hydroxysuccinimide9.



nanowire electrode were built8 . The mechanism of copper complexation by the peptide has been 

studied directly on the surface of a gold microcantilever9 , which gave different responses 

depending on the copper concentration and time. The results are consistent with the presence of 

two different copper–peptide complexes: a monodentate, low-affinity complex is formed in a fast 

step by histidine (Fig. 1.3.1) and then the system evolves in a slow step towards a high-affinity 

tetradentate complex, which gives rise to a different response from the cantilever, owing to the 

change in volume of the peptide monolayer. This result also explains the ion selectivity of the 

peptide, since the Gly-His-Gly isomer is likely unable to form the tetradentate complex for steric 

reasons, and monodentate complexation by histidine is not selective. 

! Ion-sensitive peptides have been designed also taking inspiration from more complex 

naturally occurring motifs: the zinc-finger peptide sequence has been used to build up a zinc 

Förster resonance energy transfer (FRET) fluorimetric sensor10 . The zinc-finger peptide changes 

its conformation upon zinc binding, and the addition of a fluorophore/quencher couple at the 

peptide ends allows zinc detection by measuring the fluorescence quenching. 

! Peptide sequences known to interact with nickel, from tetanus toxin (P12), hepatitis C 

virus, fragment (NS4/7), and a poly-H sequence, have been exploited on surface plasmon 

resonance imaging (SPRI)-based microarrays for multiparametric and simultaneous analyses of 

peptide–metal interactions or of metal levels to monitor a large panel of metal-mediated biological 

activities11. 

! Small organic molecules have also been detected with designed oligopeptides. 

Simultaneous detection and identification of various classes of volatile organic compounds has 

been performed by a quartz crystal micro-balance (QCM) with a sensor module coated with 

synthetic short peptides derived from in silico design and selection, together with conducting 

polymers12 . Picogram per milliliter dioxin pentapeptide binders have been obtained by a 

combinatorial peptide library screening13 and designed modification of the binders with nonnatural 

amino acids14. The sensitivity obtained with such short sequences including nonnatural amino 
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Fig 1.3.2 Sensor for Botulinum neurotoxin 

A (BoNT/A). (a) self-assembled monolayer 

(SAM) formation on gold yields mixed 

monolayers of amine- and hydroxyl-

terminated alkanethiols presenting the 

BoNT/A sensing peptide. (b) 

polydimethylsiloxane microchannels on 40 

arrayed gold pads (10.5 mm2) (scale bar 5 

mm) with the image in the inset 

representing two neighboring channels 

(scale bar 1 mm). (c) BoNT/A is added at 

the input port and incubated on SAMs. 

Cleavage of the immobilized peptide 

substrate releases fluorescent fragments 

into solution. The fragments are 

concentrated at the detection port via 

evaporation22.



acids is a clear advance with respect to the previous results obtained by the same authors in 

detection of atrazine and other chlorinated herbicides with fully natural oligopeptides15. 

! Peptides with an amino-terminal cysteine16, lipoyl helical peptides17, and amphiphilic "-

peptides with an acid-terminal thiol group18  are capable of forming self-assembled monolayers 

(SAMs) on gold surfaces, providing an advantageous means of manipulating the surface 

properties of metal nanoparticles. 

! Recently, to reproduce the chemical and structural complexity of proteins, a 

nanoengineering approach was used to design peptides able to cap such surfaces, conferring 

stability19, minimizing nonspecific interactions20, and providing an appropriate template to 

incorporate several molecular receptors or recognition groups20, 21. Most of these sequences, such 

as CALNN and 3-MPA-(Ser)5-OH (where MPA is mercaptoproprionic acid), are provided by 

rational or combinatorial designs. We report two biosensors that exploit peptides to establish 

SAMs as the molecular recognition elements for Botulinum toxin A and vancomycin. In the first 

one, SAMs displaying an immobilized, fluorescent peptide that mimics the toxin#s natural partner 

(synaptosomal-associated protein 25, or SNAP-25) were clustered on gold surfaces and interfaced 

with arrayed microfluidic channels (Fig 1.3.2). Measuring fluorescence intensities resulting from 

toxin cleavage of the surface substrate, the sensor could detect the holotoxin down to 3 pg/mL—

ten times below the desired limit of detection (LOD)22. In the second example, a gold-coated QCM 

detects binding of vancomycin, a glycopeptide antibiotic, with a D-Ala-D-Ala-containing peptide 

immobilized as a stable and highly packed SAM, which is formed thanks to the presence of a 

designed spacer, containing also several poly(ethylene glycol) units in order to modulate its 

polarity (Fig 1.3.3). The advantages of this method are high sensitivity and real-time analysis and 

no labeling of the analyte23. 

! A very high and sophisticated level of peptide design has been used in the development 

of JR2EC and KE2C, a couple of 42 amino acid synthetic peptides24. The peptides are unfolded at 

neutral pH, owing to a very high number of negative charges, whereas in the presence of Zn2+, 

complexation of the carboxylate groups occurs, and the peptides fold in a helix–loop–helix 

conformation. The folded peptides aggregate in a 

dimeric coiled coil, even when they are immobilized 

on gold nanoparticles, which for this reason 

aggregate. If the loop region of the peptide is 

designed in a way to bind the target, then its 

recognition interferes with aggregation, and the 

gold nanoparticles are shifted towards a free form, 

which differs greatly in spectral properties from the 

aggregate (Fig 1.3.4). The proof of concept was 

given using carbonic anhydrase as a target, by 

using a chemically modified peptide including a 

carbonic anhydrase inhibitor moiety at the loop 

level25. 

! Designed peptides are thus powerful tools 

for the development of sensors for ions, small 

molecules, and even proteins, and for introducing 
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Fig 1.3.3 Model of binding of vancomycin to 

stable, well-packed, and mixed SAMs presenting 

D-Ala-D-Ala (blue sticks). The mixed SAMs are 

linked by ligand 1 (a short ethylene glycol 

oligomer) and SAM component 3 (thiolipoic 

acid)23.



high levels of organization in the sensing surface of the device. However, natural peptide motifs 

represent the almost unique source of inspiration for the design: peptide binding motifs and 

peptide self-organizing motifs originate from the knowledge of similar interactions in proteins. This 

is the main shortcoming because of the enormous difficulties still to be overcome in theoretical 

approaches towards fully artificial designed peptides. The in silico design of a peptide capable of 

binding a chosen target requires optimizing iteratively an objective function (e.g., the binding 

affinity) upon a library of candidate peptides differing in their primary sequence. Even though 

important successes have been obtained with these approaches, computational and experimental 

protein designers struggle with severe technical problems. First, embedding a recognition site in a 

fixed scaffold leads to a suitable candidate only if the protein scaffold retains its stability in spite of 

the mutations. However, stable scaffolds are normally large and difficult to synthesize or express in 

large quantities. Moreover, in computational approaches one has to cope with the combinatorial 

explosion associated with the mutational space: if one chooses ten putative mutation sites along 

the peptide sequence, the number of possible combinations one should consider is 1020. 

1.3.2 Short Peptides from Random Phage Display

! “The key characteristics of evolving organisms are replicability and mutability. How can a 

chemical replicate, or mutate? Take a protein as an example: it cannot replicate or mutate directly, 

of course; but it is associated with a cell that can. Linkage of the protein with the generic 

machinery that encodes it thus confers on it the key properties of replicability and mutability”26. In 

peptide phage display, a property such as recognition and binding, related to the primary 

sequence, is linked to the gene encoding for it. Phages are viruses that infect bacteria (typically 

Escherichia coli), and they are used as expression vectors for a foreign DNA strand, which will be 

expressed by the infected host as a peptide. In phage display the foreign gene is spliced into the 

gene for one of the phage coat proteins, and the required amino acid sequence is fused to the 
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Fig 1.3.4 Zn2+ promoted folding of helix–loop–helix peptides allows nanoparticle aggregation. Recognition of 

the target shifts the equilibrium towards dispersed nanoparticles24.



endogenous one, to give a hybrid fusion protein. The hybrid coating protein is then incorporated 

into phage particles when they are released from the cell, and the peptide is displayed on the 

surface of the virion (Fig 1.3.5). Phage display libraries are mixtures containing as many as 109 

members of different phage clones, each displaying a different peptide generated by randomizing 

the gene sequence. 

! The selection of binder peptides through the library involves necessarily a binding event 

between the displayed peptide and an immobilized version of the target to allow the physical 

separation of the best performing binders from the library mixture. Both the fused expression 

protein on the phage and the immobilization system of the target (which is modified by a reactive 

linker) can interfere in the binding event. This may represent the main shortcoming of the approach 

if the target is a small molecule27. Very few functional groups are usually found in a small organic 

target molecule, such as a drug, and each of them may offer a fundamental interaction point with 

potential receptors. The linker has to be introduced by modification of such functional groups, and 

it may be larger than the target itself. Biotin is often found at the linker end, to allow immobilization 

on avidin-coated surfaces. Cross reactivity with the linker, and even with avidin, if the target is 

displayed on avidin–biotin surfaces, is often a problem. It is rather difficult to select peptide binders 

that are able to discriminate between the immobilized and the free target, as has been reported in 

the selection of antitestosterone and antimethotrexate peptides28. 

! However, the main advantage in the use of phage display lies in the generation of many 

binder peptides from fully random libraries, both without the inclusion of any design in the peptide 

structure and without containing elements of designed structure29 . Nondesigned peptide libraries 

may offer peptides able to discriminate between fine structural differences in the target, and even 

between different conformations30. 

! Despite the high diversity of the targets, which include whole cells, proteins, and small 

organic molecules, most of biosensor systems, developed with random phage display peptides31, 

have been obtained from commercially available phage display random peptide libraries without 
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Fig 1.3.5 The cycle of peptide phage display for the selection of binder peptides26(b).



any kind of design, and without any need for complex stages of biological work, as would be 

required for the development of monoclonal antibodies. This is clearly an advantage of the random 

phage display technique, resulting in low cost and ease of standardization. In principle, one could 

try to fish out peptide receptors for any kind of target from the same commercial library. The results 

are, however, rather unpredictable, and the peptides may perform much better than antibodies32, 

or may be far worse27(a), 33. 

1.3.3 Peptide Receptors for Ligand Sensing

! Phage display represents a key technique also in the development of libraries of 

designed receptor peptides. Two approaches have been mostly followed to obtain artificial, 

designed receptors rather than random short binder peptides. In the first approach, a stable 

peptide scaffold is identified, inspired by stable natural peptide domains, or derived from a fully 

artificial design, and then certain positions in the amino acid chains are randomized to obtain a 

library of receptors sharing the same constant region (in analogy to the monoclonal antibody and 

antibody fragment technologies). The second approach is target-focused: a natural receptor of the 

target is identified and reduced to the length of a synthesizable peptide, or miniprotein. Libraries of 

mutated receptors can then be generated to improve binding and selectivity. 

! Many different nonantibody scaffolds have been obtained in recent years by the first 

approach31(d), 34 . Affibodies are 58 amino acid three-helix bundles randomized at 13 positions by 

phage display35 . They are particularly suitable for the recognition of proteins, and several 

examples of fluorimetric microarray biosensors have been reported to perform with extremely high 

sensitivities, down to femtomolar sensitivity36. The highest sensitivities have been obtained by 

submitting the phage-display-selected affibodies to chemical oligomerization before immobilization 

over the sensor surface, thus generating avidity phenomena. Affibodies are also largely used as 

biosensor probes in imaging techniques37. 

! !-Helix coiled coils have been widely considered: the coiled-coil motif (Fig 1.3.6) occurs 

when a seven amino acid sequence including hydrophobic residues such as valine, alanine, and 

leucine at positions 3, 4, and 5 is repeated along a peptide. The amphiphilic helix tends to 

associate via its hydrophobic side with another helix, giving rise to parallel or more often 

antiparallel coils. If the heptad repeat is interrupted by loop sequences, a typical and stable helix–
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Fig 1.3.6 A coiled-coil superhelical structure. 



loop–helix motif is obtained, and binding sites can be generated at the loop level. Very interesting 

applications can be developed when the coil also acts as an ion channel: in this way the binding 

activity is directly obtained within the signal- generating molecule, and target detection can be 

performed by electrochemical approaches38. The coiled-coil peptide can also be chemically 

modified in order to add interacting groups, and a reflectometric interference sensor for C-reactive 

protein has been generated in this way39. Our research group has patented a library of coiled-coil 

receptors for the detection of small organic targets40. Peptides containing 35 amino acids and 

based upon the sequence of the EK leucine zipper41  have been randomized at the central heptad, 

and xanthine-binding peptides have been selected. 

! Reduction of natural receptors has been used in the development of a microfluidic 

accumulation channel/fluorimetric sensor for several targets as Botulinum neurotoxin B42, 

phosphoryl peptides43 and nitric oxide released by captured cells44.

! One of the most effective sensing systems is the mammalian olfactory system, capable 

of discriminating over 10,000 distinct odors and of detecting some odorants at parts per billion 

levels. A fascinating challenge is represented by the development of an “electronic nose” 

integrating biomaterials as olfactory receptors, odorant-binding protein45 , and synthetic olfactory-

receptor-based poly-peptides46  with a QCM for gas sensing. In early studies, odorant binding 

domain fragments were employed to “sniff” gases such as trimethylamine and ammonia46(a). 

Recently, a biomimetic sensor has detected alcohols at low concentrations as food contaminants45, 

46(b). 

1.3.4 Peptide Ligands for Receptor Sensing 

!

! Identification of natural peptide ligands for cell-surface elements, transmembrane 

proteins, antibodies, and enzymes provides a miscellaneous set of peptide sequences, 

complementing the receptor binding sites and allowing design, synthesis, and coating onto various 

surfaces for biosensor development. 

1.3.4.1 Antimicrobial and Cell-Penetrating Peptides 

! AMPs and CPPs are able to interact with cell-surface elements. The availability of robust 

and portable biosensors to detect pathogenic bacteria is of growing importance in the 

environmental, food, and human diagnostics areas. Current methods to identify the presence of 

bacterial cells include enzyme-linked immunosorbent assays (ELISAs) and real-time polymerase 

chain reactions (PCRs). The ELISA platforms exploit the high specificity of antibodies but suffer 

from instability under extreme environments and from high costs. On the other hand, PCR may 

allow single-cell detection, but nucleic acid extraction protocols restrict its use as a portable device. 

To overcome many of these limitations, AMPs were evaluated as alternative recognition molecules. 

AMPs are part of the host"s innate immune system in many eukaryotic organisms as a means of 

defense against microbial infections. Many AMPs are cationic and bind to the negatively charged 

bacterial membrane, leading to cell lysis. This natural efficiency of binding the lipopolysaccharide 
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component of bacterial cell walls has been exploited to develop biosensor assays to detect, to 

classify, and to quantify Gram-negative bacteria47 . The ability of AMPs to bind multiple microbial 

species with different affinities was also exploited in the screening of challenging species such as 

intracellular pathogens and enveloped viruses by an array-based system using multiple AMPs48. 

The most recent studies have provided portable, label-free, real-time sensing platforms  to 

distinguish pathogenic bacteria with clinically relevant limits of detection of one bacterium per 

microliter (Fig 1.3.7)49. 

! Two AMP classes are mainly employed for all these purposes: linear, cationic peptides 

forming amphipathic "-helices upon interaction with membranes (magainins, dermaseptins, 

cecropins, sheep myeloid antimicrobial peptide 29, PGQ, parasin, mellitin) and short loop peptides 

(polymyxins and bactenecin) (Fig 1.3.8). Their small molecular size, the feasibility to synthesize 

variants of these peptides and to anchor them on different surfaces, and the intrinsic stability under 

harsh environmental conditions, such as the presence chemical and thermal denaturants, 

epitomize the advantages of their use in multianalyte detection assays for targets of biodefense 

interest. However, exploiting AMPs in pathogenic sensor devices faces a number of key 

challenges that include the detection of bacteria in real water samples, the increase of sensitivity 

and selectivity, and the reusability of the devices. 

! CPPs are typically short, cationic sequences and may be derived from natural sources or 

designed. They have been used to overcome the lipophilic barrier of the cellular membranes and 

deliver large molecules and even small particles inside the cell for new cellular imaging tools, 

biosensors, or biomolecular delivery systems50. A first example of a CPP is a peptide derived from 

the transactivator of transcription (TAT) protein of HIV-1. TAT was immobilized on a gold surface in 

a peptide SAM that retains the ability of the full-length TAT protein to bind specifically the 

transactivation response element RNA51. Better understanding of the behavior of TAT peptide is of 

enormous interest for the design new sensing and therapeutic strategies and will expand our 

Chapter 1 - Introduction

29

Fig 1.3.7 Antimicrobial peptide (AMP)-based electrical detection of bacteria. (a) AMPs immobilized on an 

interdigitated microelectrode array. (b) magnified image of the AMP magainin I in helical form, modified with a 

terminal cysteine residue, and with clearly defined hydrophobic and hydrophilic faces. (c) detection of bacteria 

is achieved via binding of target cells to the immobilized AMPs. (d) optical image of the interdigitated 

microelectrode array (scale bar 50 #m)49(b).



knowledge of CPPs. Activatable CPPs (ACPPs) were developed to ameliorate the in vivo 

pharmacokinetic and toxicity problems posed by CPPs52. An ACPP consists of a polycationic CPP, 

a cleavable linker, and a polyanionic inhibitory domain (Fig 1.3.9). Cleavage of the linker by 

specific proteases (mostly tumor-associated matrix metalloproteinases) dissociates the polyanion 

and enables the cleaved ACPP to enter cells. Yet, enzyme activation may represent a source of 

trouble, because peptide substrates that are very specific for a single protease remain a challenge 

and both cleavage and uptake result from a plurality of proteases. CPPs and ACPPs for the 

preparation of nanoparticles designed for cancer research have been described in recent papers53. 

1.3.4.2 Antigens

! Antibody titration for serological monitoring of exposure to exogenous antigens has been 

widely performed with classic immunological techniques such as immunoprecipitation, ELISA, and 

immunoelectrophoresis. As antibody-mediated immune response occurs via the recognition of 

specific epitopes, reduction of the antigen to minimal sequences has often been addressed. Such 

short peptides are also used in biosensor systems11, 54. 

1.3.4.3 Enzyme Substrates and Inhibitors 

! Proteases are important physiological enzymes, and are involved in the control of a large 

number of vital processes, such as cell growth, cell death, hemostasis, tissue remodeling, and 

immune defense. The current critical need for high-throughput and sensitive monitoring of 
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Fig 1.3.9 Activatable cell-penetrating peptides 

selectively unmask cell-penetrating peptides upon 

protease cleavage of a linker. While the linker 

(green) between the polyanion (red) and 

polycation (blue) sequences remains intact, cell 

uptake is blocked and the entire molecule can 

enter the extracellular space of tissues and wash 

out. Once a protease (scissors) cuts the linker, 

the polyglutamate dissociates, allowing the 

polyarginine and its payload (yellow, in this 

example Cy5) to immediately adhere to cells and 

eventual ly become endocytosed. ACCP 

activatable cell-penetrating peptide, CCP cell-

penetrating peptides52.

Fig 1.3.8 Immobilization of AMPs on glass slides 

for detection of bacterial binding. In the direct 

method, unmodified recognition molecules are 

attached to a thiol-modified substrate through a 

heterobifunctional cross-linker. The maleimide 

moiety of the linker targets thiol functionalities on 

the substrate, whereas its N-hydroxysuccinimidyl 

moiety targets primary amines on the magainin. 

In the indirect immobilization, NeutrAvidin is 

covalently attached to the slide surface. Biotin-

labeled peptides are subsequently incubated with 

the NeutrAvidin-coated surface, yielding peptide 

immobilized by an avidin–biotin bridge47(a).



protease activity has highlighted some biosensing devices that exploit a surface-immobilized 

peptide substrate to detect recognition/cleavage by protease targets. Although proteolytic assays 

have been performed by a plethora of different methods55, fluorescent and electrochemical 

techniques are still predominant. FRET-labeled peptide substrates have been applied for the 

detection of a number of proteases, including HIV protease56 , trypsin57 , and Botulinum 

neurotoxins58 . Specific peptide substrates have been conjugated to photoluminescent 

semiconductor nanocrystals or quantum dots (QDs), an appealing nanomaterial in FRET-based 

biosensing applications. QDs manifest unique physicochemical properties as FRET donors and 

acceptors and as scaffolds for a variety of biological molecules59 (Fig 1.3.10). QD-FRET methods 

are achieving impressive results, reducing the scale of electroluminescent charged-coupled 

devices down to microchip detection platforms60, but are not readily applicable for assays in 

complex, turbid, and coloured fluids such plasma and blood. 

! Ferrocene (Fc) displays a simple and environment-insensitive electrochemical behaviour, 

and for this reason Fc cyclic voltammetry is an emerging biosensor technique, taking advantage of 

the Fc end-labeling strategy. Basically, a peptide fragment containing the Fc moiety is cleaved by 

proteases, causing a decreased electrochemical response. The preparation of Fc–peptide-

modified gold electrodes is effortless and, at the same time, the sequence of the peptide is 

specifically designed to act as a substrate for the target protease. Monolayer-modified electrodes 

have been developed for monitoring the action and activity of wide-ranging and relevant enzymes: 
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Fig 1.3.10 Quantum dot (QD)–Förster resonance energy transfer (FRET) assay design components. (a) The 

two QD-FRET-based assay formats, on-QD (one step) and off-QD (two step), used to investigate light chain 

protease serotype A (LcA) enzymatic activity. (b) peptide sequences of the LcA substrate used in this study. Aib 

is !-aminoisobutyric acid, Ac is an N-terminal acetyl blocking group, and CONH2 is a C-terminal amide blocking 

group. Colors are used to highlight the different functional modules. (c) chemical structures of the two capping 

agents, dihydrolipoic acid (DHLA) and DHLA-PEG, used to render the in-house-synthesized QDs hydrophilic. 

PL photoluminescence, SNAP25 synaptosomal-associated protein 2559(b). 



matrix metalloproteinases, which are often overexpressed in diseases such as cancer (Fig 

1.3.11)61 ; serine proteases, involved in the tightly coordinated coagulation cascade62 ; cysteine 

proteases63 such as caspase 3, related to cellular apoptosis64; HIV-1 protease65; integrating metal 

nanoparticles with carbon nanotubes on a gold electrode66 . Further advancements of these 

detection strategies involve the improvement of efficient chemistries for attaching peptides to 

surfaces with intimate control over their stoichiometry, orientation, and affinity. Also, the tricky 

development of reusable activated surfaces is still unresolved. 

! Protein kinases mediate protein phosphorylation and play a pivotal role in the regulation 

of cellular processes. Their dysfunction causes many disease states, notably cancer. Thus, an 

increasing need has risen for improvement of sensor devices for detecting protein kinase activity 

and for high-throughput screening of inhibitors of protein kinases. Peptide substrates conjugated 

with QDs by metal-affinity-driven self-assembly67 and adenosine analogue–oligoarginine conjugate 

bisubstrate inhibitors, which consist of adenosine mimics and D-arginine-rich peptides68, were 

successfully employed for these purposes. However, such methods are based on labeled peptide 

substrates. An approach to evaluate the activity of matrix metalloproteinases conveniently 

anchored on a gold surface that couples the Fourier transform surface plasmon resonance 

technique with electrospray ionization mass spectroscopy to detect the cleavage of unlabeled 

peptide substrates has been reported69. Peptides with high affinity and selectivity for enzyme 

epitopes outside the catalytic site represent a promising class of protein-anchoring molecules for 

the creation of peptide- modified surfaces that immobilize specific enzymes and optimize their 

orientation, improving their thermal and pH stability70.

 

! This section shows that many different ideas on biomolecule–target interactions may lead 

to a sensing system based upon short peptides. Macromolecular targets, such as proteins and 

enzymes, can, in principle, be addressed by any of the available approaches. The availability of 

known natural peptide ligands and substrates allows binding, recognition, indirect detection by 

release of labeled peptide fragments, and direct detection with label-free systems. On the other 

hand, peptides from random library selection may bind the same macromolecular targets at 

different epitopes, thus leaving the target active site free for labeling with secondary reagents, or 

for detecting its own biological activity. Whole microbial cells are optimal interactants in the world 

of AMPs, and their peculiar acidity and shape allow selective detection of cell-surface elements. 

Sensing of low molecular weight organic molecules is an open challenge, when one attempts to 
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Fig 1.3.11 Electrochemical 

polyelectrolytic beacons (EPB) for 

detecting matrix metalloproteinase 

(MMP) activity. Using the EPB offers 

the capability of “on–off” 

voltammetric signaling for the 

specific MMPs: (a) self-assembly of 

electrochemical ferrocene (FC)–

peptide conjugates on a gold 

substrate; (b) cleavage of EPB in 

the presence of MMP-761. 



fish out peptide transducers by selection techniques involving immobilization stages. A micromolar 

affinity barrier seems to affect in similar ways the worlds of anti hapten antibodies and of peptide 

receptors. Reduction of natural receptors down to short peptide sizes may represent an 

opportunity, provided that such natural receptors are known. On the other hand, parts per billion 

LODs have been reported in a few articles on detection of volatile organic compounds with 

designed peptides: in our opinion, designed peptides may represent a key point in the advance of 

the field, as new computational and bioinformatics methods will became available. Future 

developments in the field will also involve implementation of improved techniques for nanoscale-

confined peptide synthesis, and micropatterning of phage-displayed peptides68, 71 . On-chip 

combinatorial peptide libraries will allow us to fully exploit peptide diversity to prepare arrays of 

sensors for fingerprinting of complex mixtures. 
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1.4 Molecularly Imprinted Polymers

1.4.1 Molecular Imprinting

! Most physiological processes in living organisms are mediated by molecular recognition. 

The biological recognition units are widely used in biosensors, in order to detect one particular 

species, the analyte in a complex physiological matrix. If nature can produce nanomaterials with 

recognition and functional properties by evolution, molecular engineers should be able to 

accomplish comparable, but broader capabilities by design, guided by examples from living 

systems: the field of biomimetics1. Nowadays, the design and the synthesis of synthetic 

recognition units capable of binding a target analyte with affinity and selectivity similar to those of 

the fragile biological receptors are of interest to researchers.

! One of the most promising areas of biomimetics is ""molecular imprinting##, a concept that 

was first proposed by Polyakov in 1931 as “unusual adsorption properties of silica particles 

prepared using a novel synthesis procedure”2. It can be described as the process of template-

induced formation of specific molecular recognition sites (binding or catalytic) in a material where 
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Scheme 1.4.1 Scheme outlining the main applications envisaged for MIPs7.



the template directs the positioning and orientation of the material!s structural components by a 

self-assembling mechanism. The material itself could be oligomeric (a typical example is the DNA 

replication process), polymeric (organic molecularly imprinted polymers (MIPs)3  and inorganic 

imprinted silica gels) or two-dimensional surface assemblies (grafted monolayers)4. 

" In 1972 a step change in molecular imprinting occurred when the group of Wulff reported 

that they had successfully prepared a molecularly imprinting organic polymer5 . Wulff exploited 

what is now termed a “covalent approach” to prepare an organic molecularly imprinted polymer 

capable of discriminating between the enantiomers of glyceric acid. 

" The second major break through in organic polymer imprinting occurred in 1981 when 

Mosbach and Arshady reported that they had prepared an organic MIP using non-covalent 

interactions only6. This approach was termed the “non-covalent approach” as opposed to the 

covalent approach favored by Wulff, and it was this approach, with its simple, seemingly trivial 

methodology, that triggered the explosion in molecular imprinting that was to occur during the 

1990s7. 

" To this day MIPs are increasingly considered to be potentially viable alternatives to the 

relatively unstable antibodies and enzymes currently used in analytical and sensor technology and 

in the future molecular imprinting may provide a generic recognition technology, interfacing sensor 

transduction platforms to their chemical and biological targets8. 

" Besides the near antibody-like selectivity9, other major advantages of MIPs, compared to 

other recognition systems, include physical robustness, resistance to elevated temperatures and 

pressures, inertness to acids, bases and aggressive organic solvents, low cost and relative ease of 

preparation10 . Consequently, MIPs have become increasingly attractive in many fields, particularly 

as selective adsorbents for solid-phase extraction (SPE)11 , chromatographic separation12 , and 

chemical sensors13(Scheme 1.4.1).

1.4.2 Strategies of Molecular Imprinting

" Molecularly imprinted polymers (MIPs) are stable synthetic materials that possess 

selective molecular recognition sites formed by template-assisted arrangements of functional 

groups within the polymer matrix. Molecular imprinting of synthetic polymers is a process where 

functional and cross-linking monomers are co-polymerized in the presence of the target analyte 

(the imprint molecule), which acts as a molecular template14. The functional monomers initially 

form a complex with the imprint molecule, and following polymerization, their functional groups are 

held in position by the highly cross-linked polymeric structure. Subsequent removal of the imprint 

molecule reveals cavities that preferentially bind the target molecule due to the complementary of 

size and shape15 . In that way, a molecular memory is introduced into the polymer and the 

recognition of the resulting MIP synthetic receptor imitates the receptor-ligand, antibody-antigen, or 

enzyme-substrate biorecognition16.

" The (functional monomer)-template complex can be formed via reversible covalent17, 

non-covalent18 , or combined covalent and non-covalent interactions (self-assembly)19. The last 

include hydrogen bonds, ionic bonds, hydrophobic interactions, and van der Waals forces 
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(Scheme 1.4.220). The non-covalent imprinting approach, which has been pioneered by Mosbach 

and co-workers21, is more flexible concerning the choice of functional monomers, possible target 

molecules, and the use of the imprinted materials. After polymerization, the template can readily be 

removed from the imprinted cavities by solvent extraction. Moreover, it is more similar to natural 

processes in the sense that most biomolecular interactions are noncovalent in nature. By contrast, 

a polymerizable derivative of the template is synthesized first in the covalent approach. Then, after 

polymerization, the template is removed by cleavage of the covalent bond, which sometimes is 

tedious. One problem with this approach is the limited number of covalent linkages that satisfy 

these criteria5. Nevertheless, the covalent approach generates more homogeneous binding sites22 

the yield in binding sites relative to the amount of imprint molecule used (imprinting efficiency) 

should be higher than with noncovalent protocols. This approach has been developed primarily by 

Wulff and co-workers23. Hybrid protocols have also been suggested that try to combine the 

advantages of both covalent and noncovalent imprinting. In the case of the semi-covalent 

approach the template is also covalently bound to a functional monomer before polymerization, but 

the template rebinding is based only on non-covalent interactions24. 
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Scheme 1.4.2 Highly schematic representation of the molecular imprinting process: The formation of reversible 

interactions between the template and polymerizable functionality may involve one or more of the following 

interactions: [(a) reversible covalent bond(s), (b) covalently attached polymerizable binding groups that are 

activated for non-covalent interaction by template cleavage, (c) electrostatic interactions, (d) hydrophobic or van 

der Waals interactions or (e) co-ordination with a metal centre; each formed with complementary functional 

groups or structural elements of the template, (a-e) respectively]. A subsequent polymerization in the presence of 

cross-linker(s), a cross-linking reaction or other process, results in the formation of an insoluble matrix (which 

itself can contribute to recognition through steric, van der Waals and even electrostatic interactions) in which the 

template sites reside. Template is then removed from the polymer through disruption of polymer-template 

interactions, and extraction from the matrix. The template, or analogues thereof, may then be selectively 

rebound by the polymer in the sites vacated by template, the !imprints". While the representation here is specific 

to vinyl polymerization, the same basic scheme can equally be applied to sol-gel, polycondensation etc20.



1.4.3 Optimization of the Polymer Structure

! Polymerization reaction is known as a very complex process, which could be a!ected by 

many factors, such as type and concentration of the monomer, cross-linker and initiator, 

temperature and time of polymerization, and volume of the polymerization mixture. Molecularly 

imprinted polymers can be prepared in a variety of physical forms to suit the final application 

desired. 

! The majority of these are based on organic polymers synthesized by radical 

polymerization from functional and cross-linking monomers having vinyl or acrylic groups, although 

other organic polymers and silica have also been used. For instance, methacrylic acid has been 

used as a ""universal## functional monomer due to its unique characteristics, being capable to act as 

a hydrogen-bond donor and acceptor, and showing good suitability for ionic interactions25. More 

sophisticated monomers have recently started to appear with specialized functions related to 

analyte detection26 . Due to their special structures, !-cyclodextrins, that are a series of cyclic 

oligosaccharides with a hydrophilic exterior and a hydrophobic cavity, have aroused extensive 

interest as attractive candidate monomers for molecular imprinting because they can form 

complexes with the template through various interactions, such as hydrogen bond interaction, van 

der Waals forces, hydrophobic interaction, or electrostatic a"nity27.

! Generally, the molar ratios between template and monomer in the synthesis process 

a!ect the a"nity and imprinting e"ciency of MIPs. Lower molar ratios induce less binding sites in 

polymers due to fewer template–monomer complexes, but over-high ones produce higher non-

specific binding capacity, diminishing the binding selectivity.

! The role of the cross-linker is to fix functional groups of functional monomers around 

imprinted molecules, and thereby form highly cross-linked rigid polymer. After removal of 

templates, the formed holes should completely complement to target molecules in shape and 

functional groups.  When the dosage of cross-linkers is too low, MIPs cannot maintain stable cavity 

configurations because of the low cross-linking degree. However, over-high amounts of cross-

linkers will reduce the number of recognition sites per unit mass of MIPs.

!  Porogenic solvent plays an important role in polymerization. It acts as not only a porogen 

but also solvent in preparation process. Besides, it also influences the bonding strength between 

functional monomers and templates, the property and morphology of the polymer, especially in 

non-covalent interaction system. Aprotic and low polar organic solvents are often used in non-

covalent polymerization processes in order to obtain good imprinting e"ciency. MIPs synthesized 

in organic solvent show poor recognition ability for the target in aqueous environments and the 

development of water-compatible MIPs is challenging28.

! The most popular and general method for preparing MIPs is via bulk polymerization 

followed by mechanical grinding of the monolithic polymer obtained to provide small particles with 

diameters usually in the micrometer range and with a heterogeneous binding site distribution29. A 

variety of other polymerization strategies have been proposed, such as suspension 

polymerization30 , emulsion polymerization31 , seed polymerization32  and precipitation 

polymerization33(Scheme 1.4.3). The other novel polymerization method associated technologies 
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including surface imprinting34 , controlled/living free radical polymerization (CLRP)35 , block 

copolymer self-assembly36, microwave-assistant heating37 and ionic liquid as porogen38.

1.4.4 Target

! An ideal template molecule should satisfy the following three requirements: it should not 

contain groups involved in or preventing polymerization; it should exhibit excellent chemical 

stability during the polymerization reaction; it should contain functional groups well suited to 

assemble with functional monomers39. 

! One of the many attractive features of the molecular imprinting method is that it can be 

applied to a diverse range of analytes. However, not all templates are directly amenable to 
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Scheme 1.4.3 Schematic diagrams of the molecular imprinting process for (1) bulk polymerization; (2a) 

suspension polymerization or emulsion polymerization; (3) surface imprinting and (4a) hollow imprinted 

polymers. Template removal and rebinding in solid spherical MIPs, core–shell structured MIPs and 

hollow MIPs are shown in (2b), (3)  and (4b), respectively. (▲, templates in MIPs; ! recognition sites 

shaped in MIPs after removal of templates; ▲, rebound templates in recognition sites)39.



molecular imprinting processes. The imprinting of small, organic molecules (e.g., pharmaceuticals, 

pesticides, amino acids and peptides, nucleotide bases, steroids, and sugars) is now well 

established and considered almost routine. Optically active templates have been used in most 

cases during optimization. The imprinting of much larger structures is still a challenge, although 

specially adapted protocols have been proposed for larger organic compounds, e.g. proteins40, 

cells41, and even mineral crystals42. The primary reason is the fact that larger templates are less 

rigid and thus do not facilitate creation of well-defined binding cavities during the imprinting 

process. Rebinding is also more difficult, since large molecules such peptides and proteins do not 

readily penetrate the polymer network for reoccupation of binding pockets43. 

! To obtain an optimized polymer for a given target analyte, combinatorial approaches to 

MIP synthesis have been developed where the ingredients of the imprinting recipe, in particular the 

kind and molar ratio of the functional monomers, are varied using automated procedures44. A 

better understanding of the mechanisms underlying the molecular imprinting process is necessary 

to approach the ultimate goal of “rational MIP design”45. At present, computational techniques are 

being successfully used to probe both polymer performance and aspects of the molecular 

imprinting process46.

1.4.5 Highlighted Applications

! Originally, MIPs were employed as stationary phases in HPLC, notably for chiral 

separation47. Subsequently, MIPs were most frequently utilized as a!nity-based separation media 

for sample preconcentration and separation, via molecularly imprinted solid-phase extraction and 

micro-extraction48  of various compounds that can be divided into four broad categories: 

environmental49, bioanalytical50, food51 and pharmaceutical applications52. MIPs have been widely 

used as the recognition elements for some sensor technologies, such as QCM sensors53, 

electrode-type sensors54, and optical sensors13(d), 55 . Especially, mass sensitive MIP sensors have 

also been viewed as good candidates for use in therapeutic monitoring and a number of 

therapeutically interesting targets have been studied. Liang et al. developed a highly selective and 

sensitive caffeine sensor which performed well in both serum and urine samples56, the same group 

also used a similar bulk acoustic wave mass sensitive techniques to prepare MIP sensors for the 

direct determination of epinephrine57 , the antimicrobial agent pyrimethamine58 , phenobarbital59, 

atropine60, and dopamine61.

! In recent years, articles about MIPs used in chemosensors62, artificial antibodies63  and 

catalysts64 have been increasing in number.  Immunoassays are a class of analytical techniques 

based on the selective a!nity of a biological antibody for its antigen65. MIPs have been shown to 

possess binding characteristics in terms of a!nity and specificity similar to those of antibodies and 

biological receptors66. Enzymes are basically composed of substrate-binding sites and catalytic 

sites which are close to each other and cooperatively accelerate specific reactions67. Molecular 

imprinting method is an e"ective way to synthesize artificial enzymes by orderly placing of these 

two sites. Liu et al.68 reported the first example in which molecularly imprinted catalysts is clearly 

much more e!cient than catalytic antibodies. 
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! Imprinted materials are also appealing as drug delivery vehicles because, owing to their 

cross-linked polymeric nature, they inherently act as reservoirs for low molecular weight species. 

They can potentially increase the residence time of the drug within the body by reducing the rate at 

which the drug is released5, 69 .

! Significant advances over the last decade were obtained with the progress from the 

microscale to the nanoscale. The new generation of MIPs has provided considerable advantages, 

such as greater surface-to-volume ratio, accessibility to the maximum number of recognition sites, 

lower diffusion times to facilitate greater uptake and release of the template and overall improved 

efficiency70.
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1.5 Human Serum Albumin

1.5.1 Miniaturized Natural Receptors

! Being interested in the development of artificial peptides that can efficiently combine 

binding and catalysis, we reasoned that a convenient starting point would be a ""wild-type## 

sequence that is capable of both recognizing a broad spectrum of small molecules with micromolar 

affinity and catalyzing a wide range of reactions with acceptable proficiency. Such a peptide could 

be regarded as an ""artificial IgM##, and the possible development of a library of binders by random 

or rational mutation strategies could mimic the ""in vivo## antibody affinity maturation process in a 

single step1. 

! As a first contribution towards such ambitious goal, we have carried out a study on a 

peptide deriving from human serum albumin (HSA). Serum albumin is a promising candidate due 

to its ability to bind a variety of small molecules with micromolar affinity2, and to control the 

outcome of certain chemical reactions. Broad binding activity and chemical reactivity are 

associated with the binding site located in the albumin IIA subdomain3 , also known as the Sudlow 

site I. A lysine residue is present in this binding site in both human and bovine serum albumin 

(Lys199 and Lys222 in HSA and BSA, respectively). In addition to being a site for covalent 

interactions with drugs such as aspirin and benzylpenicillin4 , this basic residue, which is 

surrounded by a hydrophobic environment, is responsible for the ability of albumin to behave as an 

enzyme-like catalyst in reactions such as !-eliminations5, the decomposition of Meisenheimer 

adducts6, and the Kemp elimination7. Albumin#s ability to direct the stereoselective reduction of 

diketones and to catalyze the aldol reaction has been recently reported by our research group8. 

Furthermore, a tryptophan residue (Trp214) located at the bottom of the main hydrophobic subsite 

can be exploited as a useful internal fluorescent sensor for binding of different ligands to this site9 . 

This could allow the selection of binders in rapid screening protocols that do not require labelling or 

immobilization of the target ligand. In the Results and Discussion section 3.4 we will describe the 

identification, cloning as a soluble GST fusion protein, and characterization of a 101-amino-acid 

polypeptide derived from the sequence of the IIA binding site of human albumin. 

! We decide to write an introductory section entirely dedicated to albumin because our new 

albumin fragment cannot be included in the class of chemically synthesized short peptides 

(Section 1.3) and to go into the numerous and impressive properties of this protein.
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1.5.2 Human Serum Albumin

! Albumin is one of the longest known and probably the most studied of all proteins. Its 

manifold functions have attracted the interest of scientists and physicians for generation. Some of 

its physiological properties have been recognized since the time of Hippocrates and nowadays 

updated in its ownself website (www.albumin.org). Its applications are many, both in clinical 

medicine and basic research2. Despite this, even after more than 80 years of studies, many of its 

properties have not been fully clarified. 

! Human serum albumin (HSA), the most abundant plasma protein (~600 "M, 42 g/L)2 is 

well known for its extraordinary binding capacity for both endogenous and exogenous substances. 

HSA plays a key role in the transport of fatty acids, amino acids, metals such as Cu2+ and Zn2+, 

metabolites such as bilirubin, and pharmaceutical drug compounds and allows to sequester 

potentially toxic molecules10. The most essential physiological role of the HSA carrier protein is 

therefore thought to be the transport of such water-insoluble solutes in the bloodstream to target 

organs such as the liver, intestine, kidney, and brain. It can also act as an antioxidant, because it 

can interact or inhibit the formation of various oxidizing agents11. Finally, HSA contributes 

significantly to the regulation and maintenance of the extracellular fluid levels as well as the the pH 

and osmotic blood pressure of the plasma2 . 

1.5.3 Structure and Properties

! The primary structure of human serum albumin (HSA) was obtained by classical 

chemical sequencing methodologies12  before obtaining the DNA sequence13 . The albumin gene 

exhibits a high degree of DNA polymorphism and appears to have been recently invaded by Alu 

repetitive sequences13. These studies revealed that HSA is single polypeptide chain of 585 amino 

acids with a molecular mass of about 

66500 Da. The presence of 17 

disulphide bonds gives rise to the 

nine double loops (eight plus a half 

loop). These loops can be further 

grouped into three homologous 

domains, each including two long 

loops separated by a short loop. The 
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Fig 1.5.1 3-D structure of HSA. The three 

domains are colour-coded: I, blue; II, 

green; III, red. The small-molecule 

binding sites in domains IIa (drug site 1) 

and IIIa (drug site 2) are shown8(a).  



three homologous domains are numbered as I, II and III from the N-terminal residue. Within each 

domain, the first two loops (loops 1-2, 4-5 and 7-8) respectively, are grouped into subdomains IA, 

IIA, and IIIA and loops 3, 6 and 9 are called, respectively, subdomains IB, IIB, and IIIB (Fig 1.5.1). 

! The three domains and their subdomains, although homologous, have different binding 

characteristics. As to the amino acid composition, a typical feature of HSA is the presence of a 

single tryptophan residue and a high occurrence of cysteine residues. In addition, in respect to the 

large majority of proteins, HSA has a low content of methionine, glycine and isoleucine, while 

leucine residues and ionic amino acids such as glutamic acid and lysine are numerous2. The large 

number of ionizable amino acids leads to a high total charge to HSA, 185 ions per molecule at pH 

7, which explains its high solubility. The acidic residues exceed basic ones causing a net charge at 

pH 7 of -15. This charge is not uniformly distributed in the molecule: it is highest in domain I (-9), 

decreases in domain II (-8) and almost vanishes in domain III (+2). The first half of the sequence 

has a net charge of -14 at pH 7.4, while the second of -1. The isoionic point, i.e. the pH of a 

solution of completely deionized HSA, is about 5.214 ; in contrast, the isoelectric point, i.e. the pH 

where the net charge of the protein is zero, is about 4.7 in 0.15 M NaCl15 : probably chloride ions 

and fatty acids bound to the protein lead to a reduction of this value from the isoionic point 2.

! HSA is composed only by amino acids, without prosthetic groups; it is also one of the few 

non-glycosylated serum proteins lacking the Asn-X-Ser/Thr sequences. Three of the known HSA 

variants have mutations which create Asn- X-Ser/Thr sequences but the glycosylation of these 

sites does not seem to have functional effects. In fact the circulating HSA accumulates glucose by 

non-enzymatic glycosylation reactions and other molecules, such as Cys or glutathione, through 

the formation of a covalent bond between the SH-groups of these molecules and the Cys34 

residual, which is free by disulphide bridges. The absence of carbohydrate is used as a criterion of 

purity of preparations of HSA: pure albumin must contain less than 0.05% of carbohydrates14. 

! Albumin itself is colourless. Its affinity for substances such as hematin and bilirubin may 

cause the typical yellow colour of the concentrated solutions of the protein2. 
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Fig 1.5.2 Human serum albumin 

structure (1E78-Protein Data 

Bank25(b)) wiith disulfide bridges (in 

black) and 34Cys free. Adapted from 

(Fig 1.5.1).



! Disulphide bonding is a characteristic of extracellular proteins and contributes to the 

stability of plasma proteins in the circulation. The most unique structural feature of the albumins is 

their disulphide bonding pattern. The 35 Cys residues form 17 disulphide bridges, leaving free only 

residual Cys34 (Fig 1.5.2). Of such residues, almost half are located in contiguous positions along 

the chain. Although adjacent Cys-Cys pairs have been shown to couple each other16 , they are 

generally considered as linked to the nearest residue in the chain before and after the pair.

! As to the three-dimensional structure, hydrodynamic studies17 and small-angle neutron 

scattering18 converge in attributing to HSA in solution a “cigar” shape (ellipsoid of rotation) with the 

major axis 140 Å long and the minor one 40 Å long. In the crystal phase, albumin has a tetrahedral 

shape similar to a heart3, formed by equilateral triangles of 80 Å per side, with an average 

thickness of 30 Å. This shape difference accounts for the great flexibility of the protein depending 

on the environment. The X-ray analysis also allowed to determine the secondary structure of HSA, 

which, in solid form, has 67% !-helix, 10% "-turn and the remaining 23% extended chain3. 

1.5.4 Binding Sites

! HSA reversibly interacts with a broad spectrum of therapeutic agents through its binding 

sites. Usually, drugs bind to one or very few high-affinity sites with typical association constants in 

the range of 104 - 106 M-1 19 . In addition to the primary site(s), several sites of lower or of very low 

affinity often are found20. However interaction studies are primarily focused on HSA high-affinity 

binding sites, because the plasma concentration of drugs in normal treatments is generally much 

lower than that of HSA (~ 600 #M), therefore it can be assumed that only high-affinity sites are 

occupied. Binding of chiral molecules to HSA is often enantioselective. In recent years this 

phenomenon has assumed increasing importance as more than a third of marketed molecules is 
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Fig 1.5.3 HSA structure25(e). The six 
subdomains of HSA are colored as follows. 

Blue, subdomain IA; cyan, subdomain IB; 
dark green, subdomain IIA; light green, 

subdomain IIB; orange, subdomain IIIA; 
red, subdomain IIIB. The heme (red) fits 

the primary cleft in subdomain IB, 
corresponding to FA1. Sudlow$ s site I (in 
subdomain IIA, corresponding to FA7) is 
occupied by warfarin (purple). Sudlow$ s 

site II (in subdomain IIIA, corresponding to 
FA3-FA4) and FA6 (in subdomain IIB) are 

occupied by ibuprofen (magenta). Sites 
FA2 (at the I-IIA interface) and FA5 (in 

subdomain IIIB) are occupied by myristate 
(yellow). Atomic coordinates were taken 

from Protein Data Bank entries 1O9X23(b), 
1H9Z25(a), and 2BXG25(d). 



chiral. It is therefore necessary to investigate whether the enantioselectivity of the binding results 

in substantial differences in the pharmacokinetics of the drug. In general we must consider that 

different pharmacokinetic behaviour between enantiomers are generally minor if compared with 

pharmacodynamics ones. An important study by Sudlow and colleagues19, based on competition 

with fluorescent probes, demonstrated the existence of two major binding sites, named sites I and 

II, which bind most drugs with high affinity (Fig 1.5.3). Another crystallographic study21 extended 

this model, identifying seven binding regions (named FA1-7) for long-chain saturated fatty acids; 

three of the seven sites correspond to sites I and II by Sudlow (FA7 and the complex FA3 -FA4, 

respectively) (Fig 1.5.3). Subsequent crystallographic studies have shown that these seven sites 

binds also intermediate-chain fatty acids, long-chain mono and polyunsaturated fatty acids22. 

Finally, further studies have shown that hemin23, thyroxine24  and several drugs25  bind to one or 

more of these seven binding sites. NMR studies confirmed the localization of the long-chain fatty 

acid binding site and also determined the relative affinity. The results obtained indicate that the 

order of affinity is FA5> FA4> FA2>> FA1, FA3, FA6, FA726 .  

1.5.4.1 Site I 

! Dicarboxylic acids and /or bulky heterocyclic compounds with a negative charge located 

toward the centre of the molecule bind with high affinity to site I of HSA19. However these features 

are not sufficient to predict whether a molecule can bind to this site or not, because even 

molecules with very different characteristics seem to bind to site I with high affinity20. The site is 

also known as warfarin-azapropazone binding site: it is very large and adaptable as it can bind 

bulky molecules such as bilirubin. Several examples have been found of independent binding of 

two different compounds to the site10, such as phenylbutazone-indomethacin and azapropazone-

indomethacin (Fig 1.5.4)25(d). This phenomenon suggests the presence of multiple subsites 

overlapped or at least very close to each other; and, the binding of a molecule able to change the 

three-dimensional arrangement of the binding site, may create a new structurally different one20. In 

a first model, the first binding site was considered as composed at least of two overlapping 

subsites (warfarin and azapropazone)27 . 

! Recent studies suggest the existence of at least three regions, called Ia, Ib and Ic28. 

According to this model, the Ia region is located between the regions Ib and Ic and plays a 

connection role between these two subsites. On the contrary, the Ib and Ic regions, do not seem to 

be related to each other, since, by equilibrium dialysis experiments, binding to these regions 

seems to occur independently. Circular dichroism experiments have shown that specific markers 

binding to Ic site, after Ib allosteric change, vary the spatial orientation of specific markers to Ib 

site, without influencing the affinity29. 

! In the crystal structure, the site I of HSA results as a large hydrophobic pocket located in 

IIA domain, delimited by six helices of IIA subdomain and by a loop of Ib subdomain (residues 

148-154). The Trp214 residue, the only one in the HSA primary structure, is located within this 

pocket. The inner wall of the pocket is formed primarily by hydrophobic residues, except for two 

clusters of basic amino acids located at the bottom and at the entry of the pocket. The site can be 

divided into a large central area with three different compartments: two hydrophobic regions (one 

on the right and the other on the left) separated by Ile264 and a third compartment which protrudes 
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Fig 1.5.4 Summary of the ligand binding capacity of HSA as defined by crystallographic studies. Ligands are 

depicted in space-filling representation; oxygen atoms are coloured in red; all other atoms in fatty acids 

(myristic acid), other endogenous ligands (hemin, thyroxin) and drugs are coloured in dark-grey, light grey 

and orange, respectively25(d).

Fig 1.5.5 Drug binding to site I in HSA (defatted). The detailed binding conformations are shown for (a) CMPF, (b) 

oxyphenylbutazone (oxy) and (c) phenylbutazone (pbz). In each case the drug is shown in a stick representation 

with a semitransparent van der Waals surface. Selected side-chains are shown as sticks colour-coded by atom 

type; yellow dashed lines indicate hydrogen bonds. Residue Ile264, which bifurcates the back-end of the pocket, is 

shown as grey spheres. Note that the tip of Lys195 is disordered in the HSA–CMPF complex so the side-chain 

amino group is not shown in (a). (d) Top view of the superposition of drugs bound to site I in defatted HSA. Drugs 

are shown in a stick representation with carbon atoms coloured orange, nitrogen atoms in blue and oxygen atoms 

(also shown as small spheres) in red. Oxygen atoms tend to cluster on either side of the binding pocket. (e) Side 

view of superposition of drugs shown in (d) along with a semi-transparent surface (orange) depicting the extent of 

the pocket as determined by combining the pseudo-atom output from PASS which maps potential pockets on the 

protein surface, with the superposed drugs bound to the pocket, to account for observed variation in pocket 

dimensions due to ligand binding25(d).



from the central area towards the bottom. In the absence of fatty acids, warfarin, phenylbutazone, 

CMPF (3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid) and oxyphenylbutazone are placed in 

the central portion of the pocket (Fig 1.5.6)25(d), with their planar group between the hydrophobic 

side chains of Leu238 and Ala291 (Fig 1.5.5)30 . The position of the rest of the molecule is much 

variable. These drugs occupy the right rear, while only phenylbutazone and CMPF project their 

hydrophobic groups into the back left. The front is occupied by the phenyl groups of 

oxiphenylbutazone and warfarin. Tyr150 plays a central role for the drug binding to the site, in the 

absence of fatty acids. In fact, in addition to hydrophobic interactions, all drugs are positioned to 

form a hydrogen bond with Tyr150. The two enantiomers of warfarin adopt very similar 

conformations when bound to the protein and make many of the same specific contacts with amino 

acid side chains at the binding site, thus accounting for the relative lack of stereospecificity of the 

HSA-warfarin interaction. The conformation of the warfarin binding pocket is significantly altered 

upon binding of fatty acids, and this can explain the observed enhancement of warfarin binding to 

HSA at low levels of fatty acid25(a). Another peculiarity is represented by the orientation of 

phenylbutazone and oxyphenylbutazone within the site. The two molecules, despite having only a 

small structural difference (the oxyphenylbutazone has a hydroxyl group on one of the aromatic 

rings) in the absence of fatty acids, bind in positions rotated 180° from each other.  

1.5.4.2 Site II

! Site II, or indole-benzodiazepine site, binds with high affinity to aromatic carboxylic acids 

with a negative charge placed at one end of the molecule, away from the hydrophobic core (e.g. 

non-steroidal anti-inflammatory drugs, FANS). This site is smaller than site I, in fact, bulky 

molecules (such as bilirubin, hemin, hematin, and other porphyrins) are not able to bind to this site. 

Moreover, this site appears highly stereoselective. A typical example of enantioselectivity of the 

site II is represented by L-Tryptophan that have an affinity 100 times higher than D-enantiomer31. 

In addition, replacement of small groups on the ligands of this site may strongly influence the 

activity. Diazepam, but not its fluorinated analogue flunitrazepam, binds site II with high affinity32. 

!-methylation of tryptophan prevents its binding to site II33 .

! Thus, although many molecules are capable of binding site II, this site appears to be 

more restrictive than site I. Nevertheless the site is able to bind different fatty acids with a certain 

selectivity (FA3 and FA4 sites)22(a). Crystallographic analysis revealed that site II is located within 

domain IIIA and showed its overall structure is similar to that of site I25(d), 34 . Arg410 and Tyr411 

residues are generally considered important for the binding of molecules, such as ketoprofen, 
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although testing on recombinant HSA (rHSAs) have shown that Arg410 is not essential for the 

binding of diazepam35.

! The most important region of binding site II is similar to the central area of the site I. 

Another subsite, corresponding to the right rear of the site I, is present although it is accessible 

only after ligand-induced rearrangement of HSA. However, binding pockets similar to the second 

hydrophobic subsite in site I are lacking. Unlike site I, site II has a unique cluster of polar amino 

acids (Arg410, Tyr411, Lys414, Ser489) located on one side at the site entry. So, despite several 

similarities, sites I and II are clearly different by shape, size and polarity, and this accounts for the 

different binding characteristics25(d). Site II ligands (diazepam, ibuprofen, diflunisal and indoxil 

sulphate) are found in the X-ray structures in the central area of the site, with at least one oxygen 

pointing towards polar cluster. 

1.5.4.3 Other Binding Sites 

! Despite the classification of Sudlow and co-workers is still very useful, many 

experimental evidences show that sites I and II are not the only high-affinity binding sites of HSA 

and the binding sites of many basic drugs which bind HSA with high affinity are still unknown 2, 20, 

36.

! The Cys34 residue is an important point of interaction for the irreversible binding of some 

molecules. This residue is located in the IA domain (Fig 1.5.2) and is the only thiol free from 

disulphide bonds. Generally, Cys34 is actually present as mixed disulphides with cysteine or 

glutathione, or is oxidized to sulphite, sulphate, or sulphonate. The remaining sulphydryl groups 

are free and accessible, and represent the major source of thiol groups in the blood. This residue 

is then available to the attack of oxidizing substances, so that the amount of reduced HSA in the 

blood (mercaptoalbumin) has been proposed as a biomarker of oxidative stress2. This residue also 

binds irreversibly to various drugs20. 

1.5.5 HSA Binding Interactions

! Binding of a molecule to HSA often changes its ability to interact with other molecules. 

This is due to the high conformational flexibility of albumin and to the presence of few high-affinity 

binding sites37. Alterations in the HSA binding of drugs may lead to a change in the 

pharmacokinetic properties of these drugs20. This risk is especially relevant if two or more drugs 

compete for the same HSA-high-affinity binding site. Sometimes free drug concentration increases 

by less than expected, because a most of the displaced drug rebinds at another site38. This 
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phenomenon was observed with diclofenac in the presence of ibuprofen39. Simultaneous binding 

of endogenous compounds such as fatty acids, uremic metabolites, bile salts and bilirubin can 

modulate the drug binding properties and can cause the onset of toxicity20. For example, a wide 

set of drug competes with bilirubin, a toxic and insoluble heme catabolism product, which is 

sequestered and solubilized by HSA. Instead, site II ligands generally have little or no effect on the 

binding of bilirubin. The presence of high levels of free bilirubin can be very dangerous, especially 

in infants40.

1.5.6 HSA Structural Properties

1.5.6.1 Flexibility

! Albumin is characterized by a high conformational flexibility41. The loops that characterize 

albumin structure allow the protein to expand, contract and flex very rapidly, after the binding of 

molecules or when it is alone2. Exploiting nuclear magnetic resonance (NMR), the exchange 

speed of heteroatom-bound protons with water is often used to measure the proteins flexibility 

using tritium or deuterium as radioactive label 42 . The high rate of proton exchange is a 

characteristic of albumin, even unique among non-enzymatic proteins43, and is probably related to 

its propensity to bind various ligands. Although we assume that albumin has a single form in 

solution, it is more realistic to think about a molecule constantly changing its shape10, 42. 

1.5.6.2 Conformational Equilibrium 

! Albumin undergoes several conformational transitions depending on pH; four isomers of 

the normal form (N shape) were identified: extended (E) at pH < 344(Fig 1.5.8), fast (F) at pH 4, 

basic (B) at pH 8 and aged (A) at pH around 10. The equilibrium between these conformations is 

reversible. When albumin is in F shape, it becomes less compact and less soluble and its alpha 

helix content is reduced. This conformation predominates at pH 4 and its name is due to the fact 

that it migrates faster than the N form on electrophoresis gel45 . Experiments on HSA fragments 

suggest that during N-F transition, the domains IIB + III are separated from the domains I + IIA3. 

Below pH 3, there is a further molecule relaxation that causes the complete loss of albumin tertiary 

structure, which becomes a fully extended protein. Shape B becomes predominant at pH 8 and is 

also present in physiological pH conditions. For this reason, shape B is believed to have an 

important physiological role and to be involved in drugs transport. A loss of stiffness is observed 

especially in N terminal region of the B shape. Some drugs that bind to site I interact with the 

shape B with higher affinity than shape N, while site II ligands affinity is affected to a less extent2. 

Shape A was discovered leaving a HSA solution at pH 9 for 3-4 days46. This form predominates at 

pH " 10, and shows a nearly reversible equilibrium with forms B and N. The helix content is not 

very different from that of form B47. Chromophores and fluorophores of HSA shape A appear more 

exposed to the solvent and the protein is more susceptible to proteolytic attack. This means that 

protein assumes a more open and relaxed shape in respect to N shape. 
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1.5.7 HSA Spectroscopic Features

! Spectroscopic techniques allowed the identification of protein main functional groups and 

conformational structure by using radiance properties: absorbance, fluorescence, polarization, 

optical rotation and Raman radiation. The peptide bonds are aromatic amino acids chromophores 

which are the groups responsible for such properties (Trp, Tyr and Phe). The main techniques 

used to study the HSA binding features are circular dichroism (CD), fluorescence and UV 

absorption48. 

1.5.7.1 UV Spectral Properties

! In the far ultraviolet albumin absorption is mainly due to the n!"* transitions of the 

peptide bonds, with a peak near 187 nm49. The extinction coefficient is very high and much 

influenced by the presence of hydroxyl or carboxyl groups. The minimum absorbance value in the 

range of 187-280 nm is about 253 nm. In the near ultraviolet (240-400 nm) albumins absorption is 

similar to that of most proteins lacking of prosthetic groups, with a peak at 278.5-279 nm due to 

"!"* transitions of aromatic amino acids. However, the absorption is very low due to the presence 

of a single Trp residue. Between pH 5.0 and pH 8.0 there is a slight absorption difference, while no 

differences are observed after changing the ionic strength between 0 and 0.3 M. The different 

albumins absorptivity, calculated starting from the amino acid composition and disulphide bridges 

contribution (#280=134), agrees with those experimentally determined2, 50 . The absorbance 

measurement at 287 nm, where Tyr absorbance is the maximum, allows to predict the relative 

position within the molecule. In fact about two thirds of the 18 Tyr residues of HSA are influenced 

by solvent effects51. Studies on spectral variations in the near ultraviolet show that: one third of the 

Tyr residues are easily accessible and thus are located on the molecular surface of the protein; 

another third becomes accessible under acidic pH conditions, in which the HSA domains separate; 

while the last one third becomes accessible only after the Cys residues reduction, resulting in 

irreversible opening of the three-dimensional protein structure2. 

1.5.7.2 Circular Dichroism

! Albumin shows high-protein !-helix content, with two negative maxima around 208 and 

222 nm, and a positive maximum around at 190 nm. The CD spectrum analysis has allowed to 
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Fig 1.5.8 HSA adopts a heart-

shaped structure (left) in 

solution rather than the cigar 

shaped ellipsoid (right)44.



estimate the secondary structure assumed by the protein in solution. A high-energy circular 

dichroism spectrum of the HSA was analyzed with the freeware CDPro52 . Data obtained with this 

technique were in agreement with those determined in the solid state and showed the following 

secondary structure composition: !-helix 63%, "-sheet 3.8%, "-turn 11.8% and extended chain 

21.7%. 

! The albumin-molecules binding properties can be studied using the technique of CD, 

according to the induced circular dichroism (ICD) spectral variations by changing different 

conditions. Since a molecule is optically inactive, its binding to the chiral host (albumin) leads to 

the appearance of induced chirality. The intensity of the induced band is strictly related to the host-

guest association constant53.

1.5.7.3 Fluorescence

! Fluorescence is a process of light emission due to the decay of an excited electronic 

state generated by absorption of light. The tryptophan residue allows to the HSA to emit 

fluorescence, but also tyrosine residues can emit fluorescence. 214Trp residue fluorescence is one 

of the properties that can be exploited in the characterization of the drugs-HSA binding54. In fact, 

this residue is located within the site I and molecules that bind to this site, or that alter its structure 

in an allosteric manner, modify the microenvironment around amino acid, thus varying the 

fluorescence signal. By using an excitation wavelength between 295 and 305 nm, the Tyr residues 

are not excited, so that the emission around 345 nm is exclusively due to the Trp residue. The 

contribution of Tyr residues can be estimated using an excitation wavelength less than 295 nm, 

which is able to excite both Tyr and Trp residues, and then subtracting the contribution of Trp 

measured at " > 295 nm2.  
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2. Aim of Research

! The aim of this project has been the design and the development of artificial receptors for 

monitoring drugs used for the HIV “Anti-Retroviral Therapy” (ART). A rapid measure of 

pharmacokinetic parameters on each patient can improve the compliance and the efficiency of the 

therapy. The small target molecule was Efavirenz (EFV), a frequent drug in the associations of 

ART. 

! Our new artificial receptors have been conceived on a combination of nanostructured 

polymeric materials and short binder peptides and on the structure of natural binders, following two 

different approaches. The first one exploits computational tools to model peptides with high affinity 

for small molecules. These designed peptides will then be incorporated in polymeric matrix for 

biosensor purpose. The other approach involves miniaturized natural receptors, whose shortest 

binding sequence will be mutagenized to fish out the binders with highest affinity and selectivity for 

EFV. 

! The novel receptors will be amply characterized using Circular Dichroism, Mass and 

Nuclear Magnetic Resonance (NMR) spectroscopies. Fluorescence and NMR spectroscopies will 

be used to study the interaction events with free EFV in solution. In the mean time suitable 

analogues of EFV will be synthesized and immolibized on a SPR gold chip to perform a screening 

of the binder candidates.

! Hopefully, our receptor will to be fulfilled as recognition and sensing elements in 

biosensor systems for the detection of EFV in biological samples.

! !
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3.1 Synthesis of Efavirenz Derivates

3.1.1 Design of Efavirenz Analogues

! E f a v i r e n z ( E F V ) , ( S ) - 6 - c h l o r o - 4 - ( c y c l o p r o p y l e t h y n y l ) - 1 , 4 - d i h y d r o - 4 -

(trifluoromethyl)-2H-3,1-benzoxazin-2-one, is a potent and selective non-nucleoside inhibitor of the 

HIV-1 reverse transcriptase1 . This NNRT has a long plasma half-life and is currently prescribed in 

first-line antiretroviral therapy regimens, coformulated with two nucleoside RT inhibitors 

(emtricitabine and tenofovir), due to the convenience of a single pill once-daily dosing and 

resultantly high treatment adherence. EFV dosage individualization based on plasma 

concentration monitoring might improve the patient compliance and clinical outcomes, reducing 

associated toxicities, potential drug-drug and food-drug interactions and the development of 

resistance. EFV has a stereogenic quaternary carbon centre bearing a CF3 group, having the (S) 

configuration. Biological evaluation of optically active EFV revealed that the (R) enantiomer 

exhibits virtually no activity2. Therefore, establishment of the quaternary carbon centre with the (S) 

configuration in an asymmetric manner is a main challenge for the synthesis of EFV3. Previous 

synthetic efforts focused on optimization of asymmetric synthesis of EFV4, on modifying EFV to 

develop new inhibitor generations with improved potency against wild-type virus and its mutants 

5or to covalently link EFV to immunogenic protein carriers to raise antibodies for drug monitoring 

purpose6.

! In our purpose different analogues of EFV were synthesized with the linkers, introduced 

in the most convenient positions to allow immobilization and selective recognition. It was 

advantageous to introduce the coupling group on a spacer arm so that the immobilization reaction 

is kept at a distance from the functional molecule to avoid the risk of adversely affecting its binding 

to the interaction partner. A spacer arm, generally consisting of several atoms, separates the two 

molecules, and the nature and length of this spacer is important to consider when designing a 

binding assay. The most common undesired results include excessive recognition of the spacer 

arm. It is preferable to avoid spacer attachment at or near functional groups of the target molecule 

as this can reduce the number of potential sites contributing to receptor binding, either directly by 

chemical modification or indirectly by sterically blocking access to this group (Scheme 3.1.1). 

! Considering the previously described papers and patents, analogues of EFV could be 

classified into three types or “generations”. The first analogue generation derived from direct 

coupling the nitrogen atom of EFV to a spacer arm. The use of the nitrogen atom as the linkage 
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site had the advantage of a straightforward synthetic procedure to produce the desired derivative 

but the arm linkage is close to the main sites of metabolism of EFV7. The second generation was 

based on a total synthesis of a new EFV derivative in which the terminal position of the alkynyl 

side chain is suitably functionalized. The third generation of EFV derivatives introduced the linker 

on the aromatic ring (Scheme 3.1.2).
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3.1.2 Preparation of EFV

! EFV was both isolated from the tablets formulation and synthesized ex novo. The 

isolation procedure is very fast but SUSTIVA® 600 mg tablets are very expensive. Isolation of pure 

EFV 6 was performed removing the yellow film coating from every pill. The powder was purified by 

silica gel column chromatography and then crystallized from reluxing heptane to gain EFV 6 in 

90% yield (Scheme 3.1.3).

! The syntheses of EFV 6, illustrated in Scheme 3.1.4, begin from the preparation of 

pivaloylamide 1 starting from 4-chloroaniline and pivaloyl chloride under phase-transfer catalysis 

(tert-butylmethylether (MTBE)/aqueous sodium hydroxide). Directed orthometalation of the 

pivaloylamide 1 (2 equiv. of n-BuLi, MTBE, TMEDA) generated the corresponding dianion, which 

was quenched with ethyl trifluoroacetate to afford the intermediate ketoamide. Acidic hydrolysis 

(HCl–HOAc) of the amide provided the hydrochloride 2 which was directly crystallised from the 

reaction mixture at 5°C. Treatment of the salt with aqueous sodium acetate in MTBE furnished the 

free base 33(a). Several reported asymmetric syntheses of EFV are based on highly 

enantioselective addition of lithium acetylide to the amino protected ketoaniline8. We have followed 

the method described by Tan et al.3(b) which involved direct enantioselective alkynylation of the 

unprotected ketoaniline 3 and thus avoided protection and deprotection of the amino group of the 

aniline moiety. Then the acetylenic side chain was introduced by addition of the acetylenylzinc 

reagent to the ketone 3 at 0°C in the presence of (1R,2S)-N-pyrrolidinylnorephedrine 4 as a chiral 

auxilliary and 2,2,2-trifluorethanol. The alcohol 5 was obtained in 91% isolated yield after 

recrystallisation. The chiral auxilliary 4 was obtained by alkylation of (1R,2S)-norephedrine with 

1,4-dibromobutane and sodium hydrogen carbonate as base in toluene in 81% yield (Scheme 

3.1.5)9. [soai] The ring closure was performed by using trisphogene to obtain Efavirenz 6 in global 

yield of 64%. The enantiomeric excess was established by comparing the chiral HPLC analyses of 
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Scheme 3.1.4 Synthesis of efavirenz.
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samples of compound 6 and of Efavirenz isolated from tablets, and was found to be 82.0%, to be 

compared with the 90.1% of the commercial reference.
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3.1.3 First Generation Analogue of EFV

! The first generation analogue 11 was made by direct alkylation of EFV 6, at the nitrogen 

atom with tert-butyl-2-bromoacetate in the presence of potassium carbonate. Subsequent 

deprotection of the intermediate 7 in a 1:1 mixture of TFA and CH2Cl2 afforded analogue 8 in a two 

step global yield of 96% (Scheme 3.1.6)6(a). 1,5-diaminopentane was chosen as the linker, and it 

was converted first into its monoprotected N-Boc derivate 9 in 39% yield by using di-tert-butyl 

dicarbonate (Boc2O) (Scheme 3.1.7)10. Then this linker was bound to analogue 8 using HOBt and 

EDC as coupling reagents. Removal of the Boc group with a 1:1 TFA:CH2Cl2 mixture provided 

compound 11 in 60% yield (Scheme 3.1.8). This derivative was designed to be linked on the gold 

chips of Biacore sensors to study in real time the interaction between EFV and its receptors by 

surface plasmon resonance (SPR). Its free amino group is suitable to the covalent immobilization 

to the carboxymethyl dextran on the Sensor Chip CM5, a widely used SPR sensing surface11. 1,5-

diaminopentane as linker was introduced to avoid masking effect and non-specific interaction.

! Biotinylation was also considered to immobilize the EFV molecule to the sensor surface, 

as avidin-coated gold cells are commercially available. To this end, the analogue 8 was coupled 

also with the biotinylated 1,5 diaminopentane 13, obtained in 22% yield by the synthetic pathway 

reported in Scheme 3.1.9. Biotin is a small vitamin molecule and is strongly and specifically bound 

by avidin protein. Avidin-biotin affinity system was employed in the design of enzyme-linked 

immunosorbent assay (ELISA). The biotinylated analogue 14 was immobilized, through 

adsorption, on the streptavidin-coated microwell plates, as accurately reported on Dr. Luisi"s PhD 

dissertation “Identification of novel protein scaffolds for small molecules binding and for 

catalysis”12. 
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Scheme 3.1.9 Synthesis of the first generation analogue with the biotinylated spacer arm.
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3.1.4 Second Generation Analogue of EFV

! The key step of the second generation analogue synthesis is the enantioselective 

addition of acetylide to the ketoaniline 3. According to the methodology used to prepare EFV, 

chloromagnesium acetylide was introduced to obtain, after ring closure, the second generation 

analogue 16 in global yield of 55%. In order to immobilize the second generation analogues on a 

solid support, the compound 16 may react with the monoprotected diamine 9 to obtain an 

analogue functionalized with a free amine group (Scheme 3.1.10). 

3.1.5 Third Generation Analogue of EFV

! A new synthetic pathway had to be developed to improve the low-yield procedures 

already reported in literature5(c,d), 6(b,c,d) for synthetizing the third generation of EFV derivates 

carrying linkers as a substituent on the aromatic ring. We report an alternative route to anchor a 

spacer arm on the aromatic ring exploiting a Suzuki-Mijaura cross-coupling reaction between an 

aryl halide and an alkyl trifluoroborate, as a novel methodology to direct the installation of 

functional groups onto complex molecules. The key advantages of this modern method are the 

mild reaction conditions required to form a sp2-sp2 carbon-carbon bond, the easily accessed 

starting materials and the relative non-toxicity of the by-products generated upon the cross-

coupling, extending its utility to large-scale synthesis of pharmaceuticals and fine chemicals. An 

excellent paper by Molander et al.13 emphasizes the attractive peculiarities of both cross-coupling 

patners: on the one hand the functional group tolerance, the indefinite stability to ambient moisture 

and the relatively easy preparation of potassium alkyltrifluoroborates compared to their boronic 

acid/boronate counterparts; on the other hand the possibility of involving electron-neutral and 

electron-poor aryl and heteroaryl halides, tolerating a variety of functional groups.

! A Suzuki-Miyaura cross-coupling reaction of the primary alkyltrifluoroborate 18 with EFV 

6 as the aryl chloride acceptor was successfully performed using 2 mol% of palladium acetate 

catalyst and 4 mol% of RuPhos ligand with potassium carbonate dissolved in a water/toluene 

mixture. To do this, potassium 4-(benzoyloxy)butyltrifluoroborate 18 was employed, which was 

prepared via hydroboration of the corresponding alkene14  17 followed by addition of aqueous 

potassium hydrogen fluoride (KHF2) (Scheme 3.1.11). The Suzuki-Miyaura product 19 was 

deprotected to alcohol 20, activated with methanesulfonyl chloride 21 and then reacted with azide 
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Scheme 3.10 Synthesis of the second generation analogue 16.
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22. The resulting azide was then successfully reduced to obtain the desired free amine 23 in global 

yield of 25% (Scheme 3.1.12).
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3.2 De novo Artificial Receptors

3.2.1 Design of Binder Peptides

! Short peptides represent an excellent opportunity for the 

design of artificial receptors due to: the number of different 

molecules that can be obtained by combining the 21 natural 

aminoacids; the availability of techniques for the fast screening of 

peptide libraries; the possibility of automated synthesis; the ease 

of modification to further enhance binding and relatively easy 

modelling1. The ability of short peptides to bind small organic 

molecules has been early demonstrated by Wu"s group preparing 

dodecapeptides derived from dog olfactory receptors that were able to bind trimethylamine with 

some selectivity2. Recently the same research group achieved simultaneous detection and 

identification of volatile organic compounds with other synthetic peptides, also shorter than 10 

amino acids, derived from in silico design and selection, thus demonstrating that even very short 

amino acid chains can be designed in a way that allows organization and recognition3 . 

! Our first inspiration to design short 

peptides, meaning peptides that could be 

available via automated chemical synthesis 

(two to 50 amino acids), with high affinity 

for HIV drug EFV, originated from the 

attempt to recreate synthetically the 

interactions and the orientation of the 

functional groups that play a significant role 

on establishing the specificity and the 

efficiency of the inhibition of HIV reverse 

transcriptase by EFV. EFV (Fig 3.2.1) is 

infact a potent non-nucleoside reverse 

transcriptase inhibitor (NNRTI), and 

belongs to the recent generation of 

NNRTIs characterized by non-competitive 

binding to an allosteric site some 100 Å 
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DMP-266 Efavirenz (EFV).

Fig 3.2.2 View of Efavirenz in its binding site on HIV-1 RT 
(wild type) - (1FK94(a) - Protein Data Bank).



away from the active site. The NNRTIs inhibit the 

polymerase activity through long-range and short-range 

structural distortions in several RT sub-domains. The 

distortions involve repositioning of residues in the non-

nucleoside binding pocket (NNIBP) that impose steric 

impediments on the thumb sub-domain flexibility forcing it 

to remain in the open conformation. Many of the inhibitor!s 

interactions with RT involve hydrophobic contacts4. Thus, 

the cyclopropyl–ethynyl group is positioned in the top sub-

pocket surrounded by the aromatic side chains of Tyr181, 

Tyr188, Trp229, and Phe227 (Fig 3.2.2). The 

benzoxazin-2-one ring is sandwiched between the side 

chains of Leu100 and Val106, while also making edge-on 

contacts with Tyr318 and Val179. A prominent non-

hydrophobic contact is the hydrogen bond formed 

between the benzoxazin-2-one NH and the main chain 

carbonyl oxygen of Lys101. There is a van der Waals 

contact between the CG C" carbon of the side chain of 

Lys103 and the nitrogen of the benzoxazin-2-one ring of 

EFV. One of the factors responsible for the improved properties of the second-generation NNRTIs 

such as EFV compared with the first-generation as Nevirapine is the smaller ethynyl-cyclopropyl 

group that replaces an aromatic pyridine ring in Nevirapine4. Thus, the tetrapeptide YYGW was 

conceived to mimic the aromatic pocket (tyrosine and tryptophan residues) that surrounds the EFV 

ethynyl-cyclopropyl group inside the RT binding site, and the presence of glycine has been 

planned in order to warrant a certain flexibility to the chain, allowing to establish also hydrogen 

bonds or other interactions (Fig 3.2.3).

# A further second approach was developed in collaboration with the Statistical and 

Biological Physics group (Prof. Laio, Dr. Hong) at the International School for Advanced Studies 

(SISSA, Trieste) who implemented a novel computational tool aimed at designing peptides of  

25-10 residues with high affinity toward small organic molecules. The algorithm is based on a 

combination of molecular dynamics (MD), semi-flexible docking, and replica exchange Monte 

Carlo (MC) that allows performing importance sampling simultaneously in sequence and structure 

space. This allows taking fully into account the flexibility of the peptide during the sequence 

optimization. Starting from a poly-alanine, subsequent random mutations of amino acids in the 

peptide sequence were coupled with a semi-flexible docking, limiting the flexibility only to the side 

chain and to the Ramachandran dihedral angles of the mutated amino acid. The peptide docking 

pose with the lowest binding energy is selected and accepted for next steps in order to reach the 

best sequence with high binding affinity with the target.  A decapeptide, named PepHA, optimized 

versus EFV with sequence FFWPPFLNVW and theoretical binding energy of -12.1 kcal/mol, was 

selected for experimental validation5. The theoretical structure of the efv-decapetide complex, 

reported in Fig. 3.2.4, mainly involved hydrophobic interactions with the aromatic rings of 

phenylalanine and tryptophan side chains.
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3.2.2 Computational Tools5

! A more detailed description of the computational procedure is reported in this section. Dr. 

Hong and Prof. Laio implemented a computational procedure that, starting from a poly alanine, is 

able to optimize simultaneously the sequence and conformation of small peptides in order to reach 

a high binding affinity to a target organic molecule. The computational search is performed within 

the MC optimization scheme that, in this particular case, consists in a random walk in sequence 

and structure space. In this random walk, each state is defined by the primary sequence SEQ and 

by set of atomic coordinates R of the peptide. The energy of the state is the docking binding 

energy of the peptide with structure R and sequence SEQ versus a target molecule. Starting from 

a state (R, SEQ), a new state (Rnew, SEQnew) is found using the following procedure: 

(1) First, the peptide is mutated at a random position, replacing the amino acid with a randomly 

selected new one. The new sequence will then be SEQnew. The length of the peptide is not 

affected. 

(2) The newly mutated structure is then relaxed by MD to avoid close contacts. 

(3) Starting from the final structure of the relaxation, semiflexible docking between the peptide and 

the target is performed. In this docking step only the side chain and Ramachandran dihedral 

angles of the mutated amino acid are considered as flexible. Restricting the flexibility to only a few 

dihedrals will result essential to achieve a good compromise between computational speed and 

efficiency. 

(4) Finally, the peptide docking pose with the lowest binding energy is selected; this pose defines 

the new coordinates Rnew, and the docking score function defines the new energy Enew. 

The new state is accepted or rejected according to the Metropolis criterion, namely with a 

probability equal to the minimum between 1 and exp((Enew " E)/T. Here T is a fictitious 

“temperature” parameter that controls the probability of acceptance for the new configuration. If the 

new state is accepted, (R, SEQ, E) are set to (Rnew, SEQnew, Enew), otherwise R and SEQ are left 

unchanged, and a new mutation is attempted. In Fig 3.2.5 the value of the energy E was plotted as 
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(a) (b)

Fig 3.2.4 (a) Structure of the efv-pepHA complex as predicted by the docking process. (b) Amino acids 

mainly involved in the interaction event.



a function of the number of mutations during a run that started with a deca-alanine. The 

temperature was set to T = 0.2. After only 150 mutations the estimated binding energy drops from 

an initial value of !5 to !9 kcal/mol. Even with this simple single temperature optimization, the 

algorithm was able to find a peptide with high binding energy for EFV (!8.8 kcal/mol) with 

sequence FPFPGWPPK. 

3.2.2.1 Docking with Localized Flexibility is Essential for Convergence 

" In this algorithm, limiting the flexibility only to the mutated amino acid and its adjacent 

Ramachandran angles is of paramount importance. In Fig 3.2.6, together with the energy per 

mutation obtained using selective flexibility, we show the results of a run performed with full 

flexibility of all the dihedrals in the peptides. Strikingly, in the latter case, the algorithm was not able 

to optimize the primary sequence, and the energy did not reach values below !5 kcal/mol. An 

additional advantage of limiting the flexibility is the gain in computational efficiency. In the inset of 

Fig 3.2.5, the time employed by the algorithm as a function of the number of performed mutations 

is presented for both cases; clearly, from the computational point of view, considering the flexibility 

of all the dihedrals at each docking step is at least eight times more expensive than performing 

docking with selected flexibility. 

3.2.2.2 Replica Exchange Allows Avoiding Traps during Minimization 

" Fig 3.2.5 (blue), after < 200 mutations the energy slightly increases, as can happen in 

stochastic optimizations; the system then remains trapped in a fixed configuration for the last 200 

mutations. To avoid these “traps” as much as possible and to improve the exploratory capabilities 

of the procedure, in our implementation we run N MC optimizations simultaneously at different 

fictitious temperatures (T1,T2, ..., TN). At given times, one attempts swapping the configurations (R, 

SEQ) of two replicas according to a replica exchange Monte Carlo (REMC) scheme6 . A swap 

between two replicas of temperatures Ti and Ti+1 is accepted with probability equal to the minimum 

between 1 and exp[(Ei ! Ei+1)(1/Ti! 1/Ti+1)], where Ei is the energy of the configuration in replica i. If 
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Fig 3.2.5 Importance of limited flexibility for 

the combined docking MC algorithm. The 

runs of the algorithm with T = 0.2 

performed leaving all the dihedrals free to 

move (red curve) or allowing only dihedral 

relaxations of the mutated residue (blue 

curve) are shown. The fluctuations in 

energy have been smoothed by taking a 

running average over a window of 10 

mutations. Inset: computational time per 

mutation during the two runs. The 

algorithm with selective flexibility (blue) is 

considerably faster than its full flexible 

counterpart.



the move is accepted, the sequence and the coordinates of the two replicas are swapped (Fig 

3.2.6). The exchanges between replicas allowed a better exploration of the mutational/

conformational spaces; the solutions of the algorithm were improved by !3 kcal/mol with respect to 

the simple MC procedure. The best binding energy also in this case is approximately equal to !12 

kcal/mol. In many other attempts, we could never obtain better solutions; this indicates that this 

value is likely to represent a lower limit for the binding affinity between a decapeptide and EFV. 

3.2.2.3 Optimizing the Length of the Peptide

The algorithm described above allows the sequence and conformational optimization of short 

peptides maximizing their binding energies versus a target molecule. However, before using this 

procedure, an appropriate length for the initial peptide should be estimated according to the 

target"s structure. Qualitatively, a larger number of contacts between the target and the peptide is 

expected to lead to stronger binding energies, and larger peptides are expected to form more 

Chapter 3 - Results and Discussion

85

Fig 3.2.6 Optimization performed with the combined docking!MD!REMC algorithm. (a) Binding energy as a 

function of the number of mutations for a run performed at three temperatures (T = 0.2, 0.4, 0.6). (b) Binding 

energy as a function of the number of mutations at the lowest temperature, T = 0.2, for a statistically 

independent run of the algorithm. Six peptide sequences and the structures of the corresponding EFV 

complexes are also shown. Note the evolution of the peptides toward sequences and conformations that 

saturate the available surface contacts of EFV. The last structure, with sequence FFWPPFLNVW and binding 

energy of !12.1 kcal/mol, was selected for experimental validation. (c) Shape and complementarity scores of 

all the accepted peptides in the run in panel (b).



contacts. Therefore, it is unlikely that longer peptides would increase the number of contacts or 

improve the binding energies. Furthermore, larger peptides may adopt more stable secondary 

structures, decreasing the potential number of contacts with the target (Fig. 3.2.7). Thus, for EFV, 

we decided to experimentally validate the results of the calculations selecting a REMC accepted 

peptide with size 10 AA. 

! A peptide (hereafter called pepHA) with sequence FFWPPFLNVW and theoretical 

binding energy of "12.1 kcal/mol was selected for experimental validation and synthesized.

 3.2.3 Synthesis of YYGW

! The synthetic pathway, reported in the Scheme 3.2.1, sought separately the synthesis of 

the two dipeptides NH2-Gly-Trp-NH2 31 and Boc-Tyr-Tyr-OH 32. The first step to obtain the 

dipeptide 31 was the protection of C-terminus, converting the carboxylic acid of Boc protected L-

tryptophan to carboxamide (compound 28) by ammonolysis 7. Then the coupling with Boc glycine 

and the Boc deprotection were performed. The dipeptide 32 was obtained starting from the 

coupling between Boc tyrosine and tyrosine protected with methyl ester at C-terminus, proceeding 

with the conversion of methyl ester to carboxylic acid. The two dipeptides were subsequently 

coupled and Boc deprotected to gain the desired tetrapeptide Tyr-Tyr-Gly-Trp-NH2 35.

! Every peptide coupling reaction was performed under anhydrous conditions using 1-

hydroxybenzotriazole (HOBt)as the intermediate acyl acceptor to optimize the condensation yield, 

N-methylmorpholine (NMM) as base, N-ethyl-N#-diethylaminopropylcarbodiimide hydrochloride 

(EDC-Cl) as activator and acetonitrile8. The removal of Boc-protection at the N-terminal required a 

1:1 mixture trifluoroacetic acid TFA and dichloromethane (DCM)9 , whereas the removal of methyl 

ester at the C-terminus requires a mixture 1:1 of an aqueous solution 1M of LiOH.H2O and 

tetrahydrofuran (THF)10 . However the misuse of time and the relatively low yields lead us to 

investigate an alternative route: the peptide synthesis on solid phase using automated microwave 

synthesizer.
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Fig 3.2.7 Optimization 

with different peptide 

lengths. Binding energy 

as a function of the 

number of mutations 

for eight runs of 

peptides with length 

between 2 (red) and 10 

AA (magenta).



3.2.4 Peptide Syntheses on Solid Phase

! The syntheses of both the tetra- and decapeptide were therefore performed on solid 

phase, using the Fmoc strategy with tBu orthogonal protection of amino acid side chains, and 

carried out with an automated microwave peptide synthesizer. The general process, resumed on 

Scheme 3.2.2, for synthesizing peptides on a resin, starts by attaching the first amino acid, the C-

terminal residue, to the resin. To prevent the polymerization of the amino acid, the alpha amino 

group and the reactive side chains are protected with a temporary protecting group. Once the 

amino acid is attached to the resin, the resin is filtered and washed to remove by-products and 

excess reagents. Next, the N-alpha protecting group is removed in a deprotection process and the 

resin is again washed to remove by-products and excess reagents. Then the next amino acid is 
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coupled to the attached amino acid. This is followed by another washing procedure, which leaves 

the resin-peptide ready for the next coupling cycle. ! The cycle is repeated until the peptide 

sequence is complete11. Moreover the microwave-assisted SPPS approach to perform peptide 

couplings and Fmoc-deprotections improve the synthesis reducing the significant amount of time12, 

energy13 and waste generation14 . 

" Potentially difficult points 

in the sequence were predicted 

using the Peptide Companion 

software (Coshi Soft, AZ, U.S.A). 

The short sequence lengths and, in 

the case of the decapeptide, the 

presence of proline residues, 

reduce the potential aggregation 

during the peptide chain elongation, 

so our syntheses allowed for the 

scale to be increased up to 0.25 

mmol and for utilizing some highly 

substituted resins. Based on these 

profiles, shown in the Fig. 3.2.8, 
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double coupling cycles were performed at the points of middle and high difficulty due to the bulky 

and sterically hindered hydrophobic residues.

 ! A cocktail of trifluoroacetic acid and scavengers was used to remove all the protecting 

groups and to cleave the peptide from the resin. The appropriate scavengers and cleavage 

conditions minimize modification or destruction of the sensitive amino acids and the formation of 

carbonium ions and other reactive species to avoid side reactions. For instance, water avoids the 

irreversible alkylation on the thioether group of methionine residues and on the ortho position to 

the hydroxyl group of tyrosine residues; DODT (3,6-dioxa-1,8-octanedithiol) and thioanisole 

remove the carbonium ions resulting from the eliminative cleavage of the tBu protective group, 

thus avoiding tert-butylation of tryptophan and cysteine residues; phenol and thioanisole protect 

oxidation-sensitive amino acids, as tryptophan and methionine again; TIPS (triisopropylsilane) 

prevents re-binding of the trityl protective group of cysteine and asparagine to the synthesized 

peptide15 .

3.2.4.1 Synthesis on Solid Phase of YYGW-NH2

The elongation of tetrapeptide YYGW at the C-terminus has been carried out on resin Fmoc-Linker 

AM Champion I, formed of para-(aminomethyl)polystyrene as support, cross-linked with 1% of 
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Fig 3.2.9 (a) The prediction of synthesis difficulty for the tetrapeptide sequence; (b) ESI-MS spectrum of 

YYGW-NH2 acquired in “negative mode”, 585.3 [M]-. The sample was dissolved in MeOH; (c) RP-HPLC 

analysis of YYGW-NH2.



divinylbenzene and fuctionalized with the acid-labile Fmoc-Rink-amide linker. Fig 3.2.9 shows the 

electrospray ionization mass spectrometry (ESI-MS) analysis of the peptide obtained by this way, 

that confirmed its identity and the RP-HPLC chromatogram that confirms its purity. The automatic 

microwave synthesis provided high yield and saved a large amount of time. 50 mg of pure peptide 

(yield of 46%) was obtained after 5 hours of couplings and Fmoc-deprotections carried out with the 

synthesizer and 5 hours for the following treatments of the resin, cleavage and precipations.

3.2.4.2 Synthesis on Solid Phase of FFWPPFLNVW-COOH

FFWPPFLNVW-COOH was elongated on a Fmoc-Trp(Boc)-NovaSyn®-TGA resin. 

NovaSyn®TGA resins are based on Tentagel, a composite of polyethylene oxide grafted onto a 

lowly cross-linked polystyrene gel-type matrix, which has been amino functionalized and 

derivatized with the TFA-labile 4-hydroxymethylphenoxyacetic acid linker, where a tryptophan 
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Fig 3.2.10 (a) ESI-MS spectrum of PepHA acquired in “positive mode”, 1352.8 [MH]+ . The sample was 

dissolved in a 1:1 mixture of water and acetonitrile containing 1% formic acid; (b) RP-HPLC analysis of 

FFWPPFLNVW-COOH.



residue, protected at its N-terminal and at the indole side chain, was already bound. The cleavage 

from the resin led to 62 mg of pure peptide (58% yield in 15 hours) with the carboxylic C-terminus 

(Fig 3.2.10), to proceed with the characterization and the binding measurements.

3.2.5 Peptide Characterization

3.2.5.1 NMR of FFWPPFLNVW

! Solution conformations of relatively short peptides, binding events between the peptides 

and their ligands, and structural details on the peptide-ligand complexes may be effectively 

investigated with NMR spectroscopy. We have been able to obtain such informations for both the 

tetra- and the decapeptide. Full characterization and assignment of each proton signal in the 

decapeptide spectrum was performed in dmso-d6. The choice of dmso-d6 was due to the following 

reasons: (1) the decapeptide is readily soluble in dmso while it is hardly soluble in water or 

phosphate buffer; (2) C-H proton resonances of the peptide in aqueous solution are significantly 

dependent upon concentration (and temperature), indicating self-aggregation, but not in dmso-d6 

solution, where, moreover, the risk of self-aggregation due to hydrophobic interactions decreases 

due to the lower polarity of the solvent; (3) peptide N-H proton resonances are clearly observed in 

dmso-d6 solution, allowing unambiguous resonance assignments16; (4) dmso will be the solvent of 

the subsequent polymerization reactions. 

! The high resolution of the signals in the 1H-NMR spectrum, reported in Fig 3.2.11, 

indicates that the peptide is folded17 and adopts a single, stable conformation in comparison to the 

NMR relaxation times. The spectrum allows to identify the chemical shift regions corresponding to 

the chemically different protons in the molecule: the NH of Trp indole side chains (10.8 ppm), the 

protons of aromatic side chains (6.9 - 7.5 ppm), the amide NH (7.6 - 8.8 ppm), the alpha (3.9 - 4.8 

ppm), beta and gamma protons (0.8 - 3.1 ppm). The complexity of this unlabelled-macromolecule 

(Fig 3.2.12) requires 1H" multi dimensional" NMR" experiments as 1H-1H COSY, 1H-1H TOCSY, 

1H-13C COSY 1H-1H NOESY for"assigning"the resonances18. 

The 2D 1H-1H COSY (Correlated Spectroscopy) correlates all 1H resonances that are scalarly 

coupled. The HN-H! fingerprint region contour plot (Fig 3.2.13) of the pure peptide allows to 

identify all the NH present in the molecule and its cross-peaks map allows to identify the coupling 

of each NHi signal with the signal of each corresponding H!i. The 3JHN-!H coupling constants, that 

are related to the torsion dihedral angle # via the Karplus relationship19 , were also calculated from 

the proton spectrum. The experimental 3JHN-!H coupling constant values are in a range between 

7.39-9.09 ppm (Table 3.2.1) and such values are significantly higher than those usually found for 

peptides in a random coil conformation. These values are usually referred to $-structure20. 

! Protons from different amino acids always belong to different spin systems, because 

there is no scalar coupling across the amide bond. Thus the spin systems associated with 

individual amino acids residues were mainly identified by using mainly 2D 1H-1H TOCSY (Total 

Correlation Spectroscopy), and this allowed to assing the NH signals (and by this way the 

corresponding H! signal) to some of the aminoacids in the sequence. The spin system for leucine, 

valine and the two proline residues were thereby uniquely identified with continuous lines 

Chapter 3 - Results and Discussion

91



connecting cross-peaks in the region of the TOCSY spectrum shown in Fig 3.2.14. The remaining 

identified spin systems were grouped as belonging to residues containing an !CH-"CH2 fragment. 

Sequential assignments were then made by combining information from TOCSY and 2D 1H-1H 

NOESY (Nuclear Overhauser Effect Spectroscopy) spectra obtained in dmso-d6 under the same 

conditions. Beginning from the identified spin systems mentioned above, sequence-specific 

connections were identified from the NOESY data for a unique peptide sequence. Since the 

Nuclear Overhauser effect is due to dipolar couplings resulting from interactions of spins via space 

and hence only depends on the distance, the set of 2D-NOESY cross-peaks largely depends on 

the secondary structure in the corresponding segment. In order to reduce artefacts due to spin 

diffusion, the fingerprint regions of intraresidual COSY (or TOCSY) and NOESY (Fig 3.2.15) were 

compared to distinguish the NOEs between spin close in space from NOEs transferred via a relay 
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Fig. 3.2.12 1H NMR spectrum of the decapeptide (500 MHz, dmso-d6).



nucleus. All the expected cross-peaks due to small distance HNi+1-!Hi in an extended chain 

(corresponding to a !-structure) were observed19. 

Other rather strong NOESY cross-peaks involve the C" proton of Val9 and the amide proton in 

NH3
+ terminal (0.81-8.05 ppm) as well as the NH indolic proton of Trp3 (0.81-10.8 ppm), indicating 

a direct contact between the N- and C-termini (Fig 3.2.16).

Hence the sequential assignments of the decapeptide backbone are completed (Table 3.2.1 and 

Table 3.2.2) and a !-turn secondary structure is suggested in the presence of dmso as solvent. A 

beta-turn is a region involving four consecutive residues where the polypeptide chain folds on itself  

after turning by nearly 180 degrees. Also considering the presence of two proline residues in the 

primary structure and the rigid constraints on the N-C! rotation imposed by their five-membered 

ring at that level a beta turn may be promoted, instead of the expected extended conformation 

typical of small peptides21.

NHNH C!C! C!C! C"C" C#C#

 1H JN-!  1H  13C  1H  13C  1H  13C  1H  13C

Phe 1 8.05 3.98 53.6 2.84 37.48 $ $ $

Phe 2 8.77 8.1 4.63 54.4 2.99/2.82 37.67/37.8 $ $ $

Trp 3 8.5 7.7 4.72 51.79 3.11/2.91 3.75 $ $ $

Pro 4 $ 4.48 53.9/58.00 1.74 24.91 2.08 28.51 2.86 37.7

Pro 5 $ 4.3 59.89 1.91 29.07 1.39 41.62 1.79 24.8

Phe 6 7.67 7.68 4.5 53.9 3.05/2.85 38.0 $ $ $

Leu 7 8.07 8.75 4.33 51.2 1.45-1.57 41.57 1.95 31.37 0.75 17.90/19.30

Asn 8 8.3 7.62 4.59 50.09 2.59/2.39 36.96 $ $ $

Val 9 7.4 3.1-9.09 4.23 57.34 1.95 26.95 0.81 22-23.4 $ $

Trp 10 8.25 7.39 4.44 51.3 3.02/3.14 27.26/27.35 $ $ $

Ha Hb Hc Hd He NH

Trp 3 7.4 6.91 7.02 7.7 7.13 10.8

Trp 10 7.33 7.05 6.98 7.5 7.2 10.87
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Table 3.2.1 FFWPPFLNVW backbone assignments of proton and carbon signals.

Table 3.2.2 FFWPPFLNVW tryptophan assignments of proton signals.
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Phe2! Trp3!

Asn8!

Trp10!

Phe1!

Phe6!

Val9!

Leu7!

Fig 3.2.13 2D 1H,1H COSY spectrum of FFWPPLNVW (500MHz, dmso-d6) and HN (F2)- H! (F1) fingerprint 

region contour plot.

Fig 3.2.14 2D 1H,1H TOCSY spectrum of pepHA (500MHz, dmso-d6). Detail of NH region (F2) and 

H!, H" region (F1).
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Fig 3.2.15 2D 1H,1H NOESY spectrum of FFWPPLNVW (500MHz, dmso-d6). Detail of NH region (F2) 

and H!, H" region (F1).

Fig 3.2.16 2D 1H,1H NOESY spectrum of  FFWPPLNVW (500MHz, dmso-d6). Detail of NH region 

(F2) and H!, H" region (F1).



3.2.5.2 Circular Dichroism of FFWPPFLNVW

! Circular Dichroism is a method of choice for a rapid determination of peptide secondary 

structure in solution. The CD spectrum of FFWPPLNVW peptide in sodium phosphate buffer, 

reported in Fig 3.2.17, was recorded at 25°C and the spectrum displayed a strong negative "!"* 

band at 210.4 nm ([#]/nMin=$9.03%103 deg cm2 dmol-1) with a moderately intense positive n!"* 

band at 227.4 nm ([#]/nMax=3.57%103 deg cm2 dmol-1). A comparison of our spectrum with the 

Reed standard spectra set22, suggested a &-turn folded structure that likely involved the two 

proline residues23. Therefore the decapeptide retains the same conformation both in water and in 

dmso solution.

! The conformational stability of the designed peptide was investigated under thermal 

unfolding. CD is a convenient technique to follow peptide unfolding because the spectra of folded 

and random coil are quite different and because the unfolding transition can be easily determined 

by choosing a wavelength where the difference in signal for folded and unfolded peptide is large. 

In our case the ellipticity of the positive band at 227 nm was monitored from 10°C to 80°C and the 

ellipticity change was fitted as a function of temperature to provide the corresponding melting 

curve, shown in Fig 3.2.18. Pre- and post-thermal unfolding CD spectra were found to be the 

same at 10 °C, indicating a reversible unfolding transition. The curve relating ellipticity as a 

function of temperature, appears to have a typical sigmoidal shape consistent with a simple two-

state transition from a totally folded from to the unfolded one. Using a non-linear least squares 

fitting algorithm and assuming a two-state unfolding reaction, the fraction folded ff at any 

temperature and the temperature midpoint Tm of the thermal transition were calculated

(eq 3.2.1)

'obs is the observed ellipticity at any temperature, 'f is the ellipticity of the fully folded form and 'u 

is the ellipticity of the unfolded form (calculated values from the non-linear fitting). Tm is the 

temperature where ff = 0.5. The calculated folded fraction was used to evaluate KU the unfolding 

equilibrium constant at each temperature according to

(eq 3.2.2)

The unfolding free energy was derived from KU by the following equation: 

(eq 3.2.3)

where R is the Gas constant =1.98 cal/mol, and T is the absolute temperature (Kelvin), thus

(eq 3.2.4)

The Gibb equation correlates the free energy of unfolding with enthalpy and entropy of unfolding: 

(eq 3.2.5)
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The thermodynamic unfolding parameters were then obtained by a van!t Hoff analysi, plotting the 

natural logarithm (ln) of the unfolding constant KU as a function of 1/T where T is the absolute 

temperature (Kelvin) 24. 

(eq 3.2.6)

"HU = 70 kJmol-1

"SU = 215 kJmol-1

Tm = 51.3 °C = 324.4 K

CD data revealed a stable folding of the decapeptide FFWPPFLNVW in water even at high 

temperatures and confirmed a #-turn secondary structure as described by the NMR results.
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Fig 3.2.17 CD spectrum of a 30 $M solution of FFWPPLNVW in 

sodium phosphate buffer (50 mM Na2HPO4 and 150 mM NaCl).

(a)

(b)

Fig 3.2.18 (a) • temperature-induced unfolding of a 30 $M solution of decapeptide in phosphate 

buffer; • temperature-induced re-folding; (b) Van!t Hoff plot for the observed unfolding equilibrium 

constants, in the panel as linear regression.

!! ! !! !
!!"!

!"
! !
!!"!

!
!



3.2.5.3 Fluorescence of FFWPPFLNVW 

! Synchronous fluorescence spectroscopy (SFS) was introduced by Lloyd in 197125, and 

involves simultaneous scanning of the excitation and emission wavelenghts while maintaining a 

constant wavelength interval between them. It can provide in a rather selective way informations 

about the molecular environment in a vicinity of a given chromophore molecules and it can be 

used to investigate structural changes, aggregation phenomena or interaction events involving 

such chromophore. According to Miller26 , the difference between excitation and emission 

wavelength ("# = #em$#ex) may be set to different values during the experiments, reflecting the 

spectral behaviour of different chromophores. When operating with "# values as large as 60 nm, 

the synchronous fluorescence spectrum of tryptophan residues may be observed, while with 

smaller values such as 15 nm, the fluorescence of tyrosine is selectively observed. SFS is a useful 

method for studying the environment of amino acid residues by measuring the shift in the 

wavelength emission maximum #max occurring upon ligand binding: such shift is related to the 

changes of the polarity around the chromophore molecule. The tryptophan residue included in both 

peptide sequences can be exploited as a useful internal fluorescent probe. The tryptophan 

residues in water may present a maximum emission wavelength at 332 nm, 342 nm and 352 nm 

when the amino acid residue is, respectively, totally surrounded by hydrophobic media, partially 

surrounded by hydrophobic media and entirely exposed to the water phase27. 

! SFS spectra of FFWPPFLNVW, recorded at "# = 60 nm and shown in Fig 3.2.19, 

reported a concentration-dependent blue-shift in the wavelength emission maximum from 285 nm 

(corrisponding to 345 nm) at 1 %M concentration to 269 nm (329 nm) at 10 nM concentration of the 

decapeptide. This blue-shift suggests an increased polarity around tryptophan residue upon 

dilution, most likely due to the drop of peptide self-aggregation, decreasing the concentration.

3.2.5.4 NMR of YYGW

! YYGW was fully characterized by NMR spectroscopy as described in detail above. 1H 

(Fig 3.2.20), 1H-1H COSY (Fig 3.2.21), 1H-1H TOCSY (Fig 3.2.22), 1H-13C COSY (Fig 3.2.23) were 

performed for&assigning& resonances of each proton and carbon signal (Table 3.2.3). Also in this 
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Fig 3.2.19 Synchronous fluorescence emission spectra (" = 60 nm) of 

several concentration of pepHA in DMSO at 25°C.



case, the peptide resulted folded and the experimental 3JHN-!H coupling constant values referred to 

a ! secondary structure.
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Fig. 3.2.20 1H NMR spectrum of the tetrapeptide (500 MHz, dmso-d6). 
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Fig 3.2.21 2D 1H,1H COSY spectrum of YYGW (500MHz, dmso-d6)  and HN (F2)- H! (F1) 

fingerprint region contour plot.
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Fig 3.2.22 2D 1H,1H TOCSY spectrum of YYGW (500MHz, dmso-d6). Detail of NH region 

(F2) and H!, H" region (F1).
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Fig 3.2.23 2D 1H,13C gHSQCAD spectrum of YYGW (500MHz, dmso-d6) 1H (F2) and 13C (F1).



Tyr 1Tyr 1 Tyr 2 Gly TrpTrp

1H1H 13C 1H 13C 1H 13C 1H1H 13C

! 3.89 (m)3.89 (m) 54.1 4.48 (m) 54.4

3.62 (dd)
3J=16.6
2J=5 Hz

42.45 4.48 (m)4.48 (m) 54.4

3.82 (dd)
3J=16.7 

Hz
2J=5 Hz

" 2.74 (m)2.74 (m) 36.77 2.74 (m) 36.77 2.97 (m)2.97 (m) 28.33

3.0 (m)3.0 (m) 2.94 (m)

       3.15 (dd)
3J=14.59 Hz
           2J=5 Hz

       3.15 (dd)
3J=14.59 Hz
           2J=5 Hz

NH 7.98 (m)7.98 (m)

8.76 (d)
   3J=8.07 

Hz

8.3 (m) 8.08.0

aromatic

b 6.67 115.6 6.67 115.6 a

7.13 

(d)
3J=2.2

3 Hz

124

aromatic
a 7.03 130.9 7.03 130.9

  7.59 (d)
3J=7.9 Hz

  7.59 (d)
3J=7.9 Hz

119
aromatic

7.48 (s)7.48 (s)

aromatic

7.1 (s)7.1 (s)

aromatic

6.96 (m)6.96 (m) 118.75

    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)    NH indole:  10.81 (s)

    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)    NH2 amide:  9.32 (s) -  9.19 (s)

3.2.5.5 Circular Dichroism of YYGW

# The CD spectrum of YYGW peptide in sodium phosphate buffer, reported in Fig 3.2.24, 

was recorded at 25°C and displayed a negative $-$* band at 210.4 nm ([%]/nMin=&162.15 deg cm2 

dmol-1) with a positive n-$* band at 229.6 nm ([%]/nMax=&199.3 '103deg cm2 dmol-1). The 

maximum and minimum bands are rather similar to these shown by the decapeptide and are 

characteristic of the peptide backbone folded in a "-turn.

3.2.5.6 Fluorescence of YYGW 

# Also the SFS spectra of YYGW, recorded at () = 60 nm in DMSO and shown in Fig 

3.2.25, reported a blue-shift in the wavelength emission maximum from 284 nm at 1 *M 

concentration to 270 nm at 10 nM concentration of tetrapeptide. This blue-shift suggests an 
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Table 3.2.3 YYGW assignments of proton and carbon signals.



increased polarity around the tryptophan residue due to the drop of the peptide self-aggregation, 

decreasing the concentration.

3.2.6 Peptide - EFV Interaction

3.2.6.1 NMR spectroscopy

! NMR spectroscopy was employed to characterize the structural features of the binding 

interaction between EFV and the studied peptides. 

• FFWPPFLNVW

! In the case of the decapeptide we have performed NMR experiments also to verify if the 

structure of the complex predicted by the algorithm is correct. The partial 1H NMR spectra of free 

EFV and of EFV/pepHA mixtures are shown in Fig 3.2.26 (a) (see the previous section, and the  
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Fig 3.2.24 CD spectrum of a 10 

"M solution of YYGW in sodium 

phosphate buffer.

Fig 3.2.25 Synchronous fluorescence emission spectra (# = 60 nm) 

of several concentration of YYGW in DMSO at 25°C.



experimental one for EFV and peptide NMR assignments). Even at 0.5:1 EFV/pepHA ratio, a 

significant upfield drift in the EFV NH proton chemical shift is noticeable which could be related to 

a direct involvement of this proton in a hydrogen bond28 . This interaction is consistent with the 

model structure obtained with our algorithm where the EFV NH proton is predicted to be at a 

hydrogen-bond distance with the carbonyl oxygen of Pro5. Close contacts of EFV with pepHA are 

also supported by the observation of a set of 2D nuclear Overhauser enhancement spectroscopy 

(NOESY) cross-peaks between the peptide and ligand signals at a 3:1 EFV/pepHA molar ratio (Fig 

3.2.26 (b), (c)). The 2D-NOESY provides detailed information (resumed on Table 3.2.4) about 

intermolecular contacts since correlations are observed only for pairs of protons separated by less 

than 5 Å, and the cross peak intensities depend on the inverse sixth power of the internuclear 

separations. The NH proton of EFV shows cross-peaks with the NH amide proton of Leu7 and with 

an aromatic proton of Trp3 (Fig 3.2.26 (c)), in agreement with the structure predicted by the 

algorithm. Moreover, the cyclopropyl methyne proton of EFV displays cross-peaks with aromatic 

protons of Trp10 and with the indole NH of Trp3 (Fig 3.2.26 (b)); these interactions were also 

predicted by the theoretical model. Therefore the binding between the peptide and EFV is likely to 

involve: (i) a hydrogen bond between the NH group of EFV and acceptors at the N-terminal region 

of pepHA; (ii) !"! interactions between the benzoxazin-2-one ring of EFV and Trp residues; and 

(iii) other hydrophobic interactions at the cyclopropyl ring level Fig 3.2.27. Both the N- and C-

terminals of the peptide are thus involved in interactions with the ligand; on the other hand, the 

overall conformation of the peptide is not affected by EFV binding, as the whole set of intrapeptide 

NOESY cross-peaks results the same as described for the free peptide.

# Furthermore 1H NMR titration of the decapeptide with EFV in dmso-d6 was employed for 

investigating complex formation between molecules. Proton NMR chemical shifts are found to be 

very sensitive to the environment of the proton and as a result they may change even when non-

covalent association occurs29. Complexes between a macromolecule (host) and a small molecule 

(guest) may be held together by weak intermolecular forces (e.g. hydrogen bonding and van der 

Waals forces), implicating a dynamic exchange between the host-guest complex and the free 

molecules. If the host-guest complexation equilibrium has a very slow exchange rate compared to 

the NMR time scale, the peaks which are assigned to the host parts in the complex and those to 

the free host are observed individually in the same NMR spectrum. Those peaks appear at 

individual chemical shifts. Instead, in the event that the host-guest complexation equilibrium has a 

very fast exchange rate compared to the NMR time scale, the peaks which are assigned to the 

host parts in the complex and those to the free host undergo to coalescence and appear at the 

weight average chemical shift of the free host and complexed host30. 

As to the 1H chemical shifts of the decapeptide that were altered upon ligand binding, only one set 

of signals has been observed, thus indicating a fast exchange process, and the observed shifts 

have been regarded as the weighted average between the shifts of the bound and unbound states. 

In this way, the proton spectrum of the complex was compared with the spectra of the free 

molecules to identify which functional groups are mainly involved in the interaction event. In Fig 

3.2.28 we report the variation of the chemical shift of each proton signals upon the addition of 

some equivalents of EFV to a decapeptide solution. The peptide amide protons of Trp3 ($%= 0.09 

ppm) and Trp10 ($%= 0.09 ppm) together with the indole side-chain (H-N) signals of both 

tryptophan residues especially exhibited the highest upfield shifts. These upfield 1H shifts suggest 
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Fig 3.2.26 

Comparison between 

EFV!pepHA 

interactions observed 

by NMR experiments 

in DMSO and the 

theoretical structure 

of the complex. (a) 

1H NMR 500 MHz 

spectra for 5 mM 

EFV (green), 5 mM 

pepHA (red), and 

mixtures of EFV/

pepHA (light blue 1:2; 

purple 3:1). The NMR 

reported hydrogen 

bond is predicted by 

the model between 

NH-EFV and CO-

Pro5. (b) Details of 

the 2D-NOESY NMR 

spectrum of a 3:1 

mixture of EFV and 

pepHA. Several EFV 

protons (yellow 

frames) are at NOE 

distance with peptide 

protons (colored 

frames). With the 

exception of the 

contact between H"-

Trp3 showed in (c), 

all the NMR 

interactions are 

predicted by the 

model.



that the aromatic ! cloud of EFV shields such the NH protons, and the two ring systems are 

therefore involved in !-! stacking. Downfield shifts have been observed for the aromatic protons of 

Trp3, the amide proton of Phe1, the NH and the aromatic protons of EFV and are consistent with 

the observed NOESY results.

"

Chapter 3 - Results and Discussion

105

Fig 3.2.27 Experimentally confirmed interactions 

(arrows) in the theoretical model of the peptide-EFV 

complex: !a hydrogen bond between the NH group 

of EFV and acceptors at the N-terminal region of 

pepHA; ! ! # ! stacking mediated by the 

benzoxazin-2-one and the aromatic region of Trp 

residues; ! other hydrophobic interactions at the 

cyclopropyl ring level.

Fig 3.2.28 Titration of pepHA with EFV (500 MHz, dmso-d6): the variation of the chemical shift of 

each 1H signal upon addition of 10 eqvs of EFV. 
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Fig 3.2.29 1H NMR titration of a 6 mM solution of YYGW with 3-60 mM solution of efv in dmso-d6 : (a) the 

variation of the chemical shift of each 1H signal upon addition of 10 eqvs of EFV; (b) effect of 3-60 mM (top 

to bottom) concentration of EFV in the chemical shifts of amide protons of Tyr2 and Gly.
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• YYGWW

! Mapping the EFV induced chemical shift changes on the spectrum of YYGW, reported in 

Fig 3.2.29, revealed the formation of the complex between these two small molecules. Upfield 

shifts mainly involved the NH amide protons of Tyr2 and Gly3, and the C-terminal NH2, upon the 

addition of increasing concentration of EFV. Also in this case, the NH of EFV underwent an upfield 

shift, most likely due to its direct involvement in a hydrogen bond with the tetrapeptide.

! NMR spectroscopy is one of the most widely used techniques for measuring the 

equilibrium constants in host-guest chemistry. In our case the species concentration was critical 

because a high concentration of decapeptide, in the range of 3-8 mM, was required for a high-

resolution 1H-NMR spectrum. Under these conditions the relationship between the observed 

chemical shifts and the ligand concentration (which is predicted to follow the usual, hyperbolic 

saturation trend of binding isothermals) didn"t reach the limiting chemical shift #$max within our 

concentration range and higher host (ligand) concentrations lead to an overlay of the ligand peaks 

to the peptide signals, making them unavailable31 . Hence, the binding equilibrium constants and 

the stoichiometry of the host-guest complex between peptides and EFV were fleshed out with 

fluorescence spectroscopy. 1HNMR titration and 2D NOESY are still the techniques of choice to 

map each residue involving in the formation of the complex and to experimentally validate the 

theoretically predicted structure of the complex.

3.2.6.2 Circular Dichroism

! Circular Dichroism is an extremely convenient technique for detecting the extent of 

conformational changes that may be associated with the protein-ligand interaction. 

However, the CD spectra of both the peptides displayed no significant differences in the presence 

of molar excess of EFV, thus confirming that the ligand binding does not cause structural changes 

to these well-folded peptides. 

3.2.6.3 Fluorescence Spectroscopy

! Fluorescence spectroscopy was exploited to study the binding affinity between EFV and 

YYGW or FFWPPFLNVW and to calculate the dissociation constants of these complex. The 

advantage of fluorescence spectroscopy was that lower concentrations of peptides and ligands 

were required, allowing to reach saturation, decreasing potential aggregation phenomena that 

might interfere with the formation of complexes, allowing different solvent conditions and reducing 

the cost of each measure in terms of money and synthetic effort. 

! Proteins contain three aromatic amino acid residues (tryptophan, tyrosine, phenylalanine) 

which may contribute to their intrinsic fluorescence. Tryptophan has much stronger fluorescence 

and higher quantum yield than the other two aromatic amino acids. Then a valuable feature of 

intrinsic protein fluorescence is the high sensitivity of tryptophan to its local environment. The 

presence of fluorescent tryptophan residues in the sequence of pepHA and tetrapeptide allows 

exploiting fluorescence spectroscopy to assess the formation of a complex between the two 

molecules, obtain information about its stoichiometry, and estimate the dissociation equilibrium 

constant (KD) at 298 K. The peptides possess just one tryptophan residues, facilitating 

interpretation of the spectral data. Changes in the emission spectra of tryptophan often occur in 
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response to conformational transitions, subunit association, substrate binding, or denaturation. 

These interactions can affect the local environment surrounding the indole ring32. The wavelength 

of maximum emission ranges from about 310-350 nm, depending on the electrostatic 

environment33. The fluorescence quantum yield ranges from near zero to 0.35 with lifetimes up to 

10 ns. The large variations in intensity and fluorescence lifetime are due to nonradiative pathways 

that compete with emission for deactivation of the excited state as intersystem crossing rate, 

solvent quenching, excited-state proton transfer or and excited-state electron transfer, which 

depend on the proximity of water, proton donors, and electron acceptors34. As to the influence of 

the solvent polarity, the fluorescence intensity of Trp is weak in high polarity solvent. According to 

the Franck–Condon principle35 , the excitation of Trp produces a change in the molecular dipole 

moment, which ultimately induces a rearrangement of surrounding solvent molecules. Increasing 

the solvent polarity is related to a correspondingly larger consumption of energy for these motions, 

reducing the emission energy. Moreover, with the increase of Trp concentration, the fluorescence 

intensity exhibits a linear increase to a critical concentration (2!10-4 mol/L); above this 

concentration, the collision probability of Trp is high enough to form dimers, and the inter-molecular 

forces can offset part of the released energy36. The fluorescence intensity of Trp decreases with 

temperature, probably due to the increasing of the collision between Trp molecules or with solvent 

molecules that causes of consumption of the energy37. 

" Specifically, quenching of tryptophan fluorescence was monitored, because it is a source 

of information about intermolecolar interactions. We have found that the fluorescence emission is 

inhibited by addition of EFV on both the peptides. This decrease of fluorescence intensity is 

usually the result of a combination of static and dynamic quenching and both of them require 

molecular contact between the fluorophore and quencher. The dynamic or collisional quenching 

results from diffusive encounters between the fluorophore and the quencher: the quencher must 

diffuse to the fluorophore during the lifetime of the excited state. Upon contact, the fluorophore 

returns to the ground state, without emission of a photon. In static quenching, a complex is formed 

between the fluorophore and the quencher, and this complex is non-fluorescent. This process 

depends on the affinity between quencher and fluorophore. Static and dynamic quenching can be 

distinguished by their differing dependence on temperature and viscosity. Dynamic quenching 

depends upon diffusion. Higher temperatures result in faster diffusion and hence larger amounts of 

collisional quenching. Higher temperature will typically result in the dissociation of weakly bound 

complexes, and hence smaller amounts of static quenching32. 

" The Trp fluorescence quenching of the peptides in the presence of increasing 

concentrations of EFV were recorded and the dependence of the fluorescence intensity upon 

quencher concentration for static quenching was described by a linearization of the Hill equation

(eq 3.2.7)

where [L] is the molar concentrations of ligands, the KD is dissociation constant and y is related to 

the fluorescent intensity ratio

(eq 3.2.8)
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F0 is the intensity in the absence of quencher and F is the intensity in the presence of quencher. As 

concern eq 3.2.7 the intercept of the plot of log (y/(1-y)) versus log[L] is related to KD and the slope 

! represents the stoichometry of the interaction event, most often corresponding to the number of 

binding sites in the host. In the case of multiple binding sites the cooperativity may be positive and 

! > 1, instead finding an !"value equal or very close to 1 implies a single binding site38 .
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Fig 3.2.30 Synchronous 

fluorescence emission 

spectra (! = 60 nm) of 

100 nM pepHA in DMSO 

and fluorescence upon 

addition of EFV (50 nM to 

1 mM).
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Fig 3.2.31 (a) Fluorescence 

quenching at 340 nm by EFV (ex 
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! The emission spectrum of pepHA (1 "M in dmso) was recorded as a synchronous scan 

at # = 60 nm to selectively obtain the tryptophan fluorescence (Fig 3.2.30); in the spectrum there 

is an overall maximum at 284 nm (i.e., 344 nm excitation), corresponding to the typical tryptophan 

emission, and the quantum yield of this emission is comparable to that observed with similar 

peptides in similar conditions on the same instrument. Quenching is observed upon addition of 

EFV, with a blue-shift from 284 to 275 nm. This indicates that the environment surrounding the Trp 

residues is becoming less polar, most likely resulting from replacement of solvent molecules by 

EFV. After this preliminary evidence of interaction, the solvent was changed to water, as the 

peptide has been designed in this solvent, and thanks to the relatively high emission, the 

concentration of peptide was lowered in order to allow KD measurement. Quenching was observed 

again in 50 mM phosphate buffer, pH 7.4, containing 10% acetonitrile (Fig 3.2.31). A Stern$Volmer 

analysis of the quenching data was carried out first to determine if the observed quenching is 

caused by binding or by collisional phenomena; a resulting apparent Stern$Volmer quenching 

constant of 9.09 % 106 L mol$1 was obtained. Assuming a decay time for tryptophan fluorescence 

of 5 ns, the observed Stern$Volmer constant gives an apparent bimolecular quenching constant as 

high as 1.8 % 1015 L mol$1s$1. This value is orders of magnitude higher than the limit for diffusion-

controlled collisional quenching and consistent with static quenching originating from the 

association of the fluorophore and the quencher in a bimolecular complex32. The dissociation 

constant (KD) for the 1:1 complex between EFV and pepHA was therefore evaluated at 298 K from 

a Hill analysis of the fluorescence data. The experimental value found was KD = 64 nM, which 

corresponds to a binding energy E = $9.7 kcal/mol. 

! To compare pepHA and YYGW, the quenching fluorescence titration was carried out in 

dmso at 1 "M, due the even lower solubility of YYGW in aqueous buffer. Also the synchronous 

spectra of YYGW exhibited a blue-shift from 285 to 277 upon addition of EFV. Quenching of 

tryptophan fluorescence for both peptides was observed in the presence of increasing 

concentration of EFV, even if the affinity of decapeptide for EFV in dmso appears reduced, as 

shown in Fig 3.2.31.

The different affinity in water and dmso suggests that hydrophobic interactions play the key role on 

the formation of peptide-efv complex as already evidenced with NMR experiments. Indeed the 

hydrophobic forces result less effective in a less polar solvent as dmso because dmso itself 

partecipates in hydrophobic interactions. The slopes of Hill analyses in dmso are not so close to an 

integer value and tend to the unit decreasing the peptide concentrations. This trend may be related 

to aggregation phenomena, already observed with synchronous spectra of the peptide alone, or to 

the formation of fractions of complexes with stoichiometry greater than 1:1. Hence the dissociation 

constant values are to be considered apparent and, at 500 nM, are equal to 101"M for YYGW and 

to 117 "M for the decapeptide (Table 3.2.4).

KD (!M)

PepHA 117

YYGW 101
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Table 3.2.4 Apparent dissociation constants calculated at 500 nM in DMSO of PepHA and YYGW with EFV.



! In conclusion, the tetrapeptide, conceived to mimic the aromatic pocket of RT binding site 

for EFV, with sequence YYGW, has proven to retain a significant fraction of the affinity of the 

enzyme for EFV. In the same conditions even the decapeptide, selected de novo by computional 

tools, has gained the same micromolar range of affinity. Furthermore, the decapeptide achieved 

the nanomolar range of affinity in aqueous media where the hydrophobic interactions are 

enhanced.

3.2.7 Selectivity for EFV

 

! The high binding affinity toward EFV of the selected 

decapeptide optimized with our procedure was confirmed 

experimentally. To monitor the selectivity, a preliminary 

fluorescence experiment was performed exploiting as a quencher 

another anti-HIV drug, commonly prescribed in combination with 

EFV in the standard treatment of the antiretroviral therapy. 

Tenofovir disoproxil fumarate (Fig 3.2.32) is a produg form of 

tenofovir and belongs to nucleotide analogue reverse transcriptase inhibitors. 

! Unfortunately quenching of tryptophan fluorescence for pepHA was observed in the 

presence of increasing concentration of tenofovir (Fig 3.2.33). The trend of fluorescence decrease 

is comparable with the two drugs. The cross-reactivity towards tenofovir is likely due to the  

heteroaromatic system of its chemical structure that resembles the benzoxazin-2-one ring of EFV 

and may establish hydrophobic interactions. Further experiments need to be carried out for 

defining the cross-reactivity and the most effective intermolecular forces on the complex formation.
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Fig 3.2.33 Fluorescence quenching at 340 nm of 1 "M PepHA in DMSO at different concentrations by 

EFV and Tenofovir (ex 280 nm). Insert: Hill plot for the quenching data.
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3.2.8 Improvements in de novo Peptide Design

! The tetrapeptide, conceived to mimic the aromatic pocket of RT binding site for EFV, with 

sequence YYGW, has proven to retain a significant fraction of the affinity of the enzyme for EFV. 

Also the de novo designed peptide selected with a novel algorithm has been found capable of self-

organization in a peculiar "-turn structure able to recognize EFV with high affinity. Moreover, 

fluorescence quenching measurements gave a ligand-protein dissociation constant value KD = 64 

nM, that is a binding energy at 298 K of about #14.7 kcal/mol for the dissociation constant of the 

EFV-peptide complex in aqueous media. This is successfully in good agreement with the 

theoretical value yielded by the algorithm (#12.1 ± 2.75 kcal/mol) and most of the contacts 

between the decapeptide and EFV predicted by the algorithm were experimentally validated. 

However this method could be further improved to cope with two challenges: the selectivity and the 

solubility.

! To this end, preliminary computational efforts have been focused on the selection of more 

selective peptides, by optimizing the affinity for EFV while minimizing at the same time the binding 

energy for potential crossreactants as for instance Tenofovir. As yet the algorithm led to sequence 

with too high binding energy (then low affinity) to proceed with the synthesis. In the meanwhile 

some specific parameters were introduced in the algorithm to allow the selection of peptides with 

enhanced solubility in water. Thereby these short peptides might be easier to obtained by 

automated synthesis, and might be viable as biorecognition elements in a device for the drug 

monitoring. 

! On the other hand, our “experimental” effort has been focused on cyclic peptides. A 

cyclo-peptide requires a more complicate synthetic strategy, but it is interesting under the 

computational point of view. A conformationally free guest peptide will adjust its conformation while 

approaching its target, in order to maximize the extent of the contact surface, and the binding 

energy. Conversely, in the case of a cyclo-peptide, constrained on its conformation, the 

unfavourable entropy variation, related to the conformation freezing, could be ignored. Thus there 

is no need to evaluate this contribution to the binding energy, and also the calculation times could 

be lessened due to the smaller phase space available to a cyclic molecule. As a first step we have 

decided to evaluate the performance of a cyclic version of the same decapeptide, to study whether 

affinity and interactions change upon freezing its conformation.

!

3.2.9 Cyclo-pepHA

! Our synthetic route toward the cyclo-pepHA (Scheme 3.2.3) comprised the assembly 

and cyclization while the peptide was still bound to the resin. Cyclization is obtained by formation 

of an amide linkage between the amino terminus of the peptide and the "-carboxy group of an 

aspartate placed at the C-terminus. Solid phase cyclization allows the so-called pseudo-dilution 

effects, that favours intramolecolar reaction over intramolecular dimerization by enhanching the 

effective molarity of the linear precursor on the solid phase39 . Large excess of coupling reagent is 

possible, simple washing and filtration facilitate separation of by-products. Hence this approach 
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requires one additional orthogonal protective group to be deprotected prior to cyclization. In our 

case FmocNH-VW(Boc)FFW(Boc)PPFLD(OAll)-NH2 was synthesized with an aspartic acid 

protected as an allylester at its !-carboxy group instead of the asparagine residue of the original 

sequence40 . To remove this side chian protection, an aliquot of the resin was suspended in THF–

DMSO–0.5 N HCl–morpholine (2:2:1:0.1), flushed with argon, and Pd(PPh3)4 as catalyst was 

added. After 3 h, the resin was washed with THF and CH2Cl2. The reaction was monitored by ESI-

MS, and two new peaks appeared, corresponding to removal of the allyl group and to removal of 

both the allyl and Fmoc groups. Next, the residual Fmoc groups were cleaved by treatment with 

20% piperidine in DMF. A first incomplete on-resin cyclization was attempted on standard 

conditions whereas a second trial was assisted by microwave. The success of the cyclization was 

monitored by Kaiser Test. The crude peptide was purified by HPLC (Fig 3.2.34). 

" Fluorescence experiments were performed only in DMSO because the peptide is not 

soluble in water. The synchronous spectra showed a blue-shift from 286 to 277 nm upon addition 

of EFV. The trend of the quenching of both peptides was comparable (Fig 3.2.35) with EFV and 

with tenofovir (Fig 3.2.36).
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Scheme 3.2.3 Synthesis of CycloPepHA.
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Fig 3.3.34 (a) The prediction of synthesis difficulty for the VWFFWPPFLD sequence. (b) RP-HPLC 
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Fig 3.3.35 Fluorescence quenching at 340 nm of 1 !M PepHA and Cyclo-PepHA in DMSO at different 

concentrations by EFV (ex 280 nm). Insert: Hill plot for the quenching data.



! The sequential assignments of the cyclo-pepHA backbone were identified by using 

TOSCY spectrum (Fig 3.2.37) and all the JNH" coupling constants in DMSO lie in the region of 7.7–

8.2 Hz range, which is characteristic of a #-loop (Table 3.2.5). 1H NMR spectra of cyclo-PepHA in 

the free state (Fig 3.2.38) and resulting from the titration of EFV with cyclo-pepHA in dmso-d6 were 

recorded. The observed differences in chemical shift suggest that the cyclic peptide maintains the 

same pattern of interactions with the target as the linear one. Fig 3.2.39 reports the variation of the 

chemical shift of each proton signals upon the addition of EFV to a cyclic peptide solution. The 

peptide amide proton of Trp3 and Trp10 H exhibits the highest up-field shifts and, also in this case, 

the effect is probably due to the $%$ stacking mediated by the benzoxazin-2-one of EFV and the 

aromatic region of Trp residues. 

NHNH C! C#

 1H JN-!  1H  1H

Phe 1 8.09 7.7 4.58 2.98/2.79

Phe 2 8.29 4.72 3.11/2.92

Trp 3 8.42 8.12 4.63 3.04/2.89

Pro 4 & 4.47 1.74

Pro 5 & 4.31 1.78

Phe 6 7.64 7.81 4.5 3.06/2.86

Leu 7 8.3 5.03 2.19

Asn 8 8.33 7.89 4.64 2.61/2.51

Val 9 8.01 8.62 4.37

Trp 10 8.24 8.1 4.55 2.74
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Fig 3.3.36 Fluorescence quenching at 340 nm of 1 'M PepHA and Cyclo-PepHA in DMSO at 

different concentrations by Tenofovir (ex 280 nm). Insert: Hill plot for the quenching data.

Table 3.2.5 Cyclo-PepHA backbone assignments of proton and carbon signals.
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! Hence, both the affinities and the structures of the complexes of cyclic and linear peptide 

with EFV are not noticeably different, maybe because the cyclization constrains the peptide on a 

conformation similar to the natural "-turn. Probably these results could have been expected for this 

decapeptide and this target but we aim to generate a computational algorithm for designing 

peptides with high affinity for the desired molecules and, on the other hand, to develop an 

experimental procedure for verifying and defining the binding affinity. Indeed, the method is 

general, and as such, it can be used with any molecular target, opening a wide range of 

applications in sensor, diagnostic, or clinical areas. 

3.2.10 Further Perspectives for de novo Peptide Receptors

! The easy synthesis of the decapeptide and its small dimension as receptor have 

stimulated our curiosity to verify its affinity and applicability with other techniques. First, two 

cysteine and two glycine residues were added with at the N-terminal, to be linked to gold devices 

or to other molecules by disulphide bonds. NH2CCGGFFWPPFLNVW-COOH was synthesized 

with the automatic microwave peptide synthesizer using our standard condition. The presence of 

cysteine residues requires anhydrous conditions to avoid dimerization. 

! Dr. Loredana Canalis and her group (Elettra-Sincrotone,Trieste) is trying a 

nanolithography to detect by atomic force microscopy (AFM) the formation of the complex peptide-

Chapter 3 - Results and Discussion

117

-0,01 0,01 0,03 0,05 0,07 0,09 0,11 0,13 0,15

NH efv

NH Ind Trp10

NH Ind Trp3

NH Trp3

NH Asn8

NH Leu7

NH Phe2

NH Trp10

NH Phe1

NH Val9

NH Phe6

Hq efv

Hn efv

Hp efv

H! Phe2

H! Trp3

H! Trp10

H! Pro5

Hc efv

Ha-Hb efv

Ha-Hb efv

!" ppm

N
H

O
Cl

F3C

O

NH

N
H

N
H

HN

O

O

O

O

HN
NH

NH

O

NH

O HN

O

NH

N
O

O

O
N

H2N O

Fig 3.3.39 Efavirenz titration to Cyclo-PepHA (500 MHz, dmso-d6): the variation of the chemical shift of 

each 1H signal.



EFV for biorecognition studies. In particular they immobilized the modified peptide that contains a 

dicysteine tag at the N-terminal for the oriented immobilization of the molecule on a gold surface. 

The interaction with Efavirenz was evaluated as a variation in the topographic profile of the 

surface, measured with a high precision by atomic force microscopy referred to a reference carpet. 

Nanografted pathes were incubated with increasing concentration of Efavirenz. Correspondingly, 

an average increase in the patch height, though moderate, was recorded, suggesting that some 

interaction events occured (Fig 3.2.40). The response trend, successfully, increased and the 

response variability was probably due to the low molecular weight of EFV. Moreover roughness 

analysis did not show any variation both of the peptide nano-patch and the reference carpet 

surfaces, revealing no aspecific binding of molecules on the surface (Fig 3.2.41).

! Another starting project in collaboration with Dr. Matteo Castronovo (Cro, Aviano) exploits 

AFM-based lateral force microscopy (LFM), first, to assess whether decapeptide-EFV binding can 

be differentially characterized by arraying a library of decapeptides on the same surface. It 

requires the covalent link between the cystein residue and the 5"-thiol-modified, single stranded 

(ss)DNA molecules (ssDNA) to array a SAM. These selected ssDNAC-peptide chimeras may be 

integrated within analytical, portable nanotechnology-based devices to monitor in real time the 

concentration of a drug and its metabolites in the blood of cancer patients. 
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Fig 3.2.40 (a) Schematic representation of 

the immobilization of the reference molecules. 

An AFM tip at high force displaces the 

molecules of the peptide self-assembled 

monolayer and promote the replacement with 

thiolated reference molecules in solution. (b) 

AFM imaging of the microfabricated surface. 

(c) Topografic average profile of the patch.

(a)

(c)(b)

(a) (b)

Fig 3.2.41 (a) Average height increase after Efavirenz addition. (b) Roughness after Efavirenz addition.



Chapter 3 - Results and Discussion

119

1 Pavan S, Berti F (2012) Short peptides as biosensor transducers. Anal Bioanal Chem 402(10):3055-3070

2 a) Wu T, Lo Y, Chan E (2001) Exploring the recognized bio-mimicry materials for gas sensing. Biosens 

Bioelectron 16(9-12):945-953; 

  b) Wu T, Lo Y (2000) Biosensor for detecting odorous compounds J Biotechnol 80(1):63-73; 

  c) Wu T (1999) A piezoelectric biosensor as an olfactory receptor for odour detection: Electronic nose. Biosen 

Bioelectron 14(1):9-18 

3 Lu HH, Rao YK, Wu TZ, Tzeng YM (2009) Direct characterization and quantification of volatile organic 

compounds by piezoelectric module chips sensor. Sens Actuators B Chem 137(2):741-746

4 a) Ren J, Milton J, Weaver KL, Short SA, Stuart DI, Stammers DS. (2000) Structural Basis for the Resilience 

of Efavirenz (DMP-266) to Drug Resistance Mutations in HIV-1 Reverse Transcriptase. Structure 8(10):

1089-1094; 

  b) Lindberg J, Sigur!sson S, Löwgren S, Andersson HO, Sahlberg C, Noréen R, Fridborg K, Zhang H, Unge T 

(2002) Structural basis for the inhibitory efficacy of efavirenz (DMP-266), MSC194 and PNU142721 towards the 

HIV-1 RT K103N mutant. Eur J Biochem 269:1670-1677

5 Hong R, Pavan S, Benedetti F, Tossi A, Savoini A, Berti F, Laio A (2012) Designing Short Peptides with High 

Affinity for Organic Molecules: A Combined Docking, Molecular Dynamics, And Monte Carlo Approach. J Chem 

Theor Comput 8:1121-1128

6 Iba Y (2001) Extended ensemble monte carlo. Int J Mod Phys C 12:623"656 

7 Pozdnev VF (1995) Activation of carboxylic acids by pyrocarbonates. Application of di-tert-butyl pyrocarbonate 

as condensing reagent in the synthesis of amides of protected amino acids and peptides. Tetrahedron Lett 

36(39):7115-7118

8 Brückner H, Koza A (2003) Solution phase synthesis of the 14-residue peptaibol antibiotic trichovirin I. Amino 

Acids 24(3):311-323

9 Ripka AS, Bohacek RS, Rich DH (1998) Synthesis of novel cyclic protease inhibitors using Grubbs olefin 

metathesis. Bioorg Med Chem Lett 8(4):357-360

10 Chakraborti AK, Basak A, Grover V (1999) Chemoselective protection of carboxylic acid as methyl ester: A 

practical alternative to diazomethane protocol. J Org Chem 64(21):8014-8017

11 Santagada V, Caliendo G (2003) Peptidi e peptidomimetici. Piccin (Padova) ISBN: 88-299-1664-1

12 Rizzolo F, Testa C, Lambardi D, Chorev M, Chelli M, Rovero P, Papini AM (2011) Conventional and 

microwave-assisted SPPS approach: a comparative synthesis of PTHrP(1-34)NH2. J Pept Sci 17(10):708-714

13 a) Galanis AS, Albericio F, Grøtli M (2009) Solid-phase peptide synthesis in water using microwave-assisted 

heating. Org Lett 11(20):4488-4491

    b) Bacsa B, Bosze S, Kappe CO (2010) Direct solid-phase synthesis of the beta-amyloid (1-42) peptide using 

controlled microwave heating. J Org Chem 75(6):2103-2106

14 Palasek SA, Cox ZJ, Collins JM (2007) Limiting racemization and aspartimide formation in microwave-

enhanced Fmoc solid phase peptide synthesis. J Pept Sci 13(3):143-148

15 a) Chan WC, White PD (2000) Fmoc solid phase peptide synthesis: a practical approach. Oxford University 

Press (New York) ISBN 978-0-19-963724-9    

    b) Stathopoulos P, Papas S, Tsikaris V (2006) C-terminal N-alkylated peptide amides resulting from the linker 

decomposition of the Rink amide resin. A new cleavage mixture prevents their formation. J Peptide Sci 

12:227-232



De novo Artificial Receptors

120

16 Wakamatsu K, Choung SY, Kobayashi T, Inoue K, Higashijima T, Miyazawa T (1990) Complex Formation of 

Peptide Antibiotic Ro09-0198 with Lysophosphatidylethanolamine: 1H NMR Analyses in Dimethyl Sulfoxide 

Solution. Biochemistry 29:113-118

17 Cavanagh J, Fairbrother WJ, Palmer AG III, Rance M, Skelton NJ (2007) Protein NMR Spectroscopy 

Principles and Practice. Third edition. Elsevier Academic Press (USA) ISBN 10: 0-12-164491-X

18 Friebolin H (2004) Basic one and two dimensional NMR spectroscopy. Fifth Edition. Wiley-VCH (Darmstadt) 

ISBN: 978-3-527-32782-9

19 Bistrov VF (1976) Spin-spin coupling and the conformational states of peptide systems. Prog Nucl Mag Res 

Sp 10(2):41-81

20 a) Wuethrich K (1986) NMR of Proteins and Nucleic Acids. Wiley (USA) ISBN:0-471-82893-9

    b) Roberts GCK!(1993) NMR of Macromolecules - A practical approach. IRL Press (Oxford) ISBN:

878-0-19-963224-4 

    c) Bax A (1989) Two-Dimensional NMR and Protein Structure. Annu Rev Biochem 58:223-256 

    d) MacLachlan LK, Middleton DA, Edwards AJ, Reid DG (1997) A case history. NMR studies of the structure 

of a small protein, omega-conotoxin MVIIA. Methods Mol Biol 60:337-362

    e) Mayo KH, Cavalli RC, Peters AR, Boelens R, Kaptein R (1989) Sequence-specific 1H-NMR assignments 

and peptide backbone conformation in rat epidermal growth factor. Biochem J 257(1):197-205 

    f) Weber PL, Brown SC, Mueller L (1987) Sequential 1H NMR assignments and secondary structure 

identification of human ubiquitin. Biochemistry 26(23):7282-7290

21 MacArthur MW, Thornton JM (1991) Influence of Proline Residues on Protein Conformation. J Mol Biol 

218:397-412 

22 Reed J, Reed TA (1997) A set of constructed type spectra for the practical estimation of peptide secondary 

structure from circular dichroism. Anal Biochem 254(1): 36-40 

23 Narasinga Rao BN, Anil Kumar, Hemalatha Balaram, Ravi A, Balaram P (1983) Nuclear Overhauser Effects 

and Circular Dichroism as Probes of "-Turn Conformations in Acyclic and Cyclic Peptides with Pro-X 

Sequences. J Am Chem Soc 105:7423-7428

24 a) Kwok SC, Hodges RS (2004) Effect of chain length on coiled-coil stability: decreasing stability with 

increasing chain length. Biopolymers 76(5):378-390

    b) Greenfield NJ (2006) Using circular dichroism collected as a function of temperature to determine the 

thermodynamics of protein unfolding and binding interactions. Nat Protoc 1(6):2527–2535

25 Lloyd JBF (1971) Synchronized Excitation of Fluorescence Emission Spectra. Nat Phys Sci 231(17):64-65

26 Miller JN (1979) Recent advances in molecular luminescence analysis. Proc Anal Div Chem Soc 16:203-208

27 a) Szabo AG, Rayner DM (1980) Fluorescence decay of tryptophan conformers in aqueous solution. J Am 

Chem Soc 102(2):554-563

    b) Sarzehi S, Chamani J (2010) Investigation on the interaction between tamoxifen and human holo-

transferrin: Determination of the binding mechanism by fluorescence quenching, resonance light scattering and 

circular dichroism methods. Int J Biol Macromol 47:558-569

28 Gong B, Yan Y, Zeng H, Skrzypczak-Jankunn E, Kim JW, Zhu J, Ickes H (1999) A new approach for the 

design of supramolecular recognition units: hydrogen-bonded molecular duplexes. J Am Chem Soc 

12:5607-5608

29 (a) Wilcox CS, Adrian JC, Webb TH, Zawacki FJ (1992) Approaches to quantitative supramolecular chemistry. 

Hydrogen-bond-based molecular recognition phenomena and sigmoidal behavior in multicomponent mixtures. J 

Am Chem Soc 114(26), 10189-10197

    (b) Athikomrattanakul U, Katterle M, Gajovic-Eichelmann N, Scheller FW (2009) Development of molecularly 

imprinted polymers for the binding of nitrofurantoin. Biosens Bioelectron 25:82-87 

30 (a) Hirose K (2001) A practical guide for the determination of binding constants. J Incl Phenom Macrocycl 

Chem 39(3-4):193-209

31 Fielding L (2000) Determination of Association Constants (Ka) from Solution NMR Data. Tetrahedron 

56:6151-6170



Chapter 3 - Results and Discussion

121

32 Lakowicz JR (2006) Principles of fluorescence spectroscopy. Springer, third edition (KYO) ISBN-10: 

0-387-31278-1

33 Callis PR, Burgess BK (1997) Tryptophan fluorescence shifts in proteins from hybrid simulations: an 

electrostatic approach. J Phys Chem B 101:9429-9432

34 Adams PD, Chen Y, Ma K, Zagorski MG, Sönnichsen FD, McLaughlin ML, Barkley MD (2002) Intramolecular 

quenching of tryptophan fluorescence by the peptide bond in cyclic hexapeptides. J Am Chem Soc 124: 

9278-9286

35 Coolidge AS, James HM, Present RD (1936) A study of the Franck-Condon principle. J Chem Phys 4(3):

193-211

36 Marmé N, Knemeyer JP (2007) Sensitive bioanalysis: combining single-molecule spectroscopy with mono-

labeled self-quenching probes. Anal Bioanal Chem 388(5-6):1075-1085

37 Sun F, Zong W, Liu R, Chai J, Liu Y (2010) Micro-environmental influences on the fluorescence of tryptophan. 

Spectrochim Acta A Mol Biomol Spectrosc 76(2):142-145 

38 Goutelle S, Maurin M, Rougier F, Barbaut X, Bourguignon L, Maire P (2008) The Hill equation: a review of its 

capabilities in pharmacological modeling. Fundam Clin Pharmacol 22:633-648 

39 Malesevic M, Strijowski U, Bächle D, Sewald N (2004) An improved method for the solution cyclization of 

peptides under pseudo-high dilution conditions. J Biotechnol 112(1-2):73-77

40 Tulla-Puche J, Getun IV, Angell YM, Alsina J, Albericio F, Woodward C, Barany G (2006) Synthetic 

approaches to disulfide-free circular bovine pancreatic trypsin inhibitor (c-BPTI) analogues. Int J Pept Res Ther 

12(2):93-104





3.3 Molecularly Imprinted Polymers

3.3.1 Design of Molecularly Imprinted Polymers

! Molecular recognition plays a key role in biology: enzymes, antibodies and receptors are 

typical examples. The high specificity of these macromolecules is generated by binding sites in 

which multiple interactions can be formed with the target molecule1. This entails a polymeric 

system with molecular recognition properties, and one of the approaches that is currently receiving 

considerable attention is molecular imprinting, a technique that allows the generation of recognition 

sites into a macromolecular matrix using a molecular template in a casting procedure2 . MIPs are 

characterised by long-term stability and by the ability to perform well under harsh conditions3 . 

Among the main MIPs applications are stationary phases for chromatography and affinity solid-

phase extraction matrices4. Their use includes catalysis5, drug delivery system6, sensor 

technology7  and diagnostics for drug assays as antibody replacements3a. The innovation of 

molecularly imprinted polymers (MIPs) can be utilized for our sensor purpose for the highly 

selective isolation of EFV in sample preparation. 

! Syntheses of MIPs are based on the copolymerization of a functional monomer–analyte 

(template) complex and a cross-linker. Design variables include the choice of monomer (which 

interacts with the target analyte with a relatively high binding affinity), selection of a cross-linker 

(where the length may determine the cavity size) and method of polymerization (which dictates the 

physical form and size to suit the final application desired).

! Our ambitious aim was to combine the affinity properties of our de novo designed 

peptides with the biosensor applicability of the MIPs to create a device for the high selective 

capture of EFV in water media. The template was, of course, EFV and the functional monomers 

were the tetrapeptide and the decapeptide described in the previous section. In the non-covalent 

imprinting strategy, forces such as hydrogen bonds, van der Waals forces, ionic interactions and 

hydrophobic effects mimic interactions prevailing in biomolecular recognition processes and need 

to be high in order to favour a stable interaction leading to a specific geometric directionality during 

polymerisation. To increase the non-covalent interactions, we have also evaluated the amino acid 

TyrOMe and the dipeptide Gly-Gly, as cooperative monomers, to synthesize polymers with a 

mixture of functional monomers.
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! The design and the synthesis of the following MIPs were performed at the School of 

Biological and Chemical Sciences of Queen Mary University of London, thanks to the precious 

experience of Dr. Marina Resmini and her group that I have joined for six months during my PhD.

3.3.2 Synthesis of Functional Monomers

!  The synthesis of peptides FFWPPFLNVW and YYGW carrying an amide C-terminus 

was performed on the Fmoc-Linker AM Champion I resin. In order to insert the tetrapeptide and 

the decapeptide in the polymer matrix, it was necessary to modify them by introducing a 

polymerisable unit that could react in the polymerisation process. Hence the functional peptidic 

monomer was prepared on resin by acylation of the N-terminal amino group with acryloyl chloride 

(Scheme 3.3.1) following the procedure described by O"Brien-Simpson et al.8 . A cocktail of 

trifluoroacetic acid and scavengers was used to remove all the protecting groups and to cleave the 

peptide from the resin. First attempts were carried out with a mixture of 83% TFA, 3% thioanisole, 

2% phenol, 2% water, 2% TIPS, 8% DODT but gave products with a molecular weight 124 Da  
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Fig 3.3.1 ESI-MS spectra of (a) N-Acryloyl-FFWPPFLNVW-NH2 1439.7 [M]- and (b) N-Acryloyl-YYGW-NH2 

585.3 [M]- acquired in “negative mode”. The samples were dissolved in MeOH.
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over the expected by ESI-MS, a result consistent with thioanisole addition to the acrylic double 

bond, which is highly sensitive to such powerful nucleophiles. The cocktail of 88% TFA, 5% 

phenol, 5% water, 2% TIPS provided the desired N-Acryloyl-FFWPPFLNVW-NH2 and N-Acryloyl-

YYGW-NH2 in yields as high as 23% (Fig 3.3.1).

! The interactions between EFV and both peptides were thoroughly described in the 

previous chapters and conveniently evaluated in the polymerization conditions.

3.3.3 Cooperative Monomers

!  The dipeptide GlyGlyOMe was synthesized using our coupling conditions, as already 

described in Section 3.2.3. Acryloylation of GlyGlyOMe and TyrOMe was optimized by adding a 

solution of acryloyl chloride in DCM at 0°C dropwise under anhydrous conditions to gain the 

compound 26 and 27 in 40% yield (Scheme 3.3.2).

! Concerning the interaction of EFV with the two functional monomers GlyGlyOMe and 

TyrOMe, 1H NMR titration technique were exploited again. The chemical shift changes in the 

spectrum of GlyGlyOMe induced by EFV, reported in Fig 3.3.2, were notable and suggested that 

the interaction event involves the NH of both the glycine residues and the NH of EFV that, also in 

this case, exhibits an up-field shift and may form a hydrogen bond. The variation of TyrOMe 

chemical shifts in the presence of increasing concentration of EFV was very weak (Fig 3.3.3), but 

comparing with the other titrations, the same pattern of shifts was observed for the aromatic 

protons and cyclopropyl protons of EFV. The up-field shifts may be related to the "-" stacking 

between the aromatic " cloud of the EFV that shields the ring systems of tyrosine.
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3.3.4 Synthesis of Molecularly Imprinted Polymers

! Recently, molecularly imprinted nanoparticles have attracted great attention in parallel 

with the development of nanotechnology for practical applications9. Compared with molecularly 

imprinted polymer (MIP) particles that are synthesized by bulk polymerization followed by 

mechanical grinding, MIP nanoparticles have significantly higher surface area and better 

accessibility to the imprinted cavity, leading to a much faster analyte binding equilibrium10. It has 

been suggested that small MIP nanoparticles (with diameters of 50–150 nm) can act as ideal 

artificial antibodies and enzyme mimics because such nanoparticles not only have physical sizes 

approaching their natural counterparts but also are very easy to handle11. To date, several 

methods have been developed for the production of MIP nanoparticlesles, including precipitation 

polymerization12, miniemulsion and microemulsion polymerization13, solution polymerization14 , and 

surface templated emulsion polymerization15

! Our nanogels were prepared under high dilution radical polymerization conditions, 

following the standard protocol developed in Dr Resmini"s research group (Queen Mary University 

of London)16. At high dilution, intramolecular cross-links are favoured leading to the formation of 

nanogels without appearance of macro-gelation. The presence of unreacted double bonds at the 

surface of the particles may induce further inter-particle cross-linking and cause the formation of 

aggregates with a greater size. Two parameters are crucial for this solution polymerization 

approach: the solvent and the overall monomer concentration. The solvating power of the solvent 

prevents the macro-gelation via osmotic repulsion forces and steric hindrance, without adding 

surfactants. A “good” solvent stabilizes the exterior of each individual sphere and avoids 

intermolecular cross-linking17. Furthermore if the concentration of all the monomers present in the 

pre-polymerisation mixture is kept under a certain value established experimentally, called the 

Critical Monomer Concentration CMC, nanogels particles can be obtained. The critical monomer 

concentration is the percentage, by weight, of all monomers used for a preparation as compared to 

the percentage of the overall mass of monomers and solvent used for a polymer preparation. This 

value is related to the polymerisation parameters such as cross-linker content, nature of 

monomers, amount of initiator or temperature and the polymerisation solvent18. 

! The choice of polymerisation parameters was largely inspired by the previous studies 

carried out in Dr. Resmini"s group on the preparation of imprinted nanogels11. DMSO was used as 

solvent, since it was able to dissolve all of the components of the polymerisation solution, including 

the peptide functional monomers. The required amount of DMSO was found out with the following 

relation:

(eq 3.3.1)

Acrylamide was chosen as backbone monomers due to the well known solubility in aqueous media 

of polyacrylamide gels19. An acrylamide-based cross-linking agent, N,N#-ethylenebisacrylamide, 

was chosen for its high solubility and in order to have the maximum compatibility between the 

components.

! At high dilution, the stoichiometry of interaction between EFV and the peptides was 

already evaluated as 1:1. The complete formation of the template-monomer complex in DMSO 
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was guaranteed adding a small excess of EFV (1.2 equivalents) and was performed in situ by 

keeping the template and the monomers at room temperature for 40 minutes. 

! Free radical polymerization was thermally activated by adding the initiator in the 

presence of the template-fuctional monomer complex, the cross-linking agent and eventually 

backbone monomer. The initiator was 2,2"-azo-bisisobutyronitrile (AIBN) due to its convenient 

decomposition rate of about 18h at 60°C. Its content was fixed at 1% of the amount of the 

available double bonds in the pre-polymerisation mixture, obtained from the following equation

(eq 3.3.2)

! The mechanism of free radical polymerisation, reported in the Scheme 3.3.3, is 

characterized by three distinct stages: initiation, propagation, and termination. AIBN decomposes, 

eliminating a molecule of nitrogen gas, to form two 2-cyanoprop-2-yl radicals that can interact with 

the double bond of the monomers or of the cross-linker, generating new radical species. In this 

way the radicals are transferred from the initiator molecules to the monomer units present, to allow 

the polymer chain growth. The sequence of monomer additions is terminated by the mutual 

reaction of two radicals20. The reaction of multi-functional monomers, bearing two polymerisable 

vinyl groups, provides a cross-linked polymeric architectures. The cross-linker is important in 

controlling the morphology of the polymer matrix and#it serves to stabilize the imprinted binding site 

and imparts mechanical stability to the polymer matrix. The cross-linker content must reach a 

value of at least of 70% for a good rigidity of the matrix for the preservation of the cavity shape but 

a cross-linker content above 90% reduces the flexibility limiting the swelling of the particles in the 

suitable solvent. An optimal content was found to be at 80%.
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! The radical polymerization was performed after flushing the mixture with argon for few 

minutes, by heating it up to 70°C for 4 days. The resulting clear solutions confirm the formation of 

nano/microgel particles, whereas the presence of a precipitate would be the evidence of macro-

gelation.

! After polymerisation, the template needs to be removed from the polymer matrix, thus 

leaving internal images with specific binding sites in the material. For this purpose, the solution 

was dialysed against methanol for one day and against distilled water for another day, changing 

the solvent twice a day. The cutoff of the dialysis membranes was around 3,5 kDa, insuring the 

removal of all molecules under this molecular weight. The dialyzed solution was freeze-dried to 

give the polymer as white fluffy solid particles. In the imprinting process (Scheme 3.3.4) the 

specific functional groups of monomers are held in position by the highly cross-linked polymeric 

structure and generate a cavity complementary to EFV. The non-imprinted polymer (NIP), as 

negative controls, were synthesized under the same conditions as the imprinted polymers but 

without the addition of template. 

! Table 3.3.1 shows all synthesized polymers with each yield. The yield was calculated as 

the ratio of the weight of the polymer over the weight of all monomers:

(eq 3.3.3)

! Various cross-linker and functional monomer percentages have been attempted and the 

best results have been obtained using acrylamide as comonomer. The presence of this backbone 

monomer allows stretches of polyacrylamide to be interspersed between the various acryloyl 
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peptide units with the aim of minimizing steric interactions between the peptide chains, to stabilize 

the matrix and to maximize water solubility of the overall polymer8. 

Name
% 

CM

% 

X-linker

Functional 

Monomer

% 

fm

Backbone 

Monomer

% 

bm

% 

init
Yield

pol 0 1 70 Acrylamide 30 1 15%

pol 3 T 1 80 GlyGly 20 1 32%

pol 3 NT 1 80 GlyGly 20 1 4%

pol 4 T 1 80 YYGW 20 1 /

pol 4 NT 1 80 YYGW 20 1 /

pol 5 T 1 70 Tyr 15 Acrylamide 15 1 4%

pol 5 NT 1 70 Tyr 15 Acrylamide 15 1 6%

pol 6 T 1 80 FFWPPFLNVW 20 1 /

pol 6 NT 1 80 FFWPPFLNVW 20 1 /

pol 8 T 1 80
GlyGly

Tyr

10

10
1 0%

pol 8 NT 1 80
GlyGly

Tyr

10

10
1 0%

pol 9 T 1 70
GlyGly

Tyr

7.5

7.5
Acrylamide 15 1 8%

pol 9 NT 1 70
GlyGly

Tyr

7.5

7.5
Acrylamide 15 1 2%

pol 11 T 1 70 GlyGly 15 Acrylamide 15 1 6%

pol 11 NT 1 70 GlyGly 15 Acrylamide 15 1 10%

pol 12 T 1 70 YYGW 15 Acrylamide 15 1 4%

pol 12 NT 1 70 YYGW 15 Acrylamide 15 1 3%

pol 13 T 1 70
YYGW

Tyr

7.5

7.5
Acrylamide 15 1 8%

pol 13 NT 1 70
YYGW

Tyr

7.5

7.5
Acrylamide 15 1 2%

pol 14 T 1 70 FFWPPFLNVW 15 Acrylamide 15 1 3%
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Table 3.3.1 Polymer preparations and yields.



pol 14 NT 1 70 FFWPPFLNVW 15 Acrylamide 15 1 5%

pol 15 T 1 70
FFWPPFLNVW

Tyr

7.5

7.5
Acrylamide 15 1 4%

pol 15 NT 1 70
FFWPPFLNVW

Tyr

7.5

7.5
Acrylamide 15 1 2%

pol 16 T 1 70
FFWPPFLNVW

GlyGly

7.5

7.5
Acrylamide 15 1 5%

pol 16 NT 1 70
FFWPPFLNVW

GlyGly

7.5

7.5
Acrylamide 15 1 2%

pol 17 T 1 70
YYGW

GlyGly

7.5

7.5
Acrylamide 15 1 7%

pol 17 NT 1 70
YYGW

GlyGly

7.5

7.5
Acrylamide 15 1 6%

3.3.5 Characterization of the Polymers

3.3.5.1 NMR

! The success of the polymerization was checked with NMR spectroscopy. In a first 

approach, the dialysis was only performed against water for two days and the water was changed 

2 times a day. 1H spectra of these polymers showed the highly-resolved and intense peaks of EFV 

and the lowly-resolved signals that corresponded to the polymeric structure. As example, in Fig 

3.3.4 1H NMR of pol 12T, synthesized with 70% N,N"-ethylenebisacrylamide, 15% acrylamide and 

15% of N-acryloyl-YYGW-NH2 exhibited all the peaks corresponding to EFV: the singlet related to 

NH at 10.8 ppm; the peaks of aromatic protons in the range of 7.55 and 6.8 ppm; the signal of 

cyclopropyl ring at 1.7 and 0.7 ppm.

! To achieve the complete removal of the template, the dialysis against methanol was 

attempted for one day with two changes of the solvent. The increased solubility of EFV in MeOH 

may favour its release from the polymeric matrix. Indeed, in the 1H NMR of pol 12T (Fig 3.3.5), 

after MeOH dialysis, the signals of EFV disappeared. The spectrum exhibited the signals of the 

polymeric structure: an envelope of signals between 8.2 and 6.5 ppm related to amide protons of 

acrylamide and the cross-linker; the peak between 4 and 3.5 ppm corresponding to CH2-N; the 

broad signal in the range of 2.5 and 1 ppm associated with the ! and # protons to the carbonyl 

group. Since the percentages of functional monomers in the particles are lower than the 

acrylamide and the cross-linker percentages, the peptide signals were hidden by the signals 

belonging to the polymeric matrix21. Furthermore the pattern of 1H NMR signals of the other 

polymers was comparable because the components of the polymerisation were the same except 

the functional monomers.
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Fig 3.3.5 1H NMR spectrum of the pol 12T (500 MHz, dmso-d6) after dialysis against MeOH and water.

Fig 3.3.4 1H NMR spectrum of the pol 12T (500 MHz, dmso-d6) after dialysis against water.
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3.3.5.2 Dynamic Laser Light Scattering

! Dynamic Light Scattering (also known as Photon Correlation Spectroscopy) 

measurements were performed to determine the average diameter of the particles, thanks to the 

collaboration with Dr. Carli (Azad Pharma, spinoff of the University of Trieste). Particle size can be 

determined by measuring the random changes in the intensity of light scattered from a suspension 

or solution. Shining a monochromatic light beam, such as a laser, onto a solution with spherical 

particles in brownian motion causes a Doppler Shift when the light hits the moving particle, 

changing the wavelength of the incoming light. This change is related to the size of the particle. It 

is possible to compute the sphere size distribution and give a description of the particle"s motion in 

the medium, measuring the diffusion coefficient of the particle and using the autocorrelation 

function. The movement of particles is in fact correlated to the size, as small particles would move 

faster than big particles. The amount of the wavelenght shift due to the interaction with small 

particles will as a consequence fluctuate faster than in the case of big particles. When multiple 

species are present, a distribution of diffusion coefficients is seen. The diffusion coefficient D is 

then related to the radius R of the particles by means of the Stokes-Einstein Equation:

#(eq 3.3.4)

where k is the Boltzmann constant, T the temperature and $ the viscosity22.

! All of our polymer preparations, analysed by dynamic light laser scattering, result below 

the critical size of 1000 nm and existing as two populations (Fig 3.3.6).  At 70 nm average size 

there are the primary nanogels that aggregate to larger 300 nm sized particles. This is considered 

to result from the joining of the primary microgels to produce the large sized particles23  and it 

occurs when the CM used is closer to the gelation point and is greatly affected by the reaction time 

and the monomer concentration used11. The matrix was mainly formed by N,N%-

ethylenebisacrylamide and its amide and carbonyl groups might be involved in hydrogen bonds 

with the close particles. In water, the primary particles tended to the formation of bigger 

aggregates. Also pol 0, made by only acrylamide and N,N%-ethylenebisacrylamide, was found as 

two populations. Therefore this phenomenon did not depend on the functional monomers included 

within the matrix. Moreover the imprinted polymer particles were on average larger than the 

corresponding non-imprinted. Probably, the presence of the template provides a larger “core 

building block” and allows the monomers to aggregate around this structure (Table 3.3.2).
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(a)

Fig 3.3.6 Size distribution in intensity of: (a) pol 0; (b) pol 5 T; (c) pol 11 NT; (d) pol 11 T; (e) pol 4 T; (f) 

pol 9 NT; (g) pol 9 T.
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Polymer
Average diameter of 

free particles (nm)

Average diameter of 

aggregated particles 

(nm)

pol 0 27.3 469.6

pol 5 T 42.4 80.2 - 586

pol 11 NT 62.2 475

pol 11 T 62.2 424

pol 4 T 67.1 619.2

pol 8 NT 51.4 514

pol 8 T 190 856
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(f)

(g)

Table 3.3.2 Average diameter of free and aggregated particles.



3.3.6 Binding Properties

! After the polymerisation process, specific functional groups are held in position by the 

highly cross-linked polymeric structure, creating recognition site complementary to EFV. The 

hollow spaces are able to encase and rebind the target molecule with high specificity connected to 

both the geometrical structure of the hollow site and the chemically functional groups within the 

site. 

! Equilibrium binding studies were usually applied to probe the MIPs binding a!nity and 

selectivity toward the target. Polymer particles were incubated with samples, containing the target 

molecule, and centrifuged. The supernatant solution was monitored to quantify the non-captured 

target using conventional spectroscopic techniques as HPLC24, UV25, fluorescence26  and HPLC 

with fluorescence detection27. A suitable imprinted polymer was then selected to be used as a 

sorbent in solid-phase extraction of biological samples. A number of recent successful example 

have been reported in literature, simply packing commercial SPE cartridges28.

! EFV has the absorbance maximum at 295 nm and UV measurements were performed in 

water due to the biosensor purposes. The solutions of EFV were prepared in a range between 10 

"M - 200 "M, were mixed with 0.01 mg of a polymer and filtered. The absorbance at 295 nm 

decreased in every UV spectrum of the supernatant solutions (data not shown). This is related to 

the polymers capacity of capturing EFV. An higher affinity was found for all MIPs comparing with 

the corresponding NIPs. Moreover, in the same condition, another small molecule, such as 

Tenofovir, was caught with less efficiency. These promising data are not shown due to the lack of 

reproducibility. The experimental difficulties were connected to the small amount of polymers. 

Indeed, in all the previously reported exempla the amount of a polymer employed was milligram 

scale, starting with gram scale of commercially available functional monomers, templates etc. for 

the polymerization process.

! Our first attempt was focused on a very sensitive technique in our range amount to allow 

a richer understanding of the target macromolecule interaction.

! On the other hand, the simplest functional monomer was re-synthesized in large amount 

to probe the affinity and selectivity properties of the nanoparticles.

3.3.6.1 ITC

! Since Isothermal Titration Calorimetry (ITC) directly measures heat released or adsorbed 

during a biomolecular binding event, it is the only technique which allows simultaneous 

determination of all binding parameters: binding constant (KD), reaction stoichiometry (n), enthalpy 

change (#H), free energy change (#G) and entropy change (#S). The ITC technique provides this 

unique capability in an experimental environment that is completely label-free, in-solution and 

requires no immobilization of either the target macromolecule or ligand. ITC is routinely used to 

measure strengths of interaction between proteins and small ligands as organic molecules, drugs, 

or large large ligands as nucleic acids, proteins and to directly characterize the thermodynamics of 

biopolymer binding interactions. Modern ITC instruments make it possible to measure heat effects 

as small as 0.1 "cal (0.4 "J), allowing the determination of binding constants, K$s, as large as 

108-109 M-1. In a typical ITC experiment, a solution of a one biomolecule (“ligand” such as a drug29, 
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protein30 , DNA molecule31 , polymer32  etc.) is titrated into a solution of its binding partner. It is 

extremely important that the two solutions be matched with regard to composition, for example, 

pH, buffer, and salt concentration. The heat released upon their interaction (!H) is monitored over 

time (Fig 3.3.7). Each peak represents a heat change associated with the injection of a small 

volume of sample into the ITC reaction cell. As successive amounts of the ligand are titrated into 

the ITC cell, the quantity of heat absorbed or released is in direct proportion to the amount of 

binding. As the system reaches saturation, the heat signal diminishes until only heats of dilution 

are observed. A binding curve is then obtained from a plot of the heats from each injection against 

the ratio of ligand and binding partner in the cell33 . 

" Calorimetric studies have been performed, during a visit at the laboratory of Prof. Ksenija 

Kogej, in the Dept. of Physical Chemistry of the University of Ljubljana. 

" Fig 3.3.8 shows the binding curves of titration of (a) pol14T synthesized with PepHA as 

functional monomer and (b) its corresponding NIP with EFV as ligand. Integration and 

normalization of the peaks yielded the observed heat per mole of injectant as a function of the 

molar ratio of the template and the theoretical concentration of nanoparticles. The reaction with the 

MIP is exothermic and the effect of the titration on dH shows good agreement with accurately 

investigates inclusion phenomena of other hollow macromolecules34. The effect of the titration on 

NIP shows an opposit behaviour. 

" From these preliminary data is difficult too extrapolate the complete comprehension of 

the binding event. This event is very complex and involved not only specific rebinding of the 

template but also other interaction mechanisms underlying the observed phenomena. In particular, 

if a MIP that has been synthesized in the presence of an organic solvent is later used in an 

aqueous environment, the contribution of the different forces involved in binding can change 

dramatically, which has to be taken into consideration in order to assure specific recognition and 

selective binding. The binding process of EFV to the polymers can conceivably be divided into 

several subprocesses as: dehydration of the binding sites in the polymer, and of the small 

molecule; binding of EFV the microcavity (MIP) or to randomly distributed functional groups (NIP); 

rearrangement of the water molecules from the dehydration process. In the view of energy 

changes accompanied with the subprocesses, dehydration requires energy and the system 
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Fig 3.3.7 Representative diagram of a typical power 

compensation ITC. Major features of this type of 

instrument such as the reference and sample cells, 

syringe for adding titrant, and the adiabatic shield are 

noted in the figure. This diagram shows an over-

simplification of how the power applied by the 

instrument to maintain constant temperature 

between the reference and sample cells is measured 

resulting in the instrument signal. 



enthalpy increases as well as the system entropy due to the release of bound water molecules. 

Upon binding the system enthalpy should decrease, as most binding events are exothermic35. 

! The binding parameters have not been yet calculated because this would require the 

knowledge of the number of binding sites (that were extrapolated from UV measurements as 

previously described). Most of the issues were not clarified, however the significant differences, 

observed between the templated polymer and non-templated may be related to the higher or lower 

number of cavities sterically complementary with EFV.

3.3.6.2 HPLC

!

! The binding performance of pol5T was evaluated by equilibrium adsorption experiments. 

Large-scale synthesis of TyrOMe, as functional monomer, provided milligrams of nanoparticles and 

allowed the precise detection of binding affinity and selectivity. 2 mg of pol5T in 1 mL of water were 

incubated varying the time of incubation, the EFV concentration and the temperature. After 

centrifugation, any remaining EFV concentration was determined by HPLC with UV detection (Fig 

3.3.9).

! Under such experimental conditions, the pol5T particles reach their best EFV binding 

efficiency after a long equilibration time of 15 hours, when 60% of the EFV in a 50 "M solution is 

removed. However even after a shorter 30 min incubation, over 25% of EFV was bound in 

aqueous solution (Fig 3.3.10). The corresponding non-imprinted polymer is unable to reach the 

proficiency of the imprinted material, and the amounts of removed EFV are near one half. 

We have tried to explain the rather long time required for reaching the equilibrium: probably, this is 

due to the low accessibility for EFV to the inner specific cavities dug in the polymeric matrix. The 

rigidity of highly cross-linked matrix limits the number of binding sites available to the target 

molecule. Many studies have shown that lightly cross-linked polymer gels can undergo reversible 

swelling and shrinking under an external stimulus, as temperature, which increases the number of 

binding interactions with the target molecule36 . The ability of pol5 MIP to recognize the template 
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Fig 3.3.8 Resultant isotherms of raw calorimetric data for the titrations of 20 # 20 "L of 1 mM EFV solution 

(1:1methanol/water) in 2 mL (a) pol14T and (b) pol14T ((50 "g/mL in 1:1 MeOH/water), 25 °C, produced by 

integration with respect to time (observed titration heat versus molar ratio).
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molecule after a dynamic change in swelling was evaluated by the equilibrium binding analyses 

performed at temperatures of 25 and 70°C. Fig 3.3.10 shows the effect of temperature on the % 

binding of EFV to pol5 and control polymer (pol5NT) in water. At 70°C (after the incubation of 15h) 

it was found that binding of EFV to both the MIP and NIP gradually increased but that the increase 

in the binding to the non-selective polymer was greater than to the MIP. This result suggests that 

the higher binding at high temperatures is likely to be primarily the consequence of increasing non-

specific adsorption of the template molecules37. 

! The selectivity of pol5 particles for binding EFV was studied incubating the polymers 

(MIP and NIP) with different concentrations of another anti-HIV drug, clinically prescribed in 

combination with EFV. The results are shown in Fig 3.3.11 and reported in Table 3.3.3.

! The selectivity is enhanced in an impressive way in the imprinted polymer, and the 

crossreactivity towards Tenofovir is reduced from a 49.7% in the NIP to an antibody-like 0.93% in 

the imprinted nanomaterial. Successfully, these preliminary results evidence the formation of 

specific cavities inside the polymeric matrix of the MIP, indeed the EFV rebinding is scarcely 

carried out by the NIP and these cavities show a selective and complementary shape for EFV. 

These cavities are capable of selectively memorizing the shape and functional group positions, 

complementary to their template molecule.

! Moreover the compatibility of these MIPs with aqueous environment opens the way to the 

possibility of their use on biosensor platforms for analyses of biological samples38. A full HPLC 

characterization of the whole set of polymers is undergo during these weeks, and for this reason is 

not reported here. However, it will be reported in a further paper as soon as possible.
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Internal Standard 2,15

EFV 8,60

Fig 3.3.9 Chromatogram of (—) 100 "M EFV in water and (- - -) the supernant of a supension of 2 mg pol5T in 

1 mL of water containg 100 "M of EFV, shaken for 15 h at 25°C and centrifuged at 14,000#g 5 min. The runs 

were carried out using an RP-HPLC equipped with an analytical column C18. The mobile phase consisted of 

water+0.05% TFA and acetonitrile+0.05% TFA (45:55, v/v). The UV detector was set at 245 nm. The 

chromatogram was run for 10 min at a flow rate of 1.0 mL/min at ambient temperature.



Polymer
% Binding of

EFV (50!M)

% Binding of

Tenofovir (50!M)

%

Crossreactivity

pol 5 T 59.9 0.56 0.93

pol 5 NT 31.2 15.5 49.7
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Fig 3.3.11 Selectivity of the 

EFV-MIP (pol5T) and the 

NIP (pol5NT). 2 mg pol5T 

and pol5NT 1 mL of water 

containg 50 !M of EFV and 

Tenofovir were shaken for 

15 h at 25°C and 

centrifuged at 14,000"g 5 

min, respectively. The 

measurements were 

carried out by HPLC-UV.

Fig 3.3.10 % binding of EFV after incubating, from 30 min to 15 h, 50 !M EFV with 1 mg/mL of pol5T and 

pol5NT at 25°C and at 70°C in water. % binding was extrapolated from the correlation of Ae/As with the 

concentration of EFV in a calibration curve. Ae is the area peak of EFV and As is the the area peak of 

internal standard in the HPLC-UV chromatogram.

Table 3.3.3 % Bindng of EFV and Tenofovir and crossreactivity toward Tenofovir. 

% of EFV and Tenofovir captured after 15 h of incubation of 50!M EFV and Tenofovir 

with 1 mg/mL of pol5T and pol5NT at 25°C in water. 

0!

10!

20!

30!

40!

50!

60!

70!

0! 4! 8! 12! 16!

B
in

d
in

g
 %

 o
f 

E
F

V
!

Time (h)!

  pol5T at 25°C!

  pol5NT at 25°C!

  pol5T at 70°C!

  polt5NT at 70°C!

0!

10!

20!

30!

40!

50!

60!

 pol5T!  pol5NT!

B
in

d
in

g
 %
!

   EFV 50"M!

   Tenofovir 50 "M!



Molecularly Imprinting Polymers

142

1 (a) Tewari AK, Dubey R (2008) Emerging trends in molecular recognition: Utility of weak aromatic interactions. 

Bioorg Med Chem 16(1):126-143 

   (b) Chiari M, Cretich M, Damin F, Di Carlo G, Oldani C (2008)Advanced polymers for molecular recognition 

and sensing at the interface. J Chromatogr B 866(1-2):89-103

   (c) Ariga, K., Hill, J. P., & Endo, H. (2007) Developments in molecular recognition and sensing at interfaces. 

Int J Mol Sci 8(8):864-883

2 Wulff G (1995) Molecular imprinting in cross-linked materials with the aid of molecular templates - A way 

towards artificial antibodies. Angew Chem Int Ed Engl 34(17):1812-1832

3 Van Dorst B, Mehta J, Bekaert K, Rouah-Martin E, De Coen W, Dubruel P, Blust R, Robbens J (2010) Recent 

advances in recognition elements of food and environmental biosensors: a review. Biosens Bioelectron 26(4):

1178-1194

4 (a) Ye L, Mosbach K (2008) Molecular imprinting: Synthetic materials as substitutes for biological antibodies 

and receptors. Chem Mater 20(3):859-868 

   (b) Li Z, Duan H, Huang Y, Liu Z (2008) Monolithic column of molecularly imprinted polymers for liquid 

chromatography. Progr Chem 20(5):747-753 

   (c) Bergmann NM, Peppas NA (2008) Molecularly imprinted polymers with specific recognition for 

macromolecules and proteins. Progr Polym Sci (Oxford) 33(3):271-288 

5 (a) Molinelli A, Janotta M, Mizaikoff B (2005) Molecularly imprinted polymers for biomolecular recognition. Met 

Mol Biol 300:243-254

   (b) Alexander C, Davidson L, Hayes W (2003) Imprinted polymers: Artificial molecular recognition materials 

with applications in synthesis and catalysis.Tetrahedron 59(12):2025-2057

6 (a) Puoci F, Cirillo G, Curcio M, Parisi OI, Iemma F, Picci N (2011) Molecularly imprinted polymers in drug 

delivery: state of art and future perspectives. Expert Opin Drug Deliv 8(10):1379-1393

   (b) Bossi A, Bonini F, Turner APF, Piletsky SA (2007) Molecularly imprinted polymers for the recognition of 

proteins: The state of the art. Biosens Bioelectron 22(6):1131-1137

7 Holthoff EL, Bright FV (2007) Molecularly templated materials in chemical sensing. Anal Chim Acta 594(2):

147-161

8 O'Brien-Simpson NM, Ede NJ, Brown LE, Swan J, Jackson DC (1997) Polymerization of unprotected synthetic 

peptides: A view toward synthetic peptide vaccines. J Am Chem Soc 119(6):1183-1188

9 (a) Flavin K, Resmini M (2009) Imprinted nanomaterials: a new class of synthetic receptors. Anal Bioanal 

Chem 393:437-444

   (b) Tokonami S, Shiigi H, Nagaoka T (2009) Review: micro- and nanosized molecularly imprinted polymers for 

high-throughput analytical applications. Anal Chim Acta 641:7-13 

10 (a) Nilsson C, Birnbaum S, Nilsson S (2007) Use of nanoparticles in capillary and microchip 

electrochromatography. J Chromatogr A 1168:212-224 

    (b) Priego-Capote F, Ye L, Shakil S, Shamsi SA, Nilsson S (2008) Monoclonal behavior of molecularly 

imprinted polymer nanoparticles in capillary electrochromatography. Anal Chem 80:2881-2887

11 (a) Wulff G, Chong BO, Kolb U (2006) Soluble single-molecule nanogels of controlled structure as a matrix for 

efficient artificial enzymes. Angew Chem Int Ed 45:2955- 2958

    (b) Reimhult K, Yoshimatsu K, Risveden K, Chen S, Ye L, Krozer A (2008) Characterization of QCM sensor 

surfaces coated with molecularly imprinted nanoparticles. Biosens Bioelectron 23:1908-1914

12 Yang K, Berg MM, Zhao CS, Ye L (2009) One-pot synthesis of hydrophilic molecularly imprinted 

nanoparticles. Macromolecules 42:8739-8746

13 Dvorakova G, Haschick R, Chiad K, Klapper M, Müllen K, Biffis A (2010) Molecularly imprinted nanospheres 

by nonaqueous emulsion polymerization. Macromol Rapid Commun 31:2035-2040

14 Maddock SC, Pasetto P, Resmini M (2004) Novel imprinted soluble microgels with hydrolytic catalytic activity. 

Chem Commun 536-537



Chapter 3 - Results and Discussion

143

15 Fu GQ, He HY, Chai ZH, Chen HC, Kong J, Wang Y, Jiang YZ (2011) Enhanced Lysozyme Imprinting Over 

Nanoparticles Functionalized with Carboxyl Groups for Noncovalent Template Sorption. Anal Chem 

83:1431-1436

16 Carboni D, Flavin K, Servant A, Gouverneur V, Resmini M (2008) The First Example of Molecularly Imprinted 

Nanogels with Aldolase Type I Activity. Chem Eur J 14(23):7059-7065

17 Graham NB, Cameron A (1998) Nanogels and microgels: The new polymeric materials playground. Pure Appl 

Chem 70(6):1271-1275

18 Pasetto P, Maddock SC, Resmini M (2005) Synthesis and characterisation of molecularly imprinted catalytic 

microgels for carbonate hydrolysis. Anal Chim Acta 542:66-75

19 (a) Hernández-Barajas J, Hunkeler D (1997) Heterophase water-in-oil polymerization of acrylamide by a 

hybrid inverse-emulsion/inverse-microemulsion process. Polymer 38(22):5623-5641

    (b) Mathew B, Pillai VNR (1992) N,N!-methylene-bis-acrylamide-crosslinked polyacrylamides as supports for 

dithiocarbamate ligands for metal ion complexation. Polym Int 28(3):201-208

20 Davis FJ (2004) Polymer Chemistry - A pratical approach. Oxford University Press (Great Britain) ISBN: 

0198503091

21 (a) D"bska B, Wianowska E (2002) Acrylamide as agent modifying melamine–acetone–formaldehyde resins. 

Pol Test 21(1):49-55 

    (b) Liu Z, Cardosi M, Rodgers J, Lillie G, Simpson L (2010) Synthesis and study of copolymer of 

vinylferrocene, acrylamide and 2-(diethylamino)ethyl methacrylate as a polymeric mediator for electrochemical 

biosensors. React Funct Polym 70(10):715-725  

22 (a) Berne BJ, Pecora R (2000) Dynamic Light Scattering with Applications to Chemistry, Biology, and Physics. 

Wiley (USA) ISBN:99-058317

    (b) Long Y, Philip JYN, Schillén K, Liu F, Ye L (2011) Insight into molecular imprinting in precipitation 

polymerization systems using solution NMR and dynamic light scattering. J Mol Recognit 24:619-630

23 Hsu CP, Lee LJ (1993) Free-radical crosslinking copolymerization of styrene/unsaturated polyester resins: 1. 

Phase separation and microgel formation. Polymer 34(21):4496-4505

24 Fu XW, Wu YJ, Qu JR, Yang H (2012) Preparation and utilization of molecularly imprinted polymer for 

chlorsulfuron extraction from water, soil, and wheat plant. Environ Monit Assess 184(7):4161-4170

25 Athikomrattanakul U, Katterle M, Gajovic-Eichelmann N, Scheller FW (2009) Development of molecularly 

imprinted polymers for the binding of nitrofurantoin. Biosens Bioelectron 25(1):82-87

26 Valero-Navarro A, Gómez-Romero M, Fernández-Sánchez JF, Cormack PA, Segura-Carretero A, Fernández-

Gutiérrez A (2011) Synthesis of caffeic acid molecularly imprinted polymer microspheres and high-performance 

liquid chromatography evaluation of their sorption properties. J Chromatogr A 1218(41):7289-7296

27 DeMaleki Z, Lai EP, Dabek-Zlotorzynska E (2010) Capillary electrophoresis characterization of molecularly 

imprinted polymer particles in fast binding with 17#-estradiol. J Sep Sci 33(17-18):2796-2803



Molecularly Imprinting Polymers

144

28 (a) Duan YP, Dai CM, Zhang YL, Ling-Chen (2013) Selective trace enrichment of acidic pharmaceuticals in 

real water and sediment samples based on solid-phase extraction using multi-templates molecularly imprinted 

polymers. Anal Chim Acta 758:93-100

    (b) Cao H, Xu F, Li DX, Zhang XG, Yu JS (2012) Preparation and performance valuation of high selective 

molecularly imprinted polymers for malachite green. Res Chem Intermediat 1-17 Article in Press

    (c) Xie J, Cai C, Yang H, Chen X (2012) Synthesis and Application of Molecularly Imprinted Polymer on 

Selective Solid-Phase Extraction for the Determination of Artemisinin in Artemisia Annua L. Anal Lett 46(1):

107-119

    (d) Bahraini N, Lai EP, Li C, Sadi BB, Kramer GH (2011) Molecularly imprinted polymers for (90)Sr urine 

bioassay. Health Phys 101(2):128-135

    (e) Kareuhanon W, Lee VS, Nimmanpipug P, Tayapiwatana C, Pattarawarapan M (2009) Synthesis of 

molecularly imprinted polymers for nevirapine by dummy template imprinting approach. Chromatographia 

70(11-12):1531-1537

     (f) Mohamed R, Richoz-Payot J, Gremaud E, Mottier P, Yilmaz E, Tabet JC, Guy PA (2007) Advantages of 

molecularly imprinted polymers LC-ESI-MS/MS for the selective extraction and quantification of 

chloramphenicol in milk-based matrixes. comparison with a classical sample preparation. Anal Chem 79(24):

9557-9565

29 (a) Bouchemal K (2008) New challenges for pharmaceutical formulations and drug delivery systems 

characterization using isothermal titration calorimetry. Drug Discov Today 13(21-22):960-972

    (b) Ladbury JE (2001) Isothermal titration calorimetry: Application to structure-based drug design. 

Thermochim Acta 380(2):209-215

30 Liang Y (2008) Applications of isothermal titration calorimetry in protein science. Acta Biochim Biophys Sin 

(Shanghai) 40(7):565-576

31 Buurma NJ, Haq I (2007) Advances in the analysis of isothermal titration calorimetry data for ligand-DNA 

interactions. Methods 42(2):162-172

32 Peljhan S, Zagar E, Cerkovnik J, Kogej K (2009) Strong intermolecular association between short 

poly(ethacrylic acid) chains in aqueous solutions. J Phys Chem B 113(8):2300-2309

33 Freyer MW, Lewis EA (2008) Isothermal titration calorimetry: experimental design, data analysis, and probing 

macromolecule/ligand binding and kinetic interactions. Methods Cell Biol 84:79-113

34 (a) Weber A, Dettling M, Brunner H, Tovar GEM (2002) Isothermal titration calorimetry of molecularly 

imprinted polymer nanospheres. Macromol Rapid Commun 23(14):824-828 

    (b) Weickenmeier M, Wenz G (1996) Cyclodextrin sidechain polyesters - Synthesis and inclusion of 

adamantan derivatives. Macromol Rapid Commun 17(10):731-736

    (c) Höfler Th, Wenz G (1996) Determination of binding energies between cyclodextrins and aromatic guest 

molecules by microcalorimetry. J Inclus Phenom Mol 25(1-3):81-84

35 Chen WY, Chen CS, Lin FY (2001) Molecular recognition in imprinted polymers: thermodynamic investigation 

of analyte binding using microcalorimetry. J Chromatogr A 923(1-2):1-6

36 (a) D'Oleo R, Alvarez-Lorenzo C, Sun G (2001) A new approach to design imprinted polymer gels without 

using a template. Macromolecules 34(14):4965-4971

    (b) Watanabe T, Ito K, Alvarez-Lorenzo C, Grosberg AY, Tanaka T (2001) Salt effects on multiple-point 

adsorption of target molecules by heteropolymer gel. J Chem Phys 115(3):1596-1600

    (c) Byrne ME, Park K, Peppas NA (2002) Molecular imprinting within hydrogels. Adv Drug Deliv Rev. Jan 

17;54(1):149-161

37 (a) Suedee R, Seechamnanturakit V, Canyuk B, Ovatlarnporn C, Martin GP (2006) Temperature sensitive 

dopamine-imprinted (N,N-methylene-bis-acrylamide cross-linked) polymer and its potential application to the 

selective extraction of adrenergic drugs from urine. J Chromatogr A 1114(2):239-249

    (b) Svenson J, Nicholls IA (2001) On the thermal and chemical stability of molecularly imprinted polymers. 

Anal Chim Acta 435(1):19-24

38 Benito-Peña E, Urraca JL, Sellergren B, Moreno-Bondi MC (2008) Solid-phase extraction of fluoroquinolones 

from aqueous samples using a water-compatible stochiometrically imprinted polymer. J Chromatogr A 

1208(1-2):62-70



3.4 A Binder Peptide from a Natural Host: Human 

Serum Albumin

3.4.1 HSA100 Identification and Optimization

! Due to our interest in the development of artificial peptides that can efficiently combine 

binding and catalysis, we reasoned that a convenient starting point would be a “wild-type” 

sequence that is capable of both recognizing a broad spectrum of small molecules with micromolar 

affinity and catalyzing a wide range of reactions with acceptable proficiency. This polypeptide 

should ideally present structural features that allow facile, robust detection and binding to the free 

ligand, avoiding the use of 

modified targets in the 

selection and decision 

steps. Such a peptide could 

b e r e g a r d e d a s a n 

“alternative IgM,” and the 

possible development of a 

library of such binders by 

random or rational mutation 

strategies could mimic the 

"in vivo" antibody affinity 

maturation process in a 

single step. Serum albumin 

is a promising candidate for 

having such a polypeptide 

motif, due to its widely 

reported capacity to bind a 

variety of small molecules 

with micromolar affinity1 , 

and to control the outcome 

o f c e r t a i n c h e m i c a l 

reactions. Broad binding 

ac t i v i t y and chemica l 
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Fig 3.4.1 Structure of 

the human serum 

albumin HSA-100 

domain. The full-length 

protein and HSA-100 

domain are shown as 

white and red ribbons, 

respectively. The 

structure was obtained 

from the Protein Data 

Bank (1BKE.pdb).



reactivity are associated with the binding site located in the albumin IIA subdomain2 , also known 

as Sudlow site I. 

! Structural and functional analyses, performed by Prof. Laio"s group (Sissa, Trieste), led to 

identify a peptide corresponding to a 101-residue stretch of the human serum albumin sequence 

(A194 to E294) named HSA100 (Fig 3.4.1). This fragment corresponds to approximately half of 

subdomain IIa. The binding site inside this subdomain is composed of a continuous sequence of 

amino acids with no contribution from other far residues. This sequence includes all the residues 

that contact typical ligands, such as warfarin3 , as well as all eight cysteine residues that are 

involved in the formation of the four disulphide bridges (C200-C246, C245-C253, C265-C279, 

C278-289), which probably stabilize the polypeptide structure. This fragment includes the lysine 

residue (K199), which is surrounded by a hydrophobic environment and is responsible for the 

ability of albumin to behave as an enzyme-like catalyst. Furthermore, a tryptophan residue (W214) 

located at the bottom of the main hydrophobic subsite can be exploited as a useful internal 

fluorescent sensor for binding of different ligands to this site4 . Seventy-four of the amino acids are 

located in six !-helical regions (!1: Q196-F206; !2: R209- R222; !3: A229-H247; !4: L250-S270; 

!5: L284-G292; !6: L284-G292), and the remaining residues are located in six connecting coil/loop 

regions. A molecular dynamic simulation of peptide stability was performed at room temperature 

using the Gromacs Package. The simulation demonstrated that the peptide was conformationally 

stable for over 1000 ns simulation (Fig 3.4.2). However, significant unfolding occurred upon the 

exclusion of C200 or C289 from the designed peptide. 

! Our purposes were focused on expressing HSA100, that is the shortest peptide ever 

derived from the sequence of HSA, and subsequently verify whether it retains the ability of native 

albumin to bind typical ligands, such as warfarin and EFV, and to catalyze or control chemical 

reactions such as the aldol reaction and the reduction of diketones. These results are promising in 

the view of using this peptide as the base sequence for building libraries of stable artificial 

receptors and catalysts that can be easily selected for sensing and synthetic applications.

! In the following sections I will briefly touch on the expression of the proteins and the other 

biological assays because a complete description is reported on Dr. Luisi"s PhD thesis 

“Identification of novel protein scaffolds for small molecules binding and for catalysis”5 . However I 

will detail the chemical results where my contribution has been more significant.
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Fig 3.4.2 Molecular 

dynamic run in the NTV 

ensemble of HSA100. The 

simulation was carried out 

at 300°K after equilibration 

steps at 100 and 200°K, 

with the Gromacs force 

field.



3.4.2 Expression of HSA100

! To simplify the production of the HSA100 fragment, Dr. Luisi and Prof. Sblattero (Dept of 

Life Sciences, University of Trieste) decided to clone and express its coding sequence in 

Escherichia coli. A preliminary evaluation of protein production was performed by fusing the HSA 

fragment to either a carrier maltose-binding protein (MBP) or different tag sequences (HIS6 and 

strep tags). Even though HSA100 was expressed, purified, and active, the protein yield was 

extremely low (data not shown). To improve the yield, a two step approach has been used: first the 

wild type HSA100 DNA sequence was modified using an optimization strategy to maximize both 

transcription and translation efficiency6. GC content was optimized, RNA secondary structure and 

killer motifs were eliminated and codon usage was set for E. coli expression. After chemical 

synthesis of the DNA, the fragment coding for HSA100 was cloned as a fusion protein with a 

glutathione S-transferase (GST) carrier, generating the GST-HSA100 fusion (Fig 3.4.3). In the 

second step, protein production and purification were optimized by testing a number of different 

parameters: bacterial strains, temperature of growth, induction condition, and protein extraction 

protocol. By using the best conditions we managed to produce 15-20 mg/l of GST-HSA100 fusion 

protein and obtain up to 4 mg/l of soluble protein. The soluble fraction was purified by affinity 

chromatography using a GSH resin, resulting in highly pure, stable, full-length protein (Fig 3.4.4).

!
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Fig 3.4.3 Amino acids sequence of GST (black) in fusion with HSA100 (red) and FLAG tag.

Fig 3.4.4 (a) Designed construct bearing the polypeptide GST-HSA100-FLAG tag (b) SDS-PAGE (c) 

anti-FLAG tag Western blot of purified GST-HSA100 protein.

(a) (b) (c)



! HSA100 is the shortest functional peptide that has ever been derived from the HSA 

sequence and, to the best of our knowledge, the first albumin fragment successfully expressed in 

E. coli.  In the past decade, several larger fragments have been described. To define the structural 

elements required for the formation of the warfarin binding site, Rüker and colleagues prepared 

five fragments, including domains I, II, I-II, I-IIa and Ib-II7. Similar work was completed by the East 

group on fragments corresponding to domains I-II and II-III8. More recently, a recombinant protein 

corresponding to domain I-II was designed by Fasano9  to study the allosteric linkage between the 

warfarin and heme binding sites in the protein. Three recombinant full domains of HSA have also 

been prepared as potential drug delivery tools10. All the described fragments, including native 

HSA, have been obtained as secreted proteins by expression in Pichia pastoris. Using a combined 

strategy of optimizing DNA sequences and growth conditions, we were able to express and purify 

soluble, full-length GST-HSA100 protein in E. coli. 

3.4.3 Structural Characterization of GST-HSA100

3.4.3.1 LC-MS/MS and Peptide Sequencing

! LC-MS/MS and peptide sequencing analyses were performed to confirm the identity of 

GST-HSA100. Purified GST-HSA100 was trypsin-digested, and the resulting peptides were 

separated by RP-HPLC. The identities of the peptides were confirmed by comparison of theoretical 

and experimental m/z values of full-length peptides (MS) and collision-induced dissociation (CID) 

fragments (MS/MS). The tryptic peptide map referring to the GST-HSA100 sequence is shown in 

Fig 3.4.5, and the mass spectrometry data are summarized in Table 3.4.1. Mass spectrometry in 

combination with SDS-PAGE and anti-FLAG immunoblotting unambiguously demonstrated the 

correct production of a full-length recombinant soluble GST-HSA100 fusion construct.

3.4.3.2 Circular Dichroism

! The circular dichroism spectra of the fusion protein in the near- and far-UV regions (Fig 

3.4.6) were recorded at neutral pH and temperatures ranging from 25 to 75°C. The far-UV 

spectrum (Fig 3.4.6(a)) was deconvoluted using the convex constraint algorithm11  to reveal a 

protein composition of ~50% !-helix, 30% coil, 16% turn and <5% "-sheet. The secondary 
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Fig 3.4.5 Tryptic map of GST-HSA100. Tryptic peptides obtained by GST-HSA100 digestion were analyzed 

by LC-MS/MS. Only peptides covering the GST-HSA100 sequence are shown. Their identities were assigned 

on the basis of molecular mass (red bars) or peptide sequence (blue bars).



structure composition inferred from the CD data is consistent with a sequence that contains the 

helices and six coil/loop region of the HSA100 domain and two GST domains with a !"!"!!" 

folding topology along the first 84 residues followed by an extended "-helical domain of 132 amino 

acids at the C-terminus12: the expected composition of the fusion protein is 55% helix, 25% coil, 

15% turn and 5% sheet. Some thermal denaturation occurred above 60°C, but even at 75°C the 

conserved amount of !-helix was still over 40%, with no clear trend towards complete unfolding 

(Fig 3.4.6(a)). The thermal stability of the GST-HSA100 protein is comparable to those of HSA and 

GST13.The presence of disulphide bonds was probed by near-UV CD spectroscopy (Fig 3.4.6(b)). 

Several peaks were identified in the fine structure: the shoulder at 267 nm and minima at 276, 284 

and 293 nm resemble a set of peaks attributed to the presence of disulphide bridges in the chiral 

environment of domain II of HSA7(a). The peaks disappear upon reduction by heating the protein in 

the presence of excess "-mercaptoethanol, and this confirms their attribution to disulphide bridges. 

None of the four cysteine residues in GST is believed to be involved in disulphide bond formation, 

even in the predominant homodimer that forms at micromolar concentrations12, 14 , and the 

observed peaks should be therefore related to disulphide bridges in the HSA region of the protein. 

However, the mass spectrum shows the presence of peptides including reduced C200 and C289: 

these two cysteines are thus not involved in disulphide formation, at least after the exposition of 

the protein to the very large excess of glutathione required during the purification step. On the 

other side, peptides containing C245, C246, C253 and C265 C278, C279, are expected in the 

tryptic map but not found in the mass spectrum: this is an indirect evidence for the formation of the 
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Table 3.4.1 GST-HSA100 peptide detected by mass spectrometry.

Peptide Molecular MassMolecular Mass Elution m/z+1 m/z+2 m/z+3 Sequenced

th. exp. (min) (MS/MS)

196-197 302.17 302.2 3.8 303.2

200-205 648.32 648.5 11.4 649.3 325.2

206-209 507.24 507.3 8.5 508.3

200-209 1137.56 1137.6 19.7 1138.5 569.8 380.2 X

210-212 364.21 364.2 5.1 365.2

213-218 672.37 672.4 19.9 673.4 337.2 X

219-222 502.28 502.3 4.5 503.3

223-225 390.22 390.2 10.6 391.2

226-233 879.43 879.4 19.4 880.4 440.7 X

234-240 788.46 788.5 20.2 789.5 395.3 X

258-262 516.29 516.3 5.9 517.3

263-274 1385.61 1385.6 20.2 693.8 X



expected disulphide bridges within the main loops of the HSA region, as disulphides regions are 

known to be more stable to trypsinolysis.

3.4.4 Small Molecule Binding Activity of GST-HSA100 

3.4.4.1 Fluorescence

! (±)-Warfarin 45 (Fig 3.4.8) and EFV 6 (Fig 1.1.1) were chosen as probes to test the 

binding capacity of GST-HSA100. Warfarin is probably the most typical ligand for the subdomain 

IIa site, and the structures of the HSA complexes with both its enantiomers, having similar affinity, 

have been described3. EFV, as many drugs, binds to HSA and interacts with the subdomain II 

site15. The interactions of the two ligands with the construct were first studied by fluorescence 

quenching experiments monitoring tryptophan emission. The emission spectrum of apo-GST-

HSA100 is shown in Fig 3.4.9 (spectrum 1) as a synchronous scan at " = 60 nm and shows an 

overall maximum at 281 nm excitation (i.e., 341 nm emission), while 

the emission maximum of native HSA is at 340 nm7(a). Conversely, it is 

well known that the four GST tryptophan residues have poor emission 

in native GST with a maximum at 335 nm as they are buried in a 

hydrophobic environment12. 

! Quenching of GST-HSA100 fluorescence (1 #M in 

phosphate buffer, pH 7.4) was observed in the presence of both 
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Fig 3.4.6 Circular dichroism of GST-HSA100 (a) Far-UV CD spectra. Solid line, 25°C; dashed line, 60°C; 

dotted line, 75°C. The spectra were recorded at 0.2 #M protein in 10 mM phosphate buffer, pH 7.4. (b) 

Near-UV CD spectrum of GST-HSA100.
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Fig 3.4.8 Structure of (±)-warfarin.



warfarin and EFV. The effect of EFV on the 

synchronous emission spectrum is shown 

in Fig 3.4.9, and similar results were 

obtained with warfarin. Quenching 

occurred and was accompanied by a 

blue shift of the excitation maximum 

from 281 to 278 nm. The highest 

quenching was obtained at 200 !M 

EFV, which is close to its solubility limit. 

In the difference spectrum between 

unquenched and quenched GST-

HSA100 emission, there is a shoulder 

co r respond ing to an emiss ion 

maximum at 330 nm. The blue shift 

from 341 nm upon titration with EFV is 

consistent with a change of the polarity 

of the environment surrounding the 

emitter Trp residue, resulting from 

replacement of the solvent in the active 

site by the less polar ligand. The 

buried, inaccessible, tryptophan 

res idues in GST are l i ke ly to 

significantly contribute to the residual 

unquenched emission observed at 200 

!M EFV (Fig 3.4.9). The titration of 

fluorescence emission as a function of 

ligand concentration for HSA, GST-

HSA100 and GST is reported in Fig 

3.4.10. Both ligands had a similar 

quenching effect on HSA and GST-

HSA100, whereas the effect on GST 

fluorescence was negligible (Fig 

3.4.10). Control experiments were 

carried out also with the ligand solvent 

(acetonitrile) alone, and no quenching 

was observed up to the final 1% 

concentration obtained at the highest 

added ligand amounts. To determine 

whether the observed quenching was 

d u e t o b i n d i n g o r c o l l i s i o n a l 

phenomena, a Stern-Volmer analysis 

of the quenching data was performed 

in the 4300–24500 L mol-1 range (Table 3.4.2). Assuming a 5-ns decay time for tryptophan 
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fluorescence, the apparent bimolecular quenching constants derived from the Stern-Volmer 

constants were as high as 8 x 1011– 4.9 x 1012 l mol-1s-1 (Table 3.4.2) and 2-3 orders of magnitude 

higher than the limit for diffusion–limited collisional quenching. The latter can thus be excluded in 

favour of static quenching originating from the association of the fluorophore and quenchers in a 

bimolecular complex4, 16 . The ligand–protein dissociation constants were evaluated by a Hill 

analysis of the fluorescence data (Table 3.4.2). The KD values obtained for HSA and GST-HSA100 

were similar and close to the literature values of 3.7–3.5 !M and 110 !M for warfarin17 , 10, 8 and 

EFV binding to native HSA15, respectively. 

WarfarinWarfarin EFVEFV

HSA HSA100 HSA HSA100

KSV 
[a] 24.35 ± 0.21 23.87 ± 0.22 5.8 ± 0.1 4.3 ± 0.4

kq 
[b] 4.87 ± 0.42 4.77 ± 0.43 1.15 ± 0.03 0.86 ± 0.07

KD 
[c] 247 ± 21 270 ± 24 1.89 ± 0.04 2.61 ± 0.25

n 
[d] 1.07 1.02 0.98 0.98

Kass 
[e] 7.1 ± 0.21 5.9 ± 0.5

3.4.4.2 ELISA Assay

" Biotinylated analogues of EFV 14 and warfarin 46 (Fig 3.4.11) were prepared by our 

group in order to setup ELISA tests by Dr. Luisi and Prof. Sbattero (Dept. Life Science, University 

of Trieste). Compound 14 was obtained as described in the Section 3.1.2. Compound 46 was 

synthesized, starting from warfarin 45, and introducing a carboxymethyloxime group. The 

biotinylated 1,5-diaminopentane 13 was added via our standard amine coupling methodologies. 

The two biotinylated derivates were used to immobilize the ligands on streptavidin-coated 

microwell plates, and ELISAs were performed after a blocking step with 2% milk in PBS (MPBS). 

Binding of GST-HSA100 to the immobilized ligands was then revealed with anti-GST antibody (Fig 

3.4.12). The results confirm the reactivity between GST-HSA100 and EFV and warfarin 

respectively. The graph clearly demonstrates that the reactivity is exclusively due to the HSA 

stretch within HSA100-GST, because GST alone, obtained from the pGex vector, gave no signal. 

The HSA100-GST-EFV and HSA100-GST-warfarin signals show a comparable intensity under the 

same experimental conditions. 

A Binder and Catalytic Peptide from a Natural Host: Human Serum Albumin

152

Table 3.4.2 Binding parameters for warfarin and EFV. [a] Stern-Volmer quenching association constant 

(10-3Lmol-1). [b] Bimolecular quenching kinetic constant (10-12Lmol-1s-1), assuming #0 = 5 ns for the tryptophan 

fluorescence decay. [c] Dissociation constant (10-4molL-1) for the protein-ligand complexes from Hill analysis of 

the quenching data. [d] Number of binding sites per molecule of protein from Hill analysis of the quenching 

data. [e] SPR steady state association equilibrium constant (10-3Lmol-1).
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Fig 3.4.12 (a) Schematic representation of the ELISA assay: the warfarin and EFV were firstly coated, the 

GST-HSA100 fusion protein was added and the reactivity was asessed by anti-TAG antibody. (b) The 

reactivity of GST-TAG for the ligand was checked: the recombinant protein bound EFV or warfarin whereas 

GST, as negative control, at the same protein concentration didn!t bind the ligands.
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3.4.5 Biosensing Application: SPR 

! The binding of EFV to both HSA and GST-HSA100 was also revealed by surface 

plasmon resonance experiments carried out on a Biacore instrument. SPR is a tool that allows an 

accurate study in real-time of biomolecules interactions. It is a label-free technique, only one of the 

interacting partners has to be immobilized on a sensor surface. SPR has been applied in a wide 

range of settings, even mimicking biological environments like membranes and surfaces with 

multiple-binding partners as proteins, nucleic acids, small molecules, lipid vesicles, viruses, 

bacteria and eukaryotic cells18.

! SPR is a phenomenon that occurs when light is reflected under certain conditions from a 

conducting film at the interface between two media of different refractive index. In Biacore 

systems, the media are the glass of the sensor chip and the sample solution, and the conducting 

film is a thin layer of gold on the sensor chip surface. SPR causes a reduction in the intensity of 

reflected light at a specific angle of reflection (Fig 3.4.13). This angle varies with the refractive 

index close to the surface on the side opposite from the reflected light. As the analyte binds to the 

ligand, its accumulation results in an increase in the refractive index. This change in refractive 

index is measured in real time, and the result plotted as response units (RUs) versus time (a 
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Fig 3.4.13 Light is reflected from a 

conducting film at the interface 

between two media of different 

refracitve index. Molecules in the 

sample bind to the sensor surface, 

the concentration and therefore the 

refractive index at the surface 

changes and an SPR response is 

detected. Then the response 

against t ime is plotted in a 

sensorgram.

Fig 3.4.14 A typical interaction 

assay sensorgram, illustrating 

binding of analyte to the sensor 

chip surface. Continuous flow of 

liquid (buffer or sample) over the 

sensor chip is maintained 

throughout the sensorgram. 

Beginning with a chip immobilized 

with ligand, sample is injected in a 

pulse from 100 to 300 s. Analyte 

binds to the surface during the 

sample injection and dissociates 

when sample is replaced with 

buffer, ending with a chip 

immobilized with ligand The 

ordinate shows the SPR signal in 

RU and the abscissa is real time in 

seconds.



sensorgram). Importantly, a response will also generated if there is a difference in the refractive 

indices of the running and the sample buffer. This background response must be subtracted from 

the sensorgram to obtain the actual binding response. What Biacore actually measures is the 

angle of minimum reflected ligh intensity. The light is not absorbed by the sample, but the light 

energy dissipates through SPR in the gold film. Therefore the light used to detect interaction 

events, never enters the sample. SPR response values is expressed in resonance unit (RU). One 

RU represents a change of 0.0001° in the angle of the intensity minimum that corresponds the 

binding of approximately 1 pg protein/mm2 in surface protein concentration, or of about 6 mg/ml in 

bulk protein concentration. Because it is very difficult to immobilize a sufficiently high density of 

ligand onto a surface to achieve this level of analyte biding, Biacore has developed sensor 

surfaces with a 100-200 nm thick carboxymethylated dextran matrix attached. By effectively 

adding a third dimension to the surface, much higher levels of ligand immobilization are possible19. 

Biacore system exploits the SPR to measure: the affinity of the receptor for its ligand by 

equilibrium measurement; the rate of the association and dissociation processes, and the affinity 

by kinetic measurements; the thermodynamic parameters of the interaction; the specificity of the 

interaction by cross-reactivity measurements. 

! Our first purpose was to confirm the measurement of affinity of HSA and GST-HSA100 

for EFV, indeed equilibrium affinity measurements on the Biacore are highly reproducible, 

automatized and quick. The affinity constant can be measured directly by equilibrium binding 

analysis (resume in Fig 3.4.14). It involves injecting a series of analyte concentrations and 

measuring the level of binding at equilibrium. The relationship between the binding level and 

analyte concentration enables the affinity constant to be calculated. As earlier described, the 

“association constant” (KA) or affinity constant corresponds to the ratio at equilibrium of free 

interactants and complex concentrations. Thus for the interaction A + B ↔ AB 

(eq 3.4.1)

Affinity could be expressed as the “dissociation constant” or KD, which is simply the inverse of the 

KA.

(eq 3.4.2)

In Biacore, the concentration of complex can be measured directly as the ratio between the steady 

state response at a given ligand concentration and the maximum response under saturating 

conditions. The concentration of free analyte is equal to the bulk analyte concentration (since 

analyte is constantly replenished during the sample injection). The concentration of free ligand on 

the surface can be derived from the concentration of complex if the total surface binding capacity 

is known. If these two parameters are both expressed in RU, no conversion from response to 

absolute surface concentration is required: 

(eq 3.4.3)

where C is the analyte concentration, Rmax is the total surface binding capacity in RU and R is the 

steady state binding level in RU. SPR response is related to the change in surface mass 
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concentration of analyte, and therefore depends on the molecular weight of the analyte in relation 

to the number of ligand sites on the surface. Assuming that the relationship between response and 

mass is the same for ligand and analyte (1000 RU ! 1 ng/mm2 for proteins), the following 

equations hold: 

(eq 3.4.4)

where valence is the number of analyte molecules which can bind to one ligand molecule (i.e. 2:1 

stoichiometry has valence 2). 

Analyte response ! analyte MW " analyte molecules 

Substituting ligand sites for analyte molecules, Rmax is equal to

(eq 3.4.5)

Rearranging eq 3.4.4: 

(eq 3.4.6)

a plot of Req/C against Req at different analyte concentrations thus gives a straight line from which 

Rmax and KA can be calculated (Fig 3.4.15). This plot is analogous to a standard Scatchard plot20.

# Following Myszka$s paper21 , HSA was immobilized 

on the sensor chip CM5 (Fig 3.4.16) that carries a matrix of 

carboxymethylated dextran covalently attached to the gold 

surface. Most proteins contain several amine groups so an 

efficient attachment can be achieved by amine coupling 

chemistry without seriously affecting the biological activity of 

the host and without requiring previous chemical 

modifications. The carboxy groups on the surface of the 

sensor chip surface were first activated with a mixture of 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) to give reactive succinimide esters 

(Fig 3.4.17). The ligand is then delivered on the surface by 

flowing a ligand solution trough the cell and the esters react 
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Fig 3.4.15 Binding affinities were determined by plotting the maximum response attained at each concentration 

of analyte versus the concentration of the analyte , then by fitting to a rectangular hyperbola to determine KD.
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Fig 3.4.16 Schematic illustration of 

the structure of the sensor chip 

surface on CM-series chips.



spontaneously with primary amine groups under the buffer conditions to covalently link the ligand 

to the dextran matrix. Also the immobilization of GST-HSA100 was attained usign the same 

procedure. The equilibrium affinity measurements were attempted with EFV as analyte without 

obtaining any reproducible results due to different troubles (Fig 3.4.18). If the analyte is small and 

the ligand is large, responses are generally be low, so that the sensitivity may be limited even at 

high ligand immobilization levels. For example, if a 100 kDa analyte of at 10 nM concentration of 

leads to a signal from nonspecific binding on the level of 10–6 refractive index units (1 RU). EFV 

required organic cosolvents for solubility. 5% of DMSO was used as the running buffer and a 

solvent correction procedure was performed to eliminate the contribution of the solvent to the 
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Fig 3.4.17 (a) Activation of carboxymethyl dextran with EDC/NHS. (b) Amine coupling of ligands to the sensor 

surface. 

(b)

(a)

Fig 3.4.18 (a) Direct binding assay with 

efv as analyte on the sensor chip 

immobilized with HSA (b) Direct binding 

assay with efv as analyte on the sensor 

chip immobilized with GST-HSA100.
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measured response because a high DMSO bulk response could be obtained from the reference 

surface22 . 

! These troubles led to invert our strategy: EFV was therefore immobilized on the sensor 

surface. In this way, we have not only resolved solubility and detection problems but also  we could 

have developed a rapid method to screening various potential synthetic receptors, carried in a 

continuous flow of buffer. In fact SPR technology permits the regeneration of the sensor by 

removing bound analyte from the surface after an analysis cycle without damaging the ligand. 

However, there is a significant risk that immobilization of small molecules may alter their affinity 

towards the receptor, either due to steric hindrance to the entrance inside the host binding site, or 

through alteration of the chemical properties of the molecule, necessary to introduce potential 

attachment sites. As discussed in the section 3.1.1, it can be advantageous to introduce the 

coupling group on a spacer arm so that the immobilization reaction is kept at a certain distance 

from the functional molecule. In our case, 1,5-diaminepentane, as attaching linker, was introduced 

on the first and third generation derivatives of EFV 11 and 23, and provided the primary amine 

terminal that are sensitive to the EDC/NHS amine coupling reaction on the sensor chip CM5. It 

was already reported in detail on the Chapter 3.1 that the first analogue generation derived from 

direct coupling the nitrogen atom of EFV to a spacer arm, whereas the third generation of EFV 

derivatives carried a linker as a substituent on the aromatic ring. Binding analyses carried with 

increasing concentrations of HSA yielded the dissociation constant of the complex of EFV with the 

WT whole human albumin. The value were 140 "M on derivative 11 and 110 "M on derivative 23. 

They are comparable with affinity data reported in literature (100 "M)23  and comparable for both 

the derivates. Fig 3.4.19 reports the sensorgram for the interaction of HSA and GST-HSA100 with 

EFV derivative 11 and Fig 3.4.20 reports the sensorgram for the interaction of HSA and GST-

HSA100 with EFV derivative 23. Moreover the KD app are compared with the fluorescence data in 

Table 3.4.3. Based on the fluorescence data, the affinity for free EFV in solution is similar to that 

measured for immobilized EFV by the SPR sensor (Table 3.4.2). Also SPR experiments thus 

confirm that binding activity is conserved in the GST-HSA100 fragment, and the measured 

affinities fit well with the hosting capacities of the native protein. Moreover, linkers at positions 1 

(NH) and 5 (aromatic ring) do not affect EFV#s binding properties. EFV derivative 11 has been 

immobilized to the sensor surface via its heterocyclic nitrogen, leaving the aromatic/cyclopropyl 

moieties of the molecule exposed for interaction with the protein which is likely able to interact with 

this hydrophobic epitope of the molecule, due to the shape of the IIa binding site, that contains two 

hydrophobic subsites specific for aromatic and hydrophobic groups. On the other side, the 

presence of a linker on the aromatic ring in the derivate 23 makes still accessible the cyclopropyl 

moiety, while leaving the NH free to participate in hydrogen bonds.

! Different analogues of EFV, immolibilized on the surface of SPR biosensor, encourage to 

examine the specificity, the affinity and eventually the kinetics of biomolecular interactions with 

various synthetic artificial receptors for EFV. As artificial receptors, peptides containing a constant 

scaffold domain and a randomised binding region or molecular imprinted polymers may be 

examined to identify the biorecognition elements with high affinity and selectivity. Both of these 

artificial receptors are a promising technique increasingly adopted as a platform for creating 

responsive material like chemical sensors. 
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Fig 3.4.19 (a) Binding response curves for the interaction of HSA with efv. The different concentrations of HSA 

(10 !M – 400 !M) were injected over the sensor surface coated with the first generation efv derivate 11 (b)  

Plot of binding response against the concentration of analyte to calculate the KD (c) Binding response curves 

for the interaction of HSA with efv. The different concentrations of GST-HSA100 (0.5 !M – 10 !M) were injected 

over the sensor surface coated with with the first generation efv derivate 11.
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Fig 3.4.20 (a) Binding response curves for the interaction of HSA with efv. The different concentrations of HSA 

(10 !M– 400 !M) were injected over the sensor surface coated with the third generation efv derivate 23 (b)  

Plot of binding response against the concentration of analyte to calculate the KD (c) Overlay of SPR response 

curver of GST, HSA, GST-HSA100, GST-HSA100 R at the same 5 !M concentration over the sensor surface 

coated with the third generation efv derivate 23.
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KD app molL-1KD app molL-1

HSA HSA100

EFV first gener 1.4 x 10-4 1.7 x 10-4 SPR

EFV third gener 1.1 x 10-4 1.9 x 10-4 SPR

EFV 1.89 x 10-4 2.61 x 10-4 Fluorescence

Table 3.4.3 Dissociation equilibrium constants.



! For this purpose we have built up a library of artificial receptors based on the mutations 

of the albumin fragment sequence. The aim is to fish out receptors with increased affinity and 

selectivity for our target. Some mutants were expressed and studied by ELISA and fluorescence 

assays. A rapid screening was preliminarly performed by SPR, exploiting the sensor surface 

coated with EFV.

3.4.6 Towards a Library of HSA100-based Receptors

! After having reduced human serum albumin binding site II from 300 to 100 amino acids, 

the shortest albumin fragment was successfully produced in bacterial strains and validated with 

biological and chemical assays. This fragment was proven to conserve the full binding activity for 

typical ligands and the chemical reactivity control as its parent protein. Therefore, in order to 

improve the affinity of HSA100 fragment for our targets and to create a library of receptors and 

catalysts, we developed a procedure for the site directed mutagenesis of several amino acids 

included in the subdomain IIa and directly involved in the interaction between the protein and its 

ligands. 

 

3.4.6.1 Structural Analysis 

!   The subdomain IIa can be divided into a polar entry  and two hydrophobic subsites, one 

larger and one smaller. Seven mutating positions have been identified, after having recognized 

them as non essential for correct folding by bioinformatic analysis of sequence conservation within 

the set of all mammalian serum albumins. Two sites are placed inside the major hydrophobic 

pocket (Leu260, Ile264), two ones in the minor hydrophobic pocket (Ala215, Leu238) and three 
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Fig 3.4.22 Tridimensional structure of the 100 

amino acids fragment with indicated positions for 

mutation by site-directed mutagenesis.



sites are at the polar site of entry (His242, Arg257, Ser287) (Fig 3.4.22). Such amino acids are in 

close contact with warfarin in the X-ray structure of the warfarin-HSA complex24. 

In collaboration with Prof. Sbattero and Dr. Luisi (Dept. Life Science, University of Trieste), a first 

small library was built up by mutating two out of the seven amino acids according to their 

topological correlation within the binding site, being inspired by the works of Manfred Reetz on site 

directed mutagenesis of hydrolytic enzymes25, in which impressive affinity (and stereoselectivity) 

maturation were obtained in few step from the first, slight improvement reached by mutating a first 

couple of amino acids.  

 

3.4.6.2 HSA100 Site-directed Mutagenesis 

!   Site directed mutagenesis has been exploited to design HSA100 variants libraries 

placing separately the mutation in each site. The strategy for cloning the mutant libraries started 

with the oligonucleotides design on the basis of HSA100 wild-type optimized DNA template to 

introduce interesting mutations. The oligonucleotides were designed to insert separately the first 

two mutations at Ala215 - Leu238, the second pair of mutations at Leu260 - Ile264 and the last 

three mutations at Hys242, Arg257 and Ser287. Up to date, the first two of the three libraries of 

HSA100 variants were created by PCR and by molecular assembly. Each position was 

mutagenized by inserting a NNK triplet into the reverse primer; this triplet encodes for any of the 

20 possible amino acids and not for the stop codons. Two PCR rounds were performed for every 

library and to check the actual diversity of the library, several clones were sequenced, verifying the 

randomization of selected residues. The results are reported in Table 3.4.5 and confirm that 

effective randomization occurred. 

! The expression of the recombinant proteins in E. coli was confirmed by a western blot 

assay (Fig 3.4.23). Recombinant proteins were clearly detected in almost every clone, except for 

Fig 3.4.23 Western blot assay to check the size, the expression and production levels of random selected 

bacteria HSA100. The SDS-PAGE was loaded with total extract fractions of DH5" induced for the 

expression of the recombinant proteins GST-HSA100. The arrows indicate the predicted molecular weights 

of the fusion proteins, (38kDa) of all clones except for clones 7, 4 and 16 which do not produce the protein. 

Primary antibody: mouse anti-GST 1:2000. Secondary antibody: goat anti-mouse AP conjugated 1:2000. 
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clone 7 in the first library and for clones 4 and 16 in the second library, that showed a lower 

expression level. Two bands were observed in several clones: the upper band is the correct fusion-

protein product, showing the predicted molecular weight (about 38 kDa), whereas the lower band 

may be related to a GST alone (26 kDa). No attempts were made at this stage to setup a selection 

strategy, and twenty clones were just randomly selected without trying to fish out the best binders 

from the small libraries. The selection of soluble bacterial expression products requires, indeed, 

dedicated strategies, and before starting this work, the efficiency of the libraries in producing 

peptides was checked. Each recombinant protein was produced with the optimized protocol 

previously described for the GST-HSA100. The concentrations of the purified proteins were in a 

range between 0,2 mg/ml and 4 mg/ml (Fig 3.4.24).

3.4.6.3 Binding Activity of the Mutant Clones

! Despite the fact that no selection pressure was introduced in order to identify powerful 

binders among the twenty clones, we have nevertheless decided to perform binding tests on the 

peptides, in order to check, in this preliminary analysis, whether the choice of randomized sites 

would lead to changes in the affinity. The tests were performed as described for wild type HSA 

100, by ELISA, SPR and fluorimetric techniques. 
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Mini-library 1 Ala215 wt Leu238 wt

Clone 1 Threonine (T) Valine (V)

Clone 2 Leucine (L) Lysine (K)

Clone 3 Asparagine (N) Lysine (K)

Clone 4 Lysine (K) Proline (P)

Clone 5 Lysine (K) Valine (V)

Clone 6 Arginine (R) Serine (S)

Mini-library 2 Leu260 wt Ile264 wt

Clone 1 Leucina (L) Valina (V)

Clone 2 Valina (V) Valina (V)

Clone 3 Serina (S) Leucina (L)

Clone 5 Prolina (P) Arginina (R)

Clone 15 Triptofano (W) Istidina (H)

Clone i Arginina (R) Ac glutammico (E)

(a) (b)

Fig 3.4.24 Coomassie gel 

staining: 0.1 or 1 "l of 

each purified and dialized 

protein on 12% 

polyacrilamide gels.

Table 3.4.5 Sequence analysis of (a) six random clones of mutants library 1 pGex-HSA100 Ala215-Leu238 and 

(b) six clones of mutants library of pGex-HSA100 Leu260-Ile264. Tables report mutated amino acids in the 

selected positions.
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(a)

Fig 3.4.25 ELISA assay: 

warfarin and EFV were 

firstly coated, the GST-

HSA100 mutants proteins 

(1!g/ml) were added and 

the reactivity was assessed 

by anti-TAG antibody; GST 

alone, as negative control, 

at the same protein 

concentration did not bind 

EFV or warfarin.
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Fig 3.4.26 SPR sensorgrams for 

binding of HSA100 mutants 

clones of (a) Ala215-Leu238 and 

(b) Leu260-Ile264 libraries to EFV. 

EFV was first immobilized and the 

HSA100 mutants proteins (5!M) 

were added. 

(b)



• ELISA assay

! The interaction between EFV and Warfarin with random mutant clones were observed 

first by ELISA assay with the same protocol used for wild type HSA100-GST. The HSA100-GST 

recombinant mutants proteins were used at the same 1"g/ml concentration (Fig 3.4.25). Both the 

sets of peptides show reactivity towards EFV and warfarin. Mutations in the minor pocket (Ala215 

– Leu238) seem to induce major variations on EFV binding rather than on warfarin; all the best 

clones 3, 4 and 5 contain a lysine residue inside the pocket. Mutations in the major pocket (Leu260 

– Ile264) affect the ELISA outcome in a similar way on both warfarin and EFV. An arginine is found 

in clone 5, while tryptophan replaces leucine 260 and hystidine replaces isoleucine 264 in clone 

15. Rather surprisingly, proline is also found in two cases, namely in clone 4 of the minor pocket 

library and in clone 5 of the major pocket one. 

• SPR

! A SPR- based screening was set up for EFV. The drug was immobilized on a gold chip as 

described for the wild type HSA100 binding assay, and all the clones were tested by flowing 5 "M 

solutions of each peptide in the sensor cell. Binding and dissociation are again observed in most 
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(a)

(b)

Fig 3.4.27.Binding of small ligands to HSA100 mutants. Titration of fluorescence emission of wt GST-HSA100 

and of mutant clones of (a) Ala215-Leu238 and (b) Leu260-Ile264 libraries by warfarin and EFV.



clones. Clone 5, used as positive control (because is 

the best clones of library Leu260 – Ile264), gave the 

highest signal in the screening library, while the other 

clones of the minor pocket (Fig 3.4.26(a)) gave 

lower signals than wild type HSA100. Conversely, 

most of the major pocket (Fig 3.4.26(b)) mutants 

perform better than wild type HSA100. This might 

suggest that the aromatic ring of EFV is placed in 

this pocket. Clone 5 gives the highest signal, 

together with clone 1. Clone 5 has a mutated 

arginine residue that may establish a cation-! 

interaction with the electron rich aromatic system of 

EFV, whereas clone 1 contains just an I264V mutation.   

• Fluorescence

" The binding activity was also confirmed by fluorescence quenching assay. This has been 

done in order to obtain quantitative data on binding. Both ELISA and SPR results should be 

regarded as qualitative experiments, since the signals might be affected by errors in the peptide 

concentrations that should be perfectly equal to allow a quantitative comparison. On the contrary, 

KD measurements carried out by fluorescence quenching, via titration of the peptide receptor with 

an excess ligand give results that are not affected by errors in the concentration of peptide, 

provided that the latter is kept well below the expected KD values. The experiments were by the 

way carried out on the major pocket library, as the SPR data showed that most of its clones were 

more active than wild type. The titrations with EFV and warfarin are reported in Fig 3.4.27 and the 

KD values obtained from Hill analysis are reported in Table 3.4.6. 

" Quantitative data were obtained on the major pocket clones: mutations at leucine 260 

and isoleucine 264 seem to affect binding of EFV in a more significant way, while the affinity for 

warfarin is not affected. This might be consistent with a recognition of EFV occurring mostly in the 

major pocket of HSA. On the other side, warfarin interacts with both the hydrophobic pocket of 

albumin with two aromatic rings, and with the polar entry of the site with its ionizable 1,3 dicarboxyl 

moiety: thus interactions at multiple sites make less important the major pocket for binding. Clone 

15 recognizes EFV and warfarin with equal affinity, and the affinity for EFV is enhanced three 

times with respect to wild type HSA100: an extra tryptophan and hystidine are present in its 

binding site.  

" Screening of other clones may provide better binders but also more details about EFV-

HSA structure complex.
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4.1 Experimental Procedures

4.1.1 Instrumentation 

Thin layer chromatography (TLC) were conducted on Merck pre-coated plastic sheets with 

0.25mm silica gel 60F-254. TLC plates were stained with aqueous permanganate solution, or 

iodine vapors, or examined under ultraviolet light UV (!=254).

Flash chromatography (FC) were carried out with Merck silica gel 60 (230-240 Mesh). 

The optical activity measurements ([!]) were performed with a Perkin-Elmer 261 

spectropolarimeter at the wavelength of sodium D band (! = 581 nm). 

Melting points (mp) were measured on a Büchi SMP-20 apparatus.

Nuclear magnetic resonance (NMR) 500 MHz 1H-NMR and 125 MHz 13C-NMR spectra were 

obtained on a Varian 500 spectrometer. 400 MHz 1H-NMR and 100 MHz 13C- NMR spectra were 

obtained on a Jeol JNM-EX400 instrument. 270 MHz 1H-NMR and 67.5 MHz 13C- NMR spectra 

were obtained on a Jeol JNM-EX270 spectrometer. Chemical shifts are reported in ppm using the 

solvent residual signal as an internal reference (ex. CDCl3: "H = 7.26 ppm, "C = 77.16 ppm). 

Coupling constants (J) are given in Hz. The resonance multiplicity is described as s (singlet), d 

(doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (double of triplets), ddt (doublet of 

doublet of triplets), qt (quartet of triplets), m (multiplet), br (broad signal).

Mass spectrometry measurements (MS) Electrospray Ionization (ESI) was performed on a Equire 

4000 (Bruker, Daltonics) spectrometer.

Infrared spectra (IR) were recorded on a Varian 660-IR FT-IR Spectometer dispersing the sample  

in nujol or dissolved in some drops of chloroform.

High-performance liquid chromatography (HPLC) analyses were run on a Agilent Hewlett 

Packard series 1100 liquid chromatograph equipped with a Millipore Waters Lambda-Max 481 LC 

Spectrophotometer detector.

Solid phase peptide syntheses were optimized on a CEM Liberty automated microwave peptide 

synthesizer.

Reverse Phase high-performance liquid chromatography (RP-HPLC) analyses were run on 

Amersham Pharmacia Biotech liquid chromatograph a equipped with UV Amersham detector.

Fluorescence spectra were recorded on a CARY Eclipse (Varian) spectrometer.

UV-visible spectra were recorded on a UV-1800 Spectometer (Shimadzu) spectrometer.
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Surface Plasmon Resonance experiments were run on BiacoreX100 (GE Healthcare Bio-

Sciences) instrument and analyzed with BiacoreX100 evaluation software.

Dynamic Laser Light Scattering measurements were performed on a Zetasizer nano-S 

(Malvern) instrument.

Isothermal Titration Calorimetry measurements were run on a VP-ITC Microcal (GE Healthcare 

Bio-Sciences) calorimeter.

4.1.2 Materials and General Methods 

Chemicals were purchased from, Aldrich, Fluka and Riedel and used as received. 

Solvents were purchased from JTBaker, Fluka and Aldrich, and deuterated solvents from Aldrich 

and Cambridge Isotope Laboratories. 

Solvents and reagents such as TMEDA, MeOH were predried and redistilled from CaH2; DCM was 

dried over CaCl2 and distilled; MTBE and petroleum ether were distilled from CaH2 and from Na/

benzophenone, THF was distilled from Na/benzophenone; anhydrous pyridine was obtained by 

refluxing the solvent over CaO and by distillation; DMF and CH3CN were bought as anhydrous 

from Sigma Aldrich. Other solvents were of synthetic grade. 

Low temperature baths were prepared using different solvent mixtures depending on the desired 

temperature: - 78°C: acetone/liquid N2; -10°C: ice/NaCl; 0°C: ice/H2O. 

When anhydrous conditions were required, reaction flasks were flame dried and placed under 

vacuum (aprox. 1 mmHg) using a Schlenk line and purged with Ar. To adjust the reaction flask!s 

necks silicon stoppers were used, and continuous flux of Ar was used to keep the inert 

atmosphere. The addition of reagents was done by means of plastic or crystal syringes.

Crimp cap Wheaton vials and 3kDA Amicon ultra 0.5 centrifugal filter were purchased from Sigma 

Aldrich. Spectra/Por3 Dialysis Membrane MWCO 3500 Da was purchased from Spectrumlabs.

HSA essentially free of fatty acids (A3782), (±)-warfarin (A2250) and all other reagents were 

purchased from Sigma–Aldrich. 

SPR reagents, buffers and the research-grade Sensor Chip CM5 were obtained from GE 

Healthcare Bio-Sciences.

4.1.3 Experimental Procedures

Cl

N
H

O

1

N-(4-Chlorophenyl)-2,2-dimethylpropanamide. 
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4- Chloroaniline (10.0 g, 78.3 mmol) was suspended into a mixture of tert-butyl methyl ether (46 

mL) and 30% aqueous sodium hydroxide (3.52 g, 87.8 mmol), and the mixture was cooled to 15 

°C. To the resulting slurry trimethylacetyl chloride (10.0 g, 85.0 mmol) was added over 1 h, keeping 

the temperature below 40 °C. After being stirred for 30 min at 30 °C, the slurry was cooled to -10 

°C and held at this temperature for 2 h. The product was collected by filtration, washed with a 

90/10 water/methanol mixture and water, dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo to give pivaloylamide (7.04 g, 88% yield) as a crystalline solid1 .

mp 152-153 °C (lit.2 145 °C); 

1H NMR (400 MHz, CDCl3) ! 1.31 (s, 9H, C(CH3)3), 7.27 (d, 2H, J= 8.9 Hz, CHCCl), 7.34 (br, 1H, 

NH), 7.48 (d, 2H, J= 8.9 Hz, CHCNH);

13C NMR (100 MHz, CDCl3) ! 27.71 (CH3), 39.77 (C(CH3)3), 121.37 (CHCNH), 129.05 (CHCCl),  

129.25 (CCl), 136.71 (CNH), 176.74 (CO); 

IR (cm-1) 3452, 3313, 1663;

MS (ESI, m/z) 211 [MH] +. 

Cl

NH2  *  HCl

HO OH

CF3

2

4-Chloro-2-trifluoroacetylaniline, hydrochloride hydrate.

Pivaloylamide 1 (5.0 g, 23.6 mmol) was added to a solution of anhydrous distilled TMEDA (2.7 g, 

23.6 mmol) in anhydrous MTBE (47 mL), and the mixture was cooled to -20 °C under an argon 

atmosphere. 1.6 N n-butyllithium in hexane was added (10.8 g, 59.0 mmol) to the cold slurry, 

keeping the temperature below 5 °C. The mixture was stirred at 0-5 °C for 2 h and cooled below 

-15 °C, and ethyl trifluoroacetate (3.78 g, 59.0 mol) was added rapidly. After 30 min, the resulting 

solution was quenched with 3 N HCl solution (27 mL), keeping the temperature below 25 °C. The 

organic solution was separated and concentrated in vacuo. The residue was redissolved in ethyl 

acetate and acetic acid (45 mL) was added. This solution was cooled to 30 °C, 12 N HCl (3.6 L, 

43.4 mol) was added, and the mixture was heated to 65-70 °C and held for 4 h. The resulting 

slurry was cooled to 5 °C, and the product was collected by filtration, washed with ethyl acetate, 

and dried in vacuo to give 5.4 g (82%) of the salt 2 as a white crystalline solid.

mp 161- 165 °C (lit.1 159-162 °C); 

1H NMR (500 MHz, MeOD) ! 7.49 (d, 1H, J= 8.5 Hz, CClCHCH), 7.69 (dd, 1H, J1= 8.4 Hz, J2= 2.4 

Hz, CHCHCNH2), 7.71 (s, 1H, CClCHC(CO));

13C NMR (125.4 MHz, MeOD) ! 122.73 (CCl), 128.22 ((CHCHCNH2), 130.82 (C(OH)2), 130.88 

(CC(OH)2), 131.71 (CHCC(OH)2), 133.02 (CClCHCH), 136.17 (CNH2);

IR (cm-1) 3201(broad),1626, 1595, 1558, 1509, 1486, 1174;

MS (ESI, m/z) 242 [MH] +, 264 [MNa] +. 
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Cl

NH2

CF3

O

 

3         

N-(4!-Methoxybenzyl)-4-chloro-2-(trifluoroacetyl)aniline. 

The hydrochloride salt 2 (1.87 g, 6.7 mmol) was added to a solution of sodium acetate (0.87 g, 

10.9 mmol) in water (2.2 mL) and tert- butyl methyl ether (11.2 mL). The heterogeneous mixture 

was stirred at room temperature for 30 min or until solids disappeared. The pH of the aqueous 

layer was kept in the 4.0-6.0 range by adding 6N HCl or 5N NaOH when needed. The organic 

layer was separated, washed with water, dried over anhydrous Na2SO4 and the solvent was 

removed in vacuo to give ketoaniline 3 (1.48 g, 99% yield) as a yellow solid1.

mp 97-100 °C (lit.1 159-162 °C); 

1H NMR (500 MHz, CDCl3) ! 6.46 (br, 2H, NH2), 6.70 (d, 1H, J= 9.0 Hz, CClCHCH), 7.32 (dd, 1H, 

J1= 9.0 Hz, J2= 2.3 Hz, CHCHCNH2), 7.70 (m, 1H, CClCHC(CO));

13C NMR (125.4 MHz, CDCl3) ! 111.56 (CCO), 115.73 (CF3), 118.05 (CCl), 119.16 (CHCHCNH2), 

130.20 (CHCCO), 137.02 (CClCHCH), 151.13 (CNH2), 176.96 (CO);

IR (cm-1) 3498, 3380, 1663, 1625, 1589, 1533, 1138; 

MS (ESI, m/z) 246 [MNa] +. 

HO N

Ph CH3

4

(1R,2S)-N-pyrrolidinylnorephedrine. 

A three-necked round-bottom flask equipped with a mechanical stirrer, a condenser with a Dean-

Stark trap, and a thermocouple was charged with toluene (11 mL), (1R, 2S)-(-)-norephedrine (2.0 

g, 13.2 mmol), 1,4-dibromobutane (3.14 g, 14.5 mmol), and sodium bicarbonate (2.4 g, 29.1 

mmol). The heterogeneous mixture was heated under reflux (110-118 °C) for 20 h. The batch was 

cooled to room temperature and filtered through a sintered glass funnel to remove inorganic solids. 

The waste cake was washed with 4mL of toluene. The combined filtrates were washed with water 

(8 mL). The organic layer was extracted with 30% aqueous citric acid. The aqueous layer was 

separated and transferred into another round-bottom flask containing 13 mL of toluene. NaOH (50 

wt %, 4.76 g) was added, slowly, keeping the temperature below 30 °C. The mixture was stirred for 

15 min, and the layers were separated. The aqueous layer (pH 12-12.5) was extracted with 

toluene. The organic layers were combined and washed with water. The organic solution was  

dried over Na2SO4 and evaporated in vacuo to afford 4 (2.2 g, 81% yield) as a pale yellow oil3.

[!]D = -14.2° [c=2.0, CH3OH] (lit.3 [!]D = -7.25° [c=2.0, CHCl3]);

1H NMR (270 MHz, CDCl3) ! 0.81 (d, 3H, J= 6.6 Hz, CH3), 1.81 (m, 4H, NCH2CH2), 2.49 (dq, 1H, 

J1= 6.6 Hz, J2= 3.1 Hz, CHCHCCH3), 2.62-2.68 (m, 2H, NCHaCH2), 2.83-2.77 (m, 2H, NCHbCH2),  

5.01 (d, 1H, J= 3.1 Hz, CHOH), 7.36-7.15 (m, 5H, Ar);
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13C NMR (125.4 MHz, CDCl3) ! 12.07 (CH3), 23.61 (NCH2CH2), 51.95 (NCH2CH2), 65.52 

(CHCHCCH3), 72.74 (CHOH), 125.89 (CH Ar), 126.81 (CH Ar), 128.08 (CH Ar), 141.81 (C Ar);

IR (cm-1) 3400, 2970, 2800, 1451, 1382, 1196, 749, 701; 

MS (ESI, m/z) 228 [MNa] +. 

Cl

NH2

F3C

OH

5

(S)-5-Chloro-!-(cyclopropylethynyl)-2-amino-!-(trifluoromethyl)benzenemethanol. 

Anhydrous THF (1 mL), 2,2,2-trifluoroethanol (62 "L, 0.85 mmol), and (1R,2S)-N-

pyrrolidinylnorephedrine (266 mg, 1.29 mmol) were mixed under an argon atmosphere. The 

mixture was cooled to 0°C, and diethylzinc (1.1 M in toluene, 970 "L, 1.1 mmol) was added slowly 

enough to keep the temperature below 30°C. A solution of chloromagnesium cyclopropylacetylide 

was prepared by reaction of cyclopropylacetylene (71 mg, 1.1 mmol) and n-butylmagnesium 

chloride (2.0 M in THF, 0.5 mL, 1.1 mol) at 0°C for 1 h. The solution was then transferred to the 

zinc reagent by a cannula which was then washed with THF (0.5 mL). The mixture was cooled to 

0°C, and ketoaniline 3 (0.2 g, 0.9 mmol) was added. The reaction mixture was quenched with 1 M 

citric acid (2 mL) after 15 h. Ethyl acetate was added and  the two layers were separated. The 

aqueous layer was stored for recovery of (1R,2S)-N-pyrrolidinylnorephedrine. The organic layer 

was washed with water, dried over Na2SO4 and evaporated in vacuo. Toluene was added and the 

solution was again evaporated in vacuo to remove all THF. Heptane was added slowly. The 

mixture was cooled to 0°C, and the resulting solid was collected by filtration, washed with heptane, 

and dried to give 235 mg of pure 5 as a white solid (91.0 % yield)4 . 

m.p. 140-142 °C (lit.4 139-141 °C); 

[!]D = -1.3° [c=0.3, CH3OH] (lit.2 [!]D = -28.3° [c=0.106, CH3OH]);

1H NMR (500 MHz, CDCl3) ! 0.81 (m, 2H, CH(CHaHb)2), 0.92 (m, 2H, CH(CHaHb)2), 1.39 (m, 1H, 

CH(CH2)2), 4.45 (br, 3H, OH, NH2), 6.62 (d, 1H, J= 8.6 Hz, CClCHCHCNH2), 7.12 (dd, 1H, J1= 8.9 

Hz, J2= 2.5 Hz, CClCHCHCNH2), 7.55 (d, 1H, J= 2.4 Hz CClCHCC(CF3));

13C NMR (125.4 MHz, CDCl3) ! 0.46 (CH(CH2)2, 8.73 (CH(CH2)2), 70.54 (C!CCH), 75.13 

(C!CCH), 120.69 (CCl), 120.65 (CClCHC), 123.21 (COH), 123.64 (CF3) 130.45 (CClCHCH), 

130.30 (CHCHCNH2), 143.77 (CNH2);

IR (cm-1) 3019, 3428, 3337, 2237, 1618, 1492, 1410, 1289, 1264, 1168, 1082;

MS (ESI, m/z) 290 [MH] +. 
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Cl

N
H

O

O

F3C

6

(S)-6-Chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-benzoxazin-2-one 

Amino alcohol 5 (120 mg, 0.37 mmol) was dissolved in dry THF (1.25 mL) under anhydrous 

conditions and cooled to 0 °C. N,N-diisopropylethylamine (DIEA) (205 !L, 1.14 mol) and 

triphosgene (40.3 mg, 0.14 mmol) were added to the solution. The reaction was stirred at 0 °C for 

1 h and then at room temperature for 72 h. Anhydrous ether (1,25 mL) was added, the mixture was 

cooled to 0 °C for 3 h, and the hydrochloride salt of DIEA was removed by filtration. The mother 

liquors were removed under reduced pressure, and the residue was dissolved in EtOAc (3.75 mL). 

The EtOAc solution was washed with 5% aqueous citric acid (2 " 2.5 mL), water, and saturated 

aqueous NaHCO3. The EtOAc layer was dried (Na2SO4) and filtered, and the solvent was removed 

under reduced pressure 5. The resulting red solid was dissolved in refluxing heptane, cooled slowly 

to 0°C to permit crystal growth. White crystals were filtered and washed with cold heptane to give 

126 mg of analytically pure efavirenz 6 as a white solid (98% yield). The enantiomeric excess was 

established by chiral HPLC analysis of compound 6 and efavirenz isolated from tablets (as 

described below) using Phenomenex Chiral Column Lux 5 !M Cellulose-2 250 " 4.6 mm. 10 mM 

samples were run with a hexane 75: isopropyl alcohol (iPrOH) 25 normal phase at 1 mL/min flow. 

UV detection (248 nm) allowed to identify the R/S enantiomer at 5.18 min and S/R enantiomer at 

6.09 min. The enantiomeric excess was 82.0% (to be campared with the 90.1% of the commercial 

reference).

mp 137-140 °C (lit.1 139-141 °C);

[!]D = -79° (c=0.3, CH3OH) (lit.2 [!]D = -94.1° [c=0.106, CH3OH]);

1H NMR (500 MHz, CDCl3) # 0.84 (m, 2H, CH(CHaHb)2), 0.95 (m, 2H, CH(CHaHb)2), 1.40 (m, 1H, 

CH(CH2)2), 6.66 (d, 1H, J= 8.5 Hz, CClCHCHCNH), 7.35 (dd, 1H, J1= 8.4 Hz, J2= 2.0 Hz, 

CClCHCHCNH), 7.55 (s, 1H, CClCHCC(CF3));

13C NMR (125.4 MHz, CDCl3) # 0.45 (CH(CH2)2, 8.95-8.97 (CH(CH2)2), 66.31 (C!CCH), 96.07 

(C!CCH), 115.28 (CCF3), 116.44 (CHCHCNH), 121.12 (CF3), 123.41 (CCCF3), 127.90 

(CClCHCC(CF3), 129.29 (CCl), 131.87 (CClCHCHCNH), 133.41 (CNH), 149.39 (O(C=O)NH);

IR (cm-1)  3315, 3019, 2400, 2250, 1742, 1602, 1499, 1192, 929;

MS (ESI, m/z) 338 [MNa] +. 

Cl

N
H

O

O

F3C

6
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(S)-6-Chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-benzoxazin-2-one 

Isolation of pure efavirenz 6 from SUSTIVA 600 mg was performed removing the yellow film 

coating from every pill. The white powder was mixed with silica gel in EtOH and the mixture was 

dried in vacuo. The residue was purified by silica gel column chromatography (elution with 

ethylacetate/diethylether 4:6) and then crystallized from reluxing heptane to yield the product as a 

white solid in 90% yield (540 mg).

mp 138-140 °C (lit.1 139-141 °C);

Rf =0.71 (petroleum ether - diethyl ether 8:2)

[!]D = -84° [c=0.3, CH3OH] (lit.2 [!]D = -94.1° [c=0.106, CH3OH]);

1H NMR (500 MHz, dmso-d6) ! 0.79 (m, 2H, CH(CHaHb)2), 0.98 (m, 2H, CH(CHaHb)2), 1.59 (m, 1H, 

CH(CH2)2), 6.99 (d, 1H, J= 8.6 Hz, CClCHCHCNH2), 7.35 (dd, 1H, J1= 8.6 Hz, J2= 2.3 Hz, 

CClCHCHCNH), 7.44 (s, 1H, CClCHCC(CF3)), 11.10 (br, 1H, NH);

13C NMR (125.4 MHz, dmso-d6) ! 0.10 (CH(CH2)2, 8.48-8.52 (CH(CH2)2), 65.97 (C!CCH), 95.5 

(C!CCH), 114.10 (CCF3), 117.01 (CHCHCNH), 122.12 (CF3), 123.41 (CCCF3), 126.59 

(CClCHCC(CF3), 126.76 (CCl), 132.05 (CClCHCHCNH), 135.11 (CNH), 146.30 (O(C=O)NH);

MS (ESI, m/z) 338 [MNa] +. 

Cl

N

O

O

F3C

O

O

7

(S)-(6-chloro-4-cyclopropylethynyl-2-oxo-4-trifluoromethyl-4H-benzo[d][1,3]oxazin-1-yl)-

acetic acid tert-butyl ester

A solution of tert-butylbromoacetate (60 "L, 0.36 mmol) in anhydrous DMF (1.5 mL) was added 

dropwise to a mixture of compound 6 (100 mg, 0.36 mmol) and potassium carbonate (160 mg, 

0.96 mmol) in DMF (1.5 mL) under an argon atmosphere. The reaction mixture was stirred 

overnight and the solvent was removed in vacuo to give the tert-butyl ester 7 as a yellow oil (135 

mg, 98%)6.

1H NMR (500 MHz, CDCl3) ! 0.84 (m, 2H, CH(CHaHb)2), 0.94 (m, 2H, CH(CHaHb)2), 1.39 (m, 1H, 

CH(CH2)2), 1.44 (s, 9H, O(CH3)3), 4.52 (AB, 2H, JAB= 17.8 Hz, NCH2CO), 6.66 (d, 1H, J= 8.8 Hz, 

CClCHCHCN), 7.39 (dd, 1H, J1= 8.8 Hz, J2= 2.4 Hz, CClCHCHN), 7.56 (d, 1H, J= 2.2 Hz 

CClCHCC(CF3));

13C NMR (125.4 MHz, CDCl3) ! -0.46 (CH(CH2)2, 8.90-8.92 (CH(CH2)2), 28.07 (O(CH3)3), 46.72 

(CH2(C=O)OCH3), 66.33 (C!CCH), 95.88 (C!CCH), 114.60 (CCF3), 117.42 (CHCHCN), 121.13 

(CF3), 123.42 (CCCF3), 128.40 (CClCHC), 129.21 (CCl), 131.55 (CClCHCH), 135.33 (CHCN), 

148.19 (O(C=O)N), 166.37 (COO(CH3)3);
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IR (cm-1) 3099, 2983, 2935, 2360, 2253, 2360, 2253, 1739, 1606, 1500, 1429, 1369,1332, 1197, 

1152, 909 

MS (ESI, m/z) 468 [MK] +. 

Cl

N

O

O

F3C

OH

O

8

(S)-(6-chloro-4-cyclopropylethynyl-2-oxo-4-trifluoromethyl-1,4-dihydrobenzo[d]

[1,3]oxazin-1-yl)-acetic acid 

The tert-butyl ester 7 (140 mg, 0.33 mmol) was stirred in a CH2Cl2 /trifluoroacetic acid (TFA) (1:1, 

20 mL) mixture for 1 h at room temperature before the solvent was removed in vacuo to afford the 

compound 8 as a white solid (120 mg, 98%)6.

[!]D = -43° (c=0.3, CH3OH);

1H NMR (500 MHz, MeOD) ! 0.80 (m, 2H, CH(CHaHb)2), 1.00 (m, 2H, CH(CHaHb)2),(m, 4H, 

CH(CH2)2), 1.51 (m, 1H, CH(CH2)2), 4.65 (AB, 2H, JAB= 18.2 Hz, NCH2CO), 7.04 (d, 1H, J= 8.6 Hz, 

CClCHCHCN), 7.54-7.52 (m, 2H, CClCHCC(CF3), CClCHCHN);

13C NMR (125.4 MHz, MeOD) ! -0.24 (CH(CH2)2), 9.14-9.18 (CH(CH2)2), 46.83 (CH2(C=O)OCH3), 

67.29 (C!CCH), 97.36 (C!CCH), 117.16 (CCF3), 118.29 (CHCHCN), 122.51 (CF3), 124.80 

(CCCF3), 128.57 (CClCHC), 130.18 (CCl), 132.89 (CClCHCH), 136.74 (CHCN), 149.93 

(O(C=O)N), 171.09 (COOH);

IR (cm-1) 3378 (broad), 1654,1016;

MS (ESI, m/z) 372 [M] -. 

H2N N
H

O

O

9

tert-butyl 5-aminopentylcarbamate

A solution of 1,5-diaminopentane (500 mg, 4.89 mmol) in triethylamine/distilled MeOH (1:7 v/v, 40 

mL) was stirred at 0 °C for 10 min. A solution of di-tert-butyl dicarbonate (318 mg, 1.46 mmol) in 

MeOH (20 mL) was added dropwise over 10 min. The mixture was stirred for 1 h under an Ar 

atmosphere. The temperature was allowed to gradually rise to room temperature, and the solution 

was stirred overnight. The solution was then evaporated under reduced pressure, and the residue 

was dissolved in CH2Cl2 and washed with deionized water. The organic layer was separated, dried 

over anhydrous Na2SO4, filtered, and concentrated to give a clear oil 9 (387mg, 39%) that was 

used in the next step without further purification7 .
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1H NMR (500 MHz, CDCl3) ! 1.28-1.49 (m, 15H, (CH2)3, (CH3)3), 2.64-2.67 (m, 2H, NHCH2), 3.08 

(m, 2H, NH2CH2), 4.62 (br, 1H, NH);

1H NMR (500 MHz, MeOD) ! 1.35-1.60 (m, 15H, (CH2)3, (CH3)3), 2.77 (m, 2H, NHCH2), 3.03 (m, 

2H, NH2CH2);

13C NMR (125.4 MHz, MeOD) ! 24.88 (NH2CH2CH2CH2), 28.80 (C(CH3)3), 30.73-30.59 

(NHCH2CH2, NH2CH2CH2), 41.07 (NHCH2), 41.47 (NH2CH2), 79.89 (C(CH3)3), 158.79 (C=O);

IR (cm-1) 3364, 2942, 2831, 1718, 1029;

MS (ESI, m/z) 203 [MH]+. 

Cl
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N
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10

tert-butyl 5-(2-((R)-6-chloro-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2-oxo-2H-benzo[d]

[1,3]oxazin-1(4H)-yl)acetamido)pentylcarbamate

The acid analogue of efavirenz 8 (190 mg, 0.51 mmol)) was stirred in dry CH3CN (3.4 mL) under 

argon an atmosphere. HOBt (69 mg, 0.51 mmol) and NMM (112 "L, 1.02 mmol) while keeping the  

pH at 8-8.5. The mixture was cooled to 0°C, EDC-Cl (117 mg, 0.61 mmol) and N-Boc-cadaverine 9 

(103 mg, 0.51 mmol) were added. The mixture was stirred for 1h at 0°C then was allowed to reach 

room temperature and stirred for additional 16 hours. Then the solvent was removed by distillation 

under reduced pressure and the crude mixture was partitioned between ethyl acetate and water, 

the organic layer was washed with 10% aq citric acid 10% (w/v), saturated NaHCO3, brine and 

dried over anhydrous Na2SO4. The solvent was removed to regain the compound 10 as a white 

solid (171 mg, 60 %).

1H NMR (400 MHz, CDCl3) ! 0.85 (m, 2H, CH(CHaHb)2), 0.96 (m, 2H, CH(CHaHb)2), 1.42 (m, 16H, 

(CH3)3, (C=O)NH(CH2)3, CH(CH2)2), 3.06 (m, 2H, (CH2NH(C=O)OC(CH3)3), 3.22 (m, 2H, 

((C=O)NHCH2), 4.44 (AB, 2H, JAB= 16.2 Hz, NCH2CO), 6.30 (br, 1H, CH2(C=O)NH), 7.10 (d, 1H, 

J= 8.7 Hz, CClCHCHCN), 7.43 (dd, 1H, J1= 8.8 Hz, J2= 2.0 Hz, CClCHCHN), 7.54 (d, 1H, J= 1.8 

Hz CClCHCC(CF3));

13C NMR (100 MHz, CDCl3) ! -0.49 (CH(CH2)2, 8.99 (CH(CH2)2), 28.54 (O(CH3)3), 29.71-29.01 

(C=O)NH(CH2)3, 39.62 ((C=O)NHCH2), 40.37 (CH2NH(C=O)OC(CH3)3), 49.23 (CH2(C=O)NH),  

65.88 (C!CCH), 95.36 (C!CCH), 116.07 (CCF3), 117.51 (CHCHCN), 120.84 (CF3), 122.80 

(CCCF3), 128.18 (CClCHC), 129.93 (CCl), 132.05 (CClCHCH), 135.15 (CHCN), 149.07 

(O(C=O)N), 156.46 (CH2(C=O)NHCH2), 166.89 (COO(CH3)3);

IR (cm-1) 3583, 3583, 3362, 2935, 2831, 2255, 1723, 1495, 1201, 1029;

MS (ESI, m/z) 558 [MH]+. 
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N-(5-aminopentyl)-2-((R)-6-chloro-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2-oxo-2H-

benzo[d][1,3]oxazin-1(4H)-yl)acetamide

Compound 10 (150 mg, 0.27 mmol) was stirred in 50% TFA/CH2Cl2 for 30 min at rt. The solvents 

were removed under vacuum. The solid residue obtained was dried under vacuum to obtain brown 

solid 11 (125 mg, 100% yield).

[!]D = -22 (c=0.3, CH3OH)

1H NMR (500 MHz, CDCl3) ! 0.78 (m, 2H, CH(CHaHb)2), 0.93 (m, 2H, CH(CHaHb)2), 1.34 (m, 4H, 

CH2CH2CH2NH3
+, CH(CH2)2), 1.47 (m, 2H, (C=O)NHCH2CH2), 1.63 (m, 2H, CH2CH2NH3

+), 2.93 

(m, 2H, (CH2NH3
+), 4.50 (AB, 2H, JAB= 16.6 Hz, NCH2CO), 3.20 (m, 2H, ((C=O)NHCH2),  6.38 (br, 

1H, CH2(C=O)NH), 6.89 (d, 1H, J= 8.7 Hz, CClCHCHCN), 7.40 (dd, 1H, J1= 8.8 Hz, J2= 2.0 Hz, 

CClCHCHN), 7.50 (d, 1H, J= 1.7 Hz CClCHCC(CF3)), 7.65 (br, 3H, CH2NH3
+);

13C NMR (125.4 MHz, CDCl3) ! -0.64 (CH(CH2)2, 8.89-8.87 (CH(CH2)2), 23.29 (CH2CH2CH2NH2),  

26.68 (CH2CH2NH2), 28.23 ((C=O)NHCH2CH2), 39.29 ((C=O)NHCH2), 39.88 (CH2NH2), 47.46 

(CH2(C=O)NH), 65.89 (C!CCH), 95.40 (C!CCH), 115.70 (CCF3), 117.09 (CHCHCN), 121.11 

(CF3), 123.39 (CCCF3), 128.05 (CClCHC), 129.71 (CCl), 131.97 (CClCHCH), 135.23 (CHCN),  

149.20 (O(C=O)N), 161.43 (CH2(C=O)NHCH2), 167.31 (COO(CH3)3);

IR (cm-1) 3583, 3018, 2928, 2250, 1729, 1498, 1198;

MS (ESI, m/z) 458 [MH]+, 480 [MNa]+. 

S
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12

tert-butyl 5-(5-((3aR,6S,6aS)-hexahydro-2-oxo-1H-thieno[3,4-d]imidazol-6-yl)pentanamido 

pentylcarbamate

Biotin (447 mg, 1.83 mmol)) was stirred in dry CH3CN (6.2 mL) under an argon atmosphere. HOBt 

(247 mg, 1.83 mmol) and NMM (402 "L, 3.66 mmol) were added while keeping the pH at 8-8.5. 

The mixture was cooled to 0°C, EDC-Cl (421 mg, 2.2 mmol) and N-Boc-cadaverine 19 (370 mg, 

1.83 mmol)were added. The mixture was stirred for 1h at 0°C then was allowed to reach room 

temperature and stirred for additional 16 hours. Then the solvent was removed, the solid residue 

was washed with acetone and filtered to regain brown solid 12 (318mg, 40 %)8 .
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1H NMR (400 MHz, DMSO-d6) ! 1.20-1.61 (m, 17H, SCHCH2CH2  - CH2CH2CH2CH2CH2NHBoc), 

1.98-2.20 (m, 6H, (CH2)3CONHbiotin), 2.50-2.59 (m, 2H, CHCH2S), 2.73-2.88 (m, 2H, 

CH2NHCOO), 3.00-3.16 (m, 3H, CHCHS - CONHCH2), 4.13 (m, 1H, CHCHS), 4.30 (m, 1H, 

CHCH2S),  6.37 (br, 1H, NHCONH), 6.44 (br, 1H, NHCONH), 6.74 (br, 1H, NHBoc), 7.75 (br, 1H, 

NHCO)9;

13C NMR (100 MHz-DMSO-d6) ! 25.40 (CH2CH2CH2CH2CH2), 25.47 (NHCOCH2CH2 (CH2)2CHS), 

2 5 . 9 0 ( N H C O ( C H 2 ) 3 C H 2 C H S , 2 5 . 5 2 ( N H C O ( C H 2 ) 3 C H 2 C H S ) , 2 7 . 6 6 - 2 8 . 3 1 

(NHBocCH2CH2(CH2)3NHCO), 30.73 (CH3), 35.27 (NHCOCH2), 54.94 (CH2NHCO), 55.10 

(CH2NHBoc), 55.49 (CHS), 56.48 (NHCHCH2S), 59.26 (NHCHCHS), 61.12 (CH2S), 68.60 

(C(CH3)3), 162.80 (COBoc), 171.91 (NHCONH), 174.50 (NHCOCH2);

IR (cm-1): 3320 (NH), 1790 (C=O), 1735, 1710;

MS (ESI, m/z): 451 [MNa]+, 467 [MK]+.
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13

ter t -buty l 5 - (5 - ( (3aR ,6S ,6aS ) -hexahydro-2-oxo-1H - th ieno[3 ,4-d ] imidazol -6 -

yl)pentanamido)pentylcarbamate

Compound 12 was stirred in 50% TFA/CH2Cl2 for 2 h at rt. The solvents were removed under 

vacuum. The solid residue obtained was dried under vacuum to obtain brown solid 13 (244 mg, 

100% yield)8.

1H NMR (400 MHz, DMSO-d6) ! 1.17-1.64 (m , 12H, NH3
+CH2CH2CH2CH2CH2-

NHCOCH2CH2CH2CH2), 1.98-2.08 (m, 2H, CH2CONH), 2.50-2.59 (m, 2H, CH2NH3
+), 2.75-2.84 

(m, 2H, CHCH2S), 2.97-3.10 (m, 3H, CHCHS-CONHCH2), 4.14-4.30 (m, 5H, CHCH2S-CHCHS-

NH3
+),  6.43 (br, 2H, NHCONH), 7.70 (br, 1H, NHCO); 

13C NMR (125.4 MHz, DMSO-d6) ! 24.07 (CH2CH2CH2CH2CH2), 25.24 (NHCOCH2CH2 

(CH2)2CHS), 25.51 (NHCO(CH2)3CH2CHS), 25.91 (NHCO(CH2)3CH2CHS, 29.06 

(NH2CH2CH2(CH2)3NHCO), 34.04 (CH2CONH), 39.63 (CH2NH2), 42.77 (CH2S), 53.34 

(NHCHCHS), 56.23 (NHCHCH2S), 58.53 (CH2NHCO), 70.20 (CHS), 173.66 (NHCONH), 174.98 

(NHCOCH2);

IR (cm-1) 3340, 2945, 2833, 1700, 1684, 1633, 1450;

MS (ESI, m/z) 329 [MH]+. 
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N-(5-(2-((R)-6-chloro-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2-oxo-2H-benzo[d]

[1,3]oxazin-1(4H)-yl)acetamido)pentyl)-5-((3aS,4R,6aR)-hexahydro-2-oxo-1H-thieno[3,4-

d]imidazol-4-yl)pentanamide

Compound 8 (118 mg, 0.32 mmol)) was dissolved under anhydrous atmosphere in dry DMF (2.5 

mL) and kept at 0 °C for 10 minutes. HOBt (43 mg, 0.32 mmol) and NMM (64 !L, 0.63 mmol) were 

added while keeping the pH at 8.5 for further 10 minutes. EDC-Cl (73 mg, 0.38 mmol) and 

compound 13 (104 mg, 0.32 mmol) were added. The mixture was stirred for 1h at 0°C and then for 

16 hours at room temperature. The solvent was removed by distillation under reduced pressure 

and the crude mixture was partitioned between ethyl acetate and water, the organic layer was 

washed with 10% aq citric acid 10% (w/v), saturated NaHCO3, brine and dried over anhydrous 

Na2SO4. The solvent was removed to obtain the solid brown compound 14 (120 mg, 55%)

["]D = -5.3 (c=0.3, CH3OH)

1H NMR (500 MHz, DMSO-d6) # 0.78 (m, 2H, CH(CHaHb)2), 0.97 (m, 2H, CH(CHaHb)2), 1.16-1.65 

(m, 13H, ((C=O)NHCH2(CH2)3CH2NH(C=O)CH2(CH2)3, CH(CH2)2), 2.04 (t, 2H, J= 7.4 Hz,

(CH2)3CH2NH(C=O)CH2), 2.57 (d, 2H, J= 12.4 Hz, CHCH2S), 2.81 (m , 1H, CHCHS), 3.11-2.98 (m, 

4H, (NCH2(C=O)NHCH2(CH2)3CH2NH(C=O)), 4.12 (m , 1H, CHCHS), 4.30 (m, 1H, CHCH2S), 4.49 

(AB, 2H, JAB= 16.6 Hz, NCH2 (C=O)NH), 6.34 (br, 1H, NHCONH), 6.40 (br, 1H, NHCONH), 7.02 

(d, 1H, J= 9.0 Hz, CClCHCHCN), 7.52 (br, 1H, CH2CH2(C=O)NH), 7.56-7.59 (m, 1H, CClCHCHN), 

7.63-7.67 (m, 1H, CClCHCC(CF3)), 7.70 (br, 1H, CH2(C=O)NH);

13C NMR (125.4 MHz, DMSO-d6) # -1 .26 (CH(CH2)2, 8 .57-8.53 (CH(CH2)2) , 

28.81-28.64-28.21-28.03-25.31-23.71 ((C=O)NHCH2(CH2)3NH(C=O)(CH2)3), 35.20 

(NH(C=O)CH2), 38.61 ((C=O)NHCH2), 38.26 (CH2 NH(C=O)), 46.83 (CH2(C=O)NH),   52.41 (CHS), 

55.41 (NHCHCH2S), 59.17 (NHCHCHS), 61.02 (CH2S), 65.70 (C!CCH), 96.07 (C!CCH),  115.86 

(CCF3), 117.23 (CHCHCN), 125.42 (CF3), 126.65 (CCCF3), 127.59 (CClCHC), 128.07 (CCl),     

131.88 (CClCHCH), 135.79 (CHCN), 162.66 (O(C=O)N), 165.55 (CH2CONHCH2), 

168.01(NHCONH), 171.77 (CH2NHCOCH2);

IR (cm-1): 3300, 3019, 2929, 2400, 2251, 1790, 1736, 1709, 1499, 1428; 

MS (ESI, m/z): 706 [MNa]+.
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(R)-2-(2-amino-5-chlorophenyl)-7-chloro-1,1,1-trifluorohept-3-yn-2-ol

(1R,2S)-N-pyrrolidinylnorephedrine 4 (929 mg, 4.53 mmol) was dissolved under argon in freshly 

distilled THF (3.5 mL). The mixture was cooled to 0°C, and diethylzinc (1.1 M in toluene, 3.4 mL, 

3.75 mmol) was added slowly enough to keep the temperature below 30°C over 45 min. Then 

2,2,2-trifluoroethanol (220 !L, 2.97 mmol) was added slowly to the mixture at 0°C, and stirring was 

continued for 30 min. 

Independently, a solution of n-butylmagnesium chloride (2 M in THF, 1.9 mL, 3.8 mol) was added 

dropwise to neat chloropropylacetylene (394 !L, 3.8 mmol) under argon for 30 min at -30°C and 

then for 30 min at 0°C. The cold solution of chloromagnesium acetylide was then transferred over 

20 min to the zinc reagent by a cannula which was then washed with THF (2.0 mL). After 10 min, a 

solution of compound 3 (700 mg, 3.2 mmol) in THF (1.2 mL) was added to the reaction mixture by 

cannula to give a red mixture. After 16 h, the reaction was cooled at "30°C and an aqueous 

solution of citric acid (5%, 10 mL) was added. The solution was warmed to RT, the two layers were 

separated and the organic layer was diluted with Et2O and washed with water 

(20 mL), dried over anhydrous Na2SO4, filtered and evaporated to dryness. The resulting oil was 

then purified by column chromatography (petroleum ether - ethyl acetate, from 9:1 to 6:4) to give 

the amino alcohol 15 (615 mg, 60 % yield) as a white solid6. 

mp: 145°C; 

Rf =0.23 (DCM)

1H NMR (500 MHz, CDCl3) # 2.01 (m, 2H, C!CCH2CH2CH2Cl), 2.51 (m, 2H, C!CCH2CH2CH2Cl), 

3.65 (m, 2H, C!CCH2CH2CH2Cl), 4.96 (br, 3H, NH3
+), 6.54 (d, 1H, J= 8.5 Hz, CClCHCHCN), 7.07 

(d, 1H, J= 8.5 Hz, CClCHCHN), 7.51 (br, 1H, CClCHCC(CF3));

13C NMR (125.4 MHz, CDCl3) # 16.08 (C!CCH2CH2CH2Cl), 30.59 (C!CCH2CH2CH2Cl), 43.42 

(C!CCH2CH2CH2Cl), 76.88 (COH)), 60.75 (C!CCH), 88.33 (C!CCH), 120.90 (CClCHC), 122.98 

(CCl), 123.88 (CF3), 130.05 (CHCHCNH2), 130.28 (CClCHCH), 143.39 (CNH2);

IR (cm-1): 3583, 3019, 2360;

MS (ESI, m/z): 348 [MNa]+.
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(R)-6-chloro-4-(5-chloropent-1-ynyl)-4-(trifluoromethyl)-1H-benzo[d][1,3]oxazin-2(4H)-one

Amino alcohol 15 (666 mg, 2.0 mmol) was dissolved in dry THF (7.0 mL) under anhydrous 

conditions and cooled to 0 °C. N,N-diisopropylethylamine (DIEA) (1.1 mL, 6.3 mmol) and 

triphosgene (224 mg, 0.75 mmol) were added to the solution. The reaction was stirred at 0 °C for 1 

h and then at room temperature for 72 h. Anhydrous ether (7.0 mL) was added, the mixture was 

cooled to 0 °C for 3 h, and the hydrochloride salt of DIEA was removed by filtration. The mother 

liquors were removed under reduced pressure, and the residue was dissolved in EtOAc. The 

EtOAc solution was washed with 5% aqueous citric acid, water, and saturated aqueous NaHCO3. 

The EtOAc layer was dried (Na2SO4) and filtered, and the solvent was removed under reduced 

pressure. The resulting red slurry was then purified by column chromatography (DCM) to give a 

grey powder (615 mg, 92 % yield).

Rf =0.09 (DCM)

[!]D = -3.3 (c=0.3, CH3OH) (lit.6 [!]D = -51.° [c=2.0, CHCl3])

1H NMR (500 MHz, CDCl3) !  2.06 (dt, 2H, J1 ! J2 ! 6.5 Hz, C!CCH2CH2CH2Cl), 2.59 (t, 2H, J2= 

6.9 Hz, C!CCH2CH2CH2Cl), 3.65 (t, 2H, J1= 6.2 Hz, C!CCH2CH2CH2Cl), 6.88 (d, 1H, J= 8.5 Hz, 

CClCHCHCNH2), 7.37 (dd, 1H, J1= 8.5 Hz, J2= 2.2 Hz, CClCHCHCNH), 7.50 (d, 1H, J2= 1.5 Hz, 

CClCHCC(CF3)), 9.12 (br, 1H, NH);  

13C NMR (125.4 MHz, CDCl3) ! 16.35 (C!CCH2CH2CH2Cl), 30.55 (C!CCH2CH2CH2Cl), 43.31 

(C!CCH2CH2CH2Cl), 72.52 (C!CCH), 90.95 (C!CCH), 111.83 (CCF3), 116.44 (CHCHCNH), 

120.15 (CF3), 125.82 (CCCF3), 127.87 (CClCHCC(CF3), 129.41 (CCl), 132.00 (CClCHCHCNH), 

133.43 (CNH), 148.71 (O(C=O)NH);      

IR (cm-1): 3583, 3019, 2966, 2401, 2254, 1705, 1500  1216, 1045, 765, 666

MS (ESI, m/z): 374 [MNa]+.

O

O

17

3-butenyl benzoate

3-buten-1-ol (0.8 mL, 9.3 mmol) and triethylamine (2.6 mL, 18.6 mmol) were dissolved in dry DCM 

(6.7 mL) under anhydrous atmosphere. Benzoyl chloride (1.0 mL, 8.65 mmol) was added dropwise 

to this solution cooled in ice-water bath over 10 min. The reaction mixture was stirred for additional 

50 min at 0 ˚C, and at room temperature for 3 h. The reaction mixture was poured into 1 N HCl (20 

mL), and extracted with diethyl ether (20 mL). The organic layer was washed with satured 

NaHCO3, and dried over anhydrous Na2SO4. After evaporation of the solvent under reduced 
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pressure, the components of the residue were separated by column chromatography on silica gel. 

Elution with petroleum ether-ethyl acetate (95:5) gave 3-butenyl benzoate 17 (1.4 g, 86%) as a 

colourless oil 10.

Rf =0.41 (petroleum ether - ethyl acetate 95:5)

1H NMR (500 MHz, CDCl3) ! 2.53 (qt, 2H, J1 = 6.7 Hz, J2 = 1.1 Hz, C=OOCH2CH2), 4.38 (t, 2H, J1 

= 6.8 Hz, C=OOCH2CH2), 5.11 (dd, 1H, Jcis = 10.3 Hz, J2 = 1.2 Hz, CHc=CHaHb), 5.18 (dd, 1H, Jtrans 

= 17.1 Hz, J2 = 1.2 Hz, CHc=CHaHb), 5.88 (ddt, 1H, Jtrans = 17.1 Hz, Jcis = 10.3 Hz, J1 = 6.8 Hz,  

CHc=CHaHb), 7.43 (m, 2H, J= 7.6 Hz, Ar CHCHCHC(C=O)), 7.55 (t, 1H, J= 7.6 Hz, Ar 

CHCHCHC(C=O)), 8.04 (m, 2H,  Ar CHCHCHC(C=O));

13C NMR (125.4 MHz, CDCl3) ! 33.29 (C=OOCH2CH2), 64.08 (C=OOCH2CH2), 117.44 

(CHc=CHaHb), 128.43 Ar CHCHCHC(C=O)), 129.66 (Ar CHCHCHC(C=O)), 130.47 (Ar 

CHCHCHC(C=O)), 132.97 (Ar CHCHCHC(C=O)), 134.15 (CHc=CHaHb), 166.64 (C=O). 

O

O
BF3K

18

Potassium 4-(Benzoyloxy)butyltrifluoroborate 

But-3-enyl benzoate 17 (1.6 g, 9.0 mmol) was placed in a reaction flask was fitted with a reflux 

condenser in CH2Cl2 (4.5 mL). HBBr2-SMe2 (9.0 mL, 1 M in CH2Cl2, 9.0 mmol) was added slowly, 

and the mixture was heated to reflux for 4 h. The reaction was allowed to cool to rt and then cooled 

to 0 °C, and a cooled solution of solution of H2O (2 mL) in Et2O (6.6 mL) was added via a double-

ended needle. The resulting mixture was stirred for 30 min, and then the organic layer was 

separated. The aqueous layer was extracted with Et2O. The organic extracts were combined and 

washed with H2O. The resulting crude boronic acid was then dissolved in MeOH (23 mL) and 

cooled to 0 °C. Saturated aqueous KHF2 (8.1 mL, 4.5 M) was added  dropwise, and the reaction 

mixture was allowed to warm to rt. After 30 min, the solution was concentrated in vacuo. The 

resulting dried white solid was triturated with hot acetone and filtered to remove inorganic salts. 

The resulting solution was concentrated until the trifluoroborate was minimally soluble in acetone. 

Et2O was added to precipitate the product. The pure alkyltrifluoroborate salt 18 was filtered and 

dried in vacuo and obtained as a white crystalline solid in 70% yield (1.8 g)11 .

mp 186 °C (lit.11 187-189 °C);

1H NMR (500 MHz, acetone-d6) ! 0.18 (m, 2H, CH2CH2BF3), 1.38 (m, 2H, CH2CH2BF3), 1.69 (m, 

2H, C=OOCH2CH2), 4.23 (t, 2H, J= 6.9 Hz, C=OOCH2CH2), 7.46 (m, 2H, J= 7.4 Hz, Ar 

CHCHCHC(C=O)), 7.57 (t, 1H, J= 7.4 Hz, Ar CHCHCHC(C=O)), 7.98 (d, 2H, J= 7.4 Hz Ar 

CHCHCHC(C=O));

13C NMR (125.4 MHz, acetone-d6) ! 22.58 (CH2CH2BF3), 32.06 (C=OOCH2CH2), 65.47 

(C=OOCH2CH2), 128.40 Ar CHCHCHC(C=O)), 129.20 (Ar CHCHCHC(C=O)), 130.89 (Ar 

CHCHCHC(C=O)), 132.70 (Ar CHCHCHC(C=O)), 166.03 (C=O).    
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4-((R)-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2,4-dihydro-2-oxo-1H-benzo[d]

[1,3]oxazin-6-yl)butyl benzoate

Pd(OAc)2 (1.6 mg, 7.0!10-3 mmol) and RuPhos (6.5 mg, 7.0!10-3 mmol) were disssolved 

respectively in toluene (1 mL!2), previously distilled and flushed with argon, and poured in a 

Schlenk tube under anhydrous atmosphere and at room temperature. After 15 minutes the red-

orange solution turns into dark brick-red and efavirenz 6 (111 mg, 0.35 mmol), potassium 4-

(benzoyloxy)butyltrifluoroborate 18 (100 mg, 0.35 mmol) and K2CO2 (145 mg, 1.1 mmol), dissolved 

into water (0.2 mL), were added. The reaction was heated to 80 °C for 24 h. The reaction mixture 

was allowed to cool to rt and filtered over a celite pad. The organic phase was then separated and 

the aqueous layer was washed with ethyl acetate (3 ! 1 mL). The resulting light yellow solution 

was concentrated and purified by silica gel column chromatography (elution with petroleum ether/ 

diethylether 8:2) to yield the product as a white solid in 40% yield (64 mg)11.

Rf =0.26 (petroleum ether - diethyl ether 8:2),

[!]D = +4.5 (c=0.2, CH3OH)

1H NMR (500 MHz, CDCl3) " 1.10 (m, 2H, CH(CHaHb)2), 1.22 (m, 2H, CH(CHaHb)2), 1.87 (m, 4H, 

CH2CH2CH2CH2), 2.26 (m, 1H, CH(CH2)2), 2.89 (m, 2H, CH2CH2C), 4.37 (m, 2H, OCH2CH2), 7.43 

(t, 2H, J1= 7.9 Hz, J2= 7.6 Hz CHCHC(CO)CHCH Bz), 7.48 (s, 1H, CCHCC(CF3)), 7.55 (t, 1H, J= 

7.4 Hz, CHCHCHC(CO) Bz), 7.59 (dd, 1H, J1= 8.6 Hz, J2= 1.5 Hz, CCHCHCNH efv), 7.82 (br, 1H, 

NH efv), 7.97 (d, 1H, J= 8.65 Hz CCHCHCNH efv), 8.04 (dd, 2H, J1= 7.9 Hz, J2= 1.1 Hz 

CHC(CO)CH Bz);

13C NMR (125.4 MHz, CDCl3) " 10.80 (CH(CH2)2), 18.17 (CH(CH2)2), 27.85-28.45 

(CH2CH2CH2CH2), 35.87 (CH2CH2C), 64.80 (OCH2CH2), 117.12 (CCHCC(CF3)), 122.45 (CF3), 

121.53 (C!CCH), 124.90 (C!CCH), 126.68 (CCHCHCNH efv), 126.94 (CHCC(CF3)), 128.46 

(CHCHC(CO)CHCH Bz), 129.66 (CHC(CO)CH Bz), 130.50 (C(CF3)), 131.40 (CCHCHCNH efv), 

132.99 (CHCHCHC(CO) Bz), 133.40 (CH)2CCO), 133.65 (CH2C(CH)2 efv), 140.86 (CHCNH efv), 

147.90 (CCOO Bz), 162.16 (OCONH efv), 166.75 (CO Bz);

IR (cm-1): 3582, 3064, 3007, 2944, 2862, 1720, 1613, 1452, 1409, 1275, 1131, 712.
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(R)-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-6-(4-hydroxybutyl)-1H-benzo[d]

[1,3]oxazin-2(4H)-one

The protected compound 19 (240 mg, 0.52 mmol) was added to a solution of NaOH (474 mg, 11.9 

mmol) in MeOH (20 mL) and the resulting mixture was stirred at room temperature for 3 hours. 

After evaporation of the solvent in vacuo and addition of water, the product was extracted with 

ethyl acetate. The combined organic fractions were dried over anhydrous Na2SO4 and the solvent 

was removed to yield a pale yellow solid 88% (187 mg, 0.53 mmol)12.

Rf =0.20 (petroleum ether - diethylether 1:1);

1H NMR (500 MHz, CDCl3) ! 1.10 (m, 2H, CH(CHaHb)2), 1.21 (m, 2H, CH(CHaHb)2), 1.62-167 (m, 

2H, HOCH2CH2CH2CH2), 1.76-1.82 (m, 2H, HOCH2CH2CH2CH2), 2.26 (m, 1H, CH(CH2)2), 2.84 (t, 

2H, J= 7.6 Hz, CH2CH2C), 3.69 (t, 2H, J= 6.5 Hz, HOCH2CH2), 7.46 (s, 1H, CCHCCC(CF3)), 7.58 

(dd, 1H, J1= 8.7 Hz, J2= 1.7 Hz, CCHCHCNH), 7.79 (br, 1H, NH), 7.96 (d, 1H, J= 8.7 Hz, 

CCHCHCNH);

13C NMR (125.4 MHz, CDCl3) ! 10.77 (CH(CH2)2), 18.17 (CH(CH2)2), 27.56 (HOCH2CH2CH2CH2), 

32.40 (HOCH2CH2CH2CH2), 36.05 (HOCH2CH2CH2CH2), 62.81 (HOCH2CH2), 116.99 

(CCHCC(CF3)), 121.55 (C!CCH), 122.40 (CF3), 125.49 (CHCC(CF3)), 124.92 (C!CCH), 129.54 

(CCHCHCNH), 131.49 (CCHCHCNH), 133.46 (C(CF3)), 141.21 (CH2C(CH)2 efv), 147.84 

(CHCNH), 162.11 (OCONH);

IR (cm-1) 3582, 3343 (broad), 2936, 2863, 1614, 1505, 1410, 1317, 1261, 1133.
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4-((R)-4-(2-cyclopropylethynyl)-4-(trifluoromethyl)-2,4-dihydro-2-oxo-1H-benzo[d]

[1,3]oxazin-6-yl)butyl methanesulfonate

The alcohol 20 (150 mg, 0.43 mmol) and triethylamine (120 "l, 0.85 mmol) were dissolved in 

anhydrous DCM under argon. The solution was cooled to 0°C, and methansulfonyl chloride (49 "l, 

0.64 mmol) was added dropwise. The reaction was allowed to warm to r.t. and was monitored by 

TLC for disappearance of starting material stirred. After 3 hours the reaction was complete and 

then the solvent was evaporated under vacuum. Ethyl acetate was added, the solution was 

washed with distilled water, satured solution of NaHCO3 and NaCl, dried (Na2SO4) and 

evaporated. The salmon pink powder 21 (181 mg, 0.43mmol) was obtained yield 99%13.

Rf =0.41 (diethyl ether - dichloromethane - petroleum ether 6:2:2);

1H NMR (500 MHz, CDCl3) ! 1.10 (m, 2H, CH(CHaHb)2), 1.21 (m, 2H, CH(CHaHb)2), 1.83 (m, 4H, 

CH3SO2OCH2CH2CH2CH2), 2.26 (m, 1H, CH(CH2)2), 2.85 (m, 2H, CH2CH2C), 2.99 (s, 3H, 

CH3SO2O), 4.26 (m, 2H,  CH3SO2OCH2CH2), 7.48 (s, 1H, CCHCCC(CF3)), 7.56 (d, 1H, J= 8.7 Hz, 

CCHCHCNH), 7.78 (br, 1H, NH), 7.96 (d, 1H, J= 8.6 Hz, CCHCHCNH);
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13C NMR (125.4 MHz, CDCl3) ! 10.85 (CH(CH2)2), 18.20 (CH(CH2)2), 28.77-27.22 

(HOCH2CH2CH2CH2), 35.58 (HOCH2CH2CH2CH2), 37.55 (CH3SO2OCH2CH2), 69.74 

(CH3SO2OCH2CH2), 117.18 (CCHCCC(CF3)), 121.51 (C!CCH), 123.82 (CF3), 125.14 

(CHCC(CF3)), 124.92 (C!CCH), 129.79 (CCHCHCNH), 130.99 (C(CF3)), 131.30 (CCHCHCNH), 

140.30 (CH2C(CH)2), 147.90 (CHCNH), 162.31 (OCONH efv);

IR (cm-1) 3583, 2935, 2861, 2360 1615, 1505, 1410, 1354, 1317, 1174, 1131, 946.
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(R ) -6-(4-azidobutyl)-4-(2-cyclopropylethynyl)-4-(tr ifluoromethyl)-1H -benzo[d ]

[1,3]oxazin-2(4H)-one

Compound 21 (180 mg, 0.42 mmol) was dissolved in 10 mL of DMSO. Sodium azide (54 mg, 0.84 

mmol) and 18-crown-6 (111 mg, 0.42 mmol) were added and the solution was heated up to 80 °C 

overnight. Distilled water was added and the aqueous layer was extracted with ethyl acetate. The 

combined organic fractions were washed with a saturated solution of NaCl, dried over Na2SO4 and 

concentrated to dryness. Azide compound 22 was gained as a white solid (120mg, 75%)14.

Rf =0.66 (diethyl ether - dichloromethane - petroleum ether 6:2:2);

1H NMR (500 MHz, CDCl3) ! 1.11 (m, 2H, CH(CHaHb)2), 1.22 (m, 2H, CH(CHaHb)2), 1.67 (m, 2H, 

N3CH2CH2), 1.80 (m, 4H, CH2CH2C), 2.26 (m, 1H, CH(CH2)2), 2.84 (t, 2H, J= 7.6 Hz, CH2CH2C), 

3.31 (t, 2H, J= 6.8 Hz, N3CH2CH2), 7.48 (s, 1H, CCHCCC(CF3)), 7.57 (dd, 1H, J1= 8.7 Hz, J2= 1.8 

Hz, CCHCHCNH), 7.79 (br, 1H, NH), 7.97 (d, 1H, J= 8.7 Hz, CCHCHCNH);

13C NMR (125.4 MHz, CDCl3) ! 10.82 (CH(CH2)2), 18.18 (CH(CH2)2), 28.42 (CH2CH2C), 28.58 

(N3CH2CH2), 35.77 (CH2CH2C), 51.41 (N3CH2CH2), 117.18 (CCHCC(CF3)), 121.51 (C!CCH), 

123.83 (CF3), 124.92 (C!CCH), 127.22 (CHCC(CF3)), 129.72 (CCHCHCNH), 130.99 (C(CF3)), 

131.32 (CCHCHCNH), 140.65 (CH2C(CH)2), 147.91 (CHCNH), 162.31 (OCONH);

IR (cm-1) 3582, 2927, 2856, 2096 (N3), 1614, 1504, 1409, 1317, 1260, 1133, 1025, 798.
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(R)-6-(4-aminobutyl)-4-(2-cyclopropylethynyl)-4-(tr ifluoromethyl)-1H-benzo[d]

[1,3]oxazin-2(4H)-one
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A solution of azide 22 (20 mg, 0.053 mmol) in dry THF (200 !L) was cooled to 0°C. Triphenyl 

phosphine was added (14 mg, 0.053 mmol) and the mixture was allowed to attain room 

temperature. The reaction was monitored by TLC (diethylether-dichloromethane-petrolium ether 

6:2:2), and after completion (12 h) water was added (2 !L, 0.106 mmol) to hydrolyze the 

intermediate phosphorus adduct. After 3 hours the solvent was removed under reduced pressure 

and the residue was eluted with DCM, DCM-MeOH (9:1), DCM-MeOH-NEt3 (9:1:0.1), through a 

short silica gel column. Evaporation of the solvent yielded 18 mg (95%) of compound 23 as a pale 

yellow solid15.

Rf =0 (diethylether-dichloromethane-petroleum ether 6:2:2, TLC stained with ninhydrin solution)

1H NMR (500 MHz, CDCl3) " 1.10 (m, 2H, CH(CHaHb)2), 1.21 (m, 2H, CH(CHaHb)2), 1.56 (m, 2H, 

NH2CH2CH2), 1.75 (m, 4H, CH2CH2C), 2.00 (br, 3H, NH3
 +), 2.25 (m, 1H, CH(CH2)2), 2.76 (t, 2H, 

J= 7.1 Hz, NH2CH2CH2), 2.82 (t, 2H, J= 7.6 Hz, CH2CH2C), 7.46 (s, 1H, CCHCCC(CF3)), 7.57 (dd, 

1H, J1= 8.6 Hz, J2= 1.8 Hz, CCHCHCNH), 7.78 (br, 1H, NH), 7.95 (d, 1H, J= 8.6 Hz, 

CCHCHCNH);

13C NMR (125.4 MHz, CDCl3) " 10.76 (CH(CH2)2), 18.18 (CH(CH2)2), 28.68 (CH2CH2C), 32.96 

(NH2CH2CH2), 36.13 (CH2CH2C), 41.96 (NH2CH2CH2), 117.08 (CCHCCC(CF3)), 121.33 (C!CCH), 

122.36 (CF3), 123.57 (C!CCH), 124.73 (CHCC(CF3)), 129.59 (CCHCHCNH), 131.48 

(CCHCHCNH), 131.48 (C(CF3)), 141.26 (CH2C(CH)2), 147.95 (CHCNH), 162.06 (OCONH);

IR (cm-1)  3582, 3341, 3008, 2930, 2858, 1613, 1562, 1504, 1409, 1317, 1260, 1127.
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Methyl 2-(2-((tert-butoxycarbonyl)amino)acetamido)acetate

BocNH-Gly-OH (1 g, 5.71 mmol) was dissolved under anhydrous atmosphere in dry AcCN (100 

mL) and kept at 0 °C for 10 minutes. HOBt (771 mg, 5.71 mmol) was added and the pH was set to 

"8.5 with NMM (3.9 mL, 35 mmol). EDC-Cl (1.3 g, 6.85 mmol) and NH2-Gly-OMe (0.5 g, 5.7 mmol) 

were added at 0°C. The mixture was stirred for 1h at 0°C t and then for 3-4 hours at room 

temperature. The progress of the reaction was monitored by TLC with DCM-ethyl acetate (1:1) as 

eluent. The solvent was removed by distillation under reduced pressure and the crude mixture was 

partitioned between ethyl acetate and water, the organic layer was washed with 10% (w/v) 

aqueous citric acid , saturated NaHCO3, saturated NaCl and dried over anhydrous Na2SO4. The 

solvent was removed to obtain the dipeptide 24 (1.06 g, 76%) as a yellow oil.

Rf =0.33 (DCM-EA 1:1)

1H NMR (270 MHz, CDCl3) " 1.46 (s, 9H, (CH3)3), 3.07 (s, 3H, OCH3Gly2), 3.86 (d, 2H, J= 6.0 Hz, 

!CH2Gly1), 4.07 (d, 2H, J= 8.0 Hz, !CH2Gly2), 5.26 (br, 1H, NHGly2), 6.76 (br, 1H, NHGly1);

13C NMR (125.4 MHz, CDCl3) " 28.46 (((CH3)3)Boc), 41.24 (!CH2Gly2), 44.31 (!CH2Gly1), 52.56 

(CH3O), 80.49 ((CH3)3)CBoc), 156.32 (C=OBoc), 170.15 (C=OGly2), 170.41 (C=OGly1);

MS (ESI, m/z): 269 [MNa]+.
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Methyl 2-(2-aminoacetamido)acetate

BocNH-Gly-Gly-OMe 24 (820 mg, 3.33 mmol) was stirred in 50% TFA/CH2Cl2 (100mL) for 1 h at rt. 

The solvents were removed under vacuum to obtain 25 as a yellow oil (490 mg, 100% yield).

Rf =0 smear (DCM-EA 1:1, TLC stained with ninhydrin solution and iodine vapor)

1H NMR (270 MHz, MeOD) ! 3.70 (s, 3H, OCH3Gly2), 3.72 (s, 2H, !CH2Gly1), 3.99 (s, 2H, 

!CH2Gly2);

1H NMR (500 MHz, dmso-d6) ! 3.64 (s, 5H, OCH3Gly2, !CH2Gly1), 3.96 (d, 2H, J= 5.0 Hz, 

!CH2Gly2), 8.10 (br, 2H, NH2Gly1), 8.85 (t, 1H, J= 5.0 Hz, NHGly2);

13C NMR (125.4 MHz, MeOD) ! 40.05 (!CH2Gly2), 40.43 (!CH2Gly1), 51.41 (CH3O), 166.62 

(C=OGly2), 170.26 (C=OGly2);

MS (ESI, m/z): 169 [MNa]+.
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Methyl 2-(2-acrylamidoacetamido)acetate

A solution of acryloyl chlroride (267 "L, 3.3 mmol) in 6.7 mL of anhydrous DMC was added at 0°C 

dropwise to a mixture of NH2-Gly-Gly-OMe 25 (400 mg, 2.72 mmol) and NEt3 (1.14 mL, 8.2 mmol) 

dissolved in 27 mL of anhydrous DCM cooling. The reaction mixture was stirred for 2 hours under 

anhydrous atmosphere and the solvent was removed under vacuum. The crude product was 

purified by silica gel column chromatography (elution with ethyl acetate/methanol 9:1) to yield 26 

as a white solid (203 mg, 37% yield).

Rf =0.14 (ethyl acetate - MeOH 9:1, TLC stained with ninhydrin solution and iodine vapor)

1H NMR (500 MHz, dmso-d6) ! 3.63 (s, 3H, OCH3Gly2), 3.82 (m, 2H, !CH2Gly1), 3.85 (m, 2H, 

!CH2Gly2), 5.61 (dd, 1H, Jcis = 10.2 Hz, J2 = 2.1 Hz, CHaHb=CHc), 6.10 (dd, 1H, Jtrans = 17.1 Hz, J2 

= 2.1 Hz, CHaHb=CHc), 6.30 (dd, 1H, Jtrans = 17.1 Hz, Jcis = 10.2 Hz, CHaHb=CHc), 8.33 (m, 1H, 

NHGly2), 8.39 (m, 1H, NHGly1);

13C NMR (125.4 MHz, dmso-d6) ! 40.98 (!CH2Gly2), 42.12 (#CH2Gly1), 52.12 (CH3O), 125.87 

(CH2=CH), 131.97 (CH2=CH), 165.32 (C=OGly2), 169.80 (CH2=CH(C=O)NH), 170.65 (C=OGly2);

MS (ESI, m/z): 223 [MNa]+.
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(S)-methyl 2-(acrylamido)-3-(4-hydroxyphenyl)propanoate

A solution of acryloyl chlroride (1 mL, 12.3 mmol) in 20 mL of anhydrous DMC was added at 0°C 

dropwise to a mixture of NH2-Tyr-OMe (2 g, 10.2 mmol) and NEt3 (4.3 mL, 30.7 mmol) dissolved in 

200 mL of anhydrous DCM. The reaction mixture was stirred overnight under anhydrous 

atmosphere and the solvent was removed under vacuum. The crude product was purified by silica 

gel column chromatography (elution with ethyl acetate/dichloromethane 1:1) to yield the product 27 

as colourless crystals (800 mg, 40% yield).

Rf =0.43 (ethy acetate - dichlromethane 1:1, TLC revealed by UV lamp)

1H NMR (500 MHz, CDCl3) ! 2.98 (dd, 1H, J1= 14.0 Hz, J2 = 5.9 Hz "CH2Tyr), 3.11 (dd, 1H, J1= 

14.0 Hz, J2 = 5.7 Hz "CH2Tyr), 3.73 (s, 3H, OCH3), 4.91 (m, 1H, !CHTyr), 5.66 (dd, 1H, Jcis = 10.2 

Hz, J2 = 1.4 Hz, CHaHb=CHc), 6.11 (dd, 1H, Jtrans = 17.0 Hz, Jcis = 10.2 Hz, CHaHb=CHc), 6.28 (dd, 

1H, Jtrans = 17.0 Hz, J2 = 1.4 Hz, CHaHb=CHc), 6.39 (d, 1H, J = 7.8 Hz, NH), 6.73 (m, 2H, Ar 

CHCHOH), 6.92 (m, 2H, Ar CHCHOH), 7.36 (s, 1H, OH);

13C NMR (125.4 MHz, CDCl3) ! 37.16 ("CH2), 52.49 (CH3O), 53.46 (!CH), 115.61 (Ar 

CCHCHCOH), 126.78 (Ar CCHCHCOH), 127.76 (CH2=CH), 130.02 (CH2=CH), 130.25 (Ar 

CCHCHCOH), 155.61 (Ar CCHCHCOH), 165.54 (CH2=CH(C=O)NH), 172.24 (C=OOCH3);

MS (ESI, m/z): 272 [MNa]+.
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tert-butyl (S)-1-carbamoyl-2-(1H-indol-3-yl)ethylcarbamate

Boc2O (1.9 g, 8.54 mmol) in anhydrous AcCN (210 mL) and NH4HCO3 (676 mg, 8.54 mmol) were 

added under argon atmosphere to a stirred solution of BocNH-Trp-OH (2 g, 6.57 mmol) and freshly 

distilled pyridine (370 #L, 4.60 mmol). The mixture was stirred for 16 hours. Ethyl acetate was 

added and after washing with water and 5% H2SO4, the organic phase was concentrated under 

vacuum and purified by silica gel column chromatography (elution with DCM/MeOH 9:1) to regain 

BocNH-Trp-NH2 as a yellowish solid (1 g, 50%)16

Rf =0.52 (DCM-MeOH 9:1, TLC revealed by UV light)

1H NMR (500 MHz, CDCl3) ! 1.41 (s, 9H, OC(CH3)3), 3.21 (m, 2H, "CH2), 4.49 (br, 1H, BocNH), 

5.33 (d, 1H, J= 7.6 Hz, !CH), 6.00 (d, 2H, J= 12.3 Hz, C=ONH2), 6.97 (br, 1H, 2 indole), 7.10 (t, 
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1H, J= 7.9 Hz, 6 indole), 7.17 (t, 1H, J= 8.1 Hz, 5 indole), 7.32 (d, 1H, J= 8.1 Hz, 4 indole), 7.64 (d, 

1H, J= 7.9 Hz, 7 indole), 8.53 (br, 1H, NH indole);

13C NMR (125.4 MHz, CDCl3) ! 21.01 ("C), 28.41 (C=OOC(CH3)3), 54.91 (!C), 80.30 

(C=OOC(CH3)3), 110.29 (C 3 indole), 111.44 (CH 4 indole), 118.84 (CH 7 indole), 119.69 (CH 5 

indole), 122.21 (CH 6 indole), 123.52 (CH 2 indole)), 127.54 (C(CH 4 indole)), 136.33 (C(CH 7 

indole)), 155.73 (C=OOC(CH3)3), 174.96 (C=ONH2).
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(S)-2-amino-3-(1H-indol-3-yl)propanamide

BocNH-Trp-NH2 28 (1.2 g, 4.0 mmol) was stirred in 1:1 TFA/CH2Cl2 (20 mL) for 1 h at rt. The 

solvents were removed under vacuum. The solid residue obtained was dried under vacuum and 

purified by silica gel column chromatography (elution with DCM/MeOH 9:1) to yield NH2-Trp-NH2 

as white solid (620 mg, 80%).

Rf =0.31 (DCM-MeOH 8:2, TLC stained with ninhydrin solution)

1H NMR (400 MHz, CD3CN) ! 3.16 (m, 1H, "CHb), 3.30 (m, 1H, "CHa), 4.10 (m, 1H, !CH), 5.79 

(br, 3H, NH3
+), 6.63 (s, 1H, 2 indole), 7.02 (t, 1H, J= 7.8 Hz, 6 indole), 7.10 (t, 1H, J= 8.1 Hz, 5 

indole), 7.17 (br, 2H, C=ONH2), 7.37 (d, 1H, J= 8.1 Hz, 4 indole), 7.63 (d, 1H, J= 7.9 Hz, 7 indole), 

9.59 (br, 1H, NH indole);  

13C NMR (100 MHz, MeOD) ! 28.14 ("C), 54.01 (!C), 107.28 (C 3 indole), 111.83 (CH 4 indole), 

118.83 (CH 7 indole), 119.53 (CH 5 indole), 122.16 (CH 6 indole), 124.82 (CH 2 indole)), 127.52 

(C(CH 4 indole)), 137.59 (C(CH 7 indole)), 171.65 (C=ONH2);
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BocNH-Gly-Trp-NH2

BocNH-Gly-OH (532 mg, 3.04 mmol) was stirred in dry CH3CN (15 mL) under argon atmosphere 

conditions. HOBt (411 mg, 3.04 mmol) was added and the pH was set to ! 8.5 with NMM (669 #L, 

6.08 mmol). The mixture was cooled to 0°C, EDC-Cl (700 mg, 3.65 mmol) and NH2-Trp-NH2 28 

(617 mg, 3.04 mmol) were added. The mixture was stirred for 1h at 0°C, then was allowed to reach 
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room temperature and stirred for additional 16 hours. The solvent was removed by distillation 

under reduced pressure and the residue was dissolved in ethyl acetate, washed with a saturated 

solution of NH4Cl. The solvent was removed and the remaining solid was purified by silica gel 

column chromatography (elution with DCM/iPrOH from 9.5:0.5 to 9:1) to yield BocNH-Gly-Trp-NH2 

as white solid (300 mg, 30%).

Rf =0.33 (DCM-iPrOH 9:1), TLC stained with ninhydrin solution or revealed by UV light)

1H NMR (400 MHz, CD3CN) ! 1.41 (s, 9H, OC(CH3)3), 3.19 (m, 2H, "CH2Trp),  3.58 (m, 2H, 

!CHGly), 4.60 (m, 1H, !CHTrp), 5.73 (br, 1H, NHGly), 5.95 (br, 1H, C=ONHa), 6.53 (s, 1H, 2 

indole), 6.96-7.15 (m, 4H, NHTrp - 5 indole - 6 indole - C=ONHb), 7.39 (d, 1H, J= 8.0 Hz, 4 indole), 

7.62 (d, 1H, J= 7.7 Hz, 7 indole), 9.26 (br, 1H, NH indole);   
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NH2-Gly-Trp-NH2

BocNH-Gly-Trp-NH2 30 (370 mg, 1.02 mmol) was stirred in 1:1 TFA/CH2Cl2 (8 mL) for 3 h at rt. 

The solvents were removed under vacuum. The solid residue obtained was washed 5 times with 

DCM to remove TFA and then dried under vacuum to yield NH2-Gly-Trp-NH2 31 as white solid (250 

mg, 94%).

Rf =0.38 (water/iPrOH/EA 1:2:2, TLC stained with ninhydrin solution);

1H NMR (400 MHz, CD3CN) ! 3.10-3.29 (m, 2H, "CH2Trp), 3.67 (AB, 2H, JAB= 16.1 Hz, !CH2Gly), 

4.65 (m, 1H, !CHTrp), 6.35 (br, 1H, NHaGly), 7.32-7.03 (m, 6H, - 5 indole - 6 indole - 2 indole - 

NHaGly - C=ONH2), 7.39 (d, 1H, J= 8.1 Hz, 4 indole), 7.63 (d, 1H, J= 7.9 Hz, 7 indole), 7.84 (d, 1H, 

J= 7.3 Hz, NHTrp), 9.40 (br, 1H, NH indole);  

13C NMR (100 MHz, CD3CN) ! 28.55 ("CTrp), 41.66 (!CGly), 55.26 (!CTrp), 110.69 (C 3 indole), 

112.38 (CH 4 indole), 119.38 (CH 7 indole), 119.42 (CH 5 indole), 122.48 (CH 6 indole), 126.25 

(CH 2 indole)), 129.91 (C(CH 4 indole)), 138.90 (C(CH 7 indole)), 167.32 (C=OGly), 175.19 

(C=ONH2Trp).
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32

BocNH-Tyr-Tyr-OMe

BocNH-Tyr-OH (500 mg, 1.78 mmol) was dissolved under anhydrous atmosphere in CH3CN (10 

mL) at 0 °C. HOBt (240 mg, 1.78 mmol) was added and the pH was set to !8.5 with NMM (391 !L, 

3.56 mmol). EDC-Cl (409 mg, 1.78 mmol) and NH2-Tyr-OMe (500 mg, 1.78 mmol) were added. 

The mixture was stirred for 1h at 0°C t and then for 16 hours at room temperature. The solvent 

was removed by distillation under reduced pressure and the crude mixture was partitioned 

between ethyl acetate and water, the organic layer was washed with 10% (w/v) aqueous citric acid, 

saturated NaHCO3, saturated NaCl and dried over anhydrous Na2SO4. The solvent was removed 

to obtain BocNH-Tyr1-Tyr2-OMe (516 mg, 56%) as white crystals.

Rf =0.08 (DCM-iPrOH (9:1), TLC stained with ninhydrin solution or revealed by UV light)

1H NMR (500 MHz, CDCl3) " 1.41 (s, 9H, OC(CH3)3), 2.83-3.00 (m, 4H, #CH2Tyr1-Tyr2), 3.66 (s, 

3H, OCH3Tyr2), 4.29 (m, 1H, !CHTyr1), 4.72 (m, 1H, !CHTyr2), 5.22 (br, 1H, NHTyr1), 6.43 (br, 1H, 

NHTyr2), 6.66 (m, 4H, Ar CHCHCOHTyr1-Tyr2), 6.79 (d, 4H, J= 8.4 Hz, Ar CHCHCOHTyr1-Tyr2);

13C NMR (125.4 MHz, CDCl3) " 28.41 (OC(CH3)3), 37.10 (#CTyr1-Tyr2), 52.58 (OCH3), 53.60 

(!CTyr2), 56.20 (!CTyr1), 80.90 ((C=O)OC(CH3)3), 116.21-116.36 (Ar CHCHCOHTyr1-Tyr2), 127.05 

(Ar CCHCHCOHTyr1-Tyr2), 131.35 (Ar CHCHCOHTyr1-Tyr2), 155.40 (Ar COHTyr1-Tyr2), 155.82 

((C=O)OC(CH3)3), 171.53 (C=OTyr2), 171.78 (C=OTyr1);       

MS (ESI, m/z): 459 [MH]+, 481 [MNa]+, 497 [MK]+.
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33

BocNH-Tyr-Tyr-OH

BocNH-Tyr-Tyr-OMe (510 mg, 1.11 mmol) was added to a 1:1 mixture of THF (25mL) and of an 

aqueous 1M solution of LiOH"H2O (25 mL). The reaction was monitored by TLC for the 

disappearance of starting material (Rf =0.51, elueted with DCM-MeOH (9:1)). After 3 hours the 

mixture turned already clear, hence the reaction was complete. The solvent was evaporated under 

vacuum to gain BocNH-Tyr-Tyr-OH (440 mg, 99%) as a white solid.
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Rf =0 (DCM-MeOH (9:1), TLC revealed by UV light)

1H NMR (400 MHz, MeOD) ! 1.36 (s, 9H, OC(CH3)3), 2.80-3.10 (m, 4H, "CH2Tyr1-Tyr2), 4.29-4.19 

(m, 1H, !CHTyr1), 4.59 (m, 1H, !CHTyr2), 6.67-6.70 (m, 4H, Ar CHCHCOHTyr1-Tyr2), 7.01 (d, 4H, 

J= 8.4 Hz, Ar CHCHCOHTyr1-Tyr2); 

MS (ESI, m/z): 467 [MNa]+.
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BocNH-Tyr1-Tyr2-Gly-Trp-NH2

BocNH-Tyr-Tyr-OH (50 mg, 0.11 mmol) was dissolved under anhydrous atmosphere in CH3CN (1 

mL) at 0 °C. HOBt (15 mg, 0.11 mmol) was added and the pH was set to !8.5 with NMM (25 #L, 

0.23 mmol). EDC-Cl (26 mg, 0.14 mmol) and NH2-Gly-Trp-NH2 (29 mg, 0.11 mmol) were added. 

The mixture was stirred for 1h at 0 °C t and then for 16 hours at room temperature. The solvent 

was removed by distillation under reduced pressure and the crude mixture was partitioned 

between ethyl acetate and water, the organic layer was washed with aqueous 10% (w/v) citric acid, 

saturated NaHCO3, saturated NaCl and dried over anhydrous Na2SO4. The solvent was removed 

to obtain the tetrapeptide Boc-Tyr-Tyr-Gly-Trp-NH2 (40 mg, 52%) as white crystals.

Rf =0.11 (DCM-iPrOH (9:1), TLC stained with ninhydrin solution or revealed by UV light)

1H NMR (500 MHz, MeOD) ! 1.34 (s, 9H, OC(CH3)3), 2.51-2.87 (m, 4H, 2CH2Tyr1), 2.82-3.02 (m, 

2H, "CH2Tyr2), 3.14-3.36 (m, 2H, "CH2Trp), 3.59-3.88 (AB, 2H, JAB= 16.8 Hz, !CH2Gly), 4.11 (m, 

1H, !CHTyr1), 4.39 (m, 1H, !CHTyr2), 4.65 (m, 1H, !CHTrp), 6.64-6.71 (m, 4H, Ar CHCHCOHTyr1-

Tyr2), 6.89-7.11 (m, 7H, 5 indole - 6 indole - 2 indole - Ar CHCHCOHTyr1-Tyr2), 7.30 (d, 1H, J= 8.2 

Hz, 4 indole), 7.61 (d, 1H, J= 7.8 Hz, 7 indole);

13C NMR (125.4 MHz, MeOD) ! 28.64 (OC(CH3)3), 28.76 ("CTrp), 37.27 ("CTyr2), 38.80 ("CTyr1), 

57.91 (!CTyr1), 43.74 (!CGly), 55.43 (!CTrp), 56.66 (!CTyr2), 79.93 ((C=O)OC(CH3)3), 111.12 (C 

3 indole), 112.29 (CH 4 indole), 116.21-116.36 (Ar CHCHCOHTyr1-Tyr2), 119.34 (CH 7 indole), 

119.86 (CH 5 indole), 122.41 (CH 6 indole), 124.53 (CH 2 indole)), 127.85 (Ar CCHCHCOHTyr1-

Tyr2), 128.78 (C(CH 4 indole)), 131.35 (Ar CHCHCOHTyr1-Tyr2), 138.04 (C(CH 7 indole)), 157.27 

(Ar COHTyr1-Tyr2), 157.40 ((C=O)OC(CH3)3), 164.91 (C=OGly), 170.44 (C=OTyr2), 171.28 

(C=OTyr1), 174.19 (C=ONH2Trp);   

MS (ESI, m/z): 687 [MH]+, 709 [MNa]+.
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NH2-Tyr-Tyr-Gly-Trp-NH2

BocNH-Tyr-Tyr-Gly-Trp-NH2 33 (40 mg, 0.06 mmol) was stirred in 1:1 TFA/CH2Cl2 (2 mL). The 

reaction was monitored with TLC stained with ninhydrin solution for disappearance of starting 

material. After 3 hours the solvent was removed under reduced pressure and the residue was 

eluted with MeOH through a prepacked Flash C18 Column. Evaporation of the solvent yielded 22 

mg (65%) of the tetrapeptide NH2-Tyr1-Tyr2-Gly-Trp-NH2 34 as a pale yellow solid.

Rf =0.26 (DCM-MeOH (8:2), TLC stained with ninhydrin solution or revealed by UV light)

1H NMR (500 MHz, dmso-d6) ! 2.74-2.94 (m, 2H, "CH2Tyr2), 2.74-3.00 (m, 4H, 2CH2Tyr1), 

2.97-3.15 (dd, 2H, J1= 14.6 Hz, J2= 5.0 Hz, "CH2Trp), 3.60-3.84 (AB, 2H, JAB= 16.6 Hz, !CH2Gly), 

3.89 (m, 1H, !CHTyr1), 4.48 (m, 2H, !CHTrp-#CHTyr2), 6.67 (m, 4H, J= 8.5 Hz, Ar 

CHCHCOHTyr1-Tyr2), 6.96 (m, 1H, 6 indole), 7.06 (m, 4H, J= 8.5 Hz, Ar CHCHCOHTyr1-Tyr2), 7.10 

(s, 1H, 5 indole), 7.13 (d, 1H, J= 2.2 Hz,  2 indole), 7.31 (d, 1H, J= 8.1 Hz, 4 indole), 7.48 (br, 1H, 

OH), 7.59 (d, 1H, J= 7.9 Hz, 7 indole), 7.98 (m, 1H,  NHTyr1), 8.00 (m, 4H, NHTrp-NH3
+), 8.31 (m, 

1H, NHGly), 8.76 (d, 1H, J= 8.1 Hz, NHTyr2), 9.20 (br, 1H, C=ONH2Trp), 9.33 (br, 1H, 

C=ONH2Trp), 10.81 (br, 1H, 1 indole);    

13C NMR (125.4 MHz, dmso-d6) ! 28.33 ("CTrp), 36.77 ("CTyr1-"CTyr2), 42.45 (!CGly), 54.06 

(!CTyr1), 54.28 (!CTyr2-!CTrp), 111.72 (CH 4 indole), 115.60 (Ar CCHCHCOHTyr1-Tyr2), 118.75 

(CH 6 indole), 119.18 (CH 7 indole), 121.72 (CH 5 indole), 124.32 (CH 2 indole)), 130.90 (Ar 

CHCHCOHTyr1-Tyr2); 

MS (ESI, m/z): 587 [MH]+.
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N-acryloyl-Tyr-Tyr-Gly-Trp-NH2

A solution of acryloyl chlroride solution (16.3 $L, 0.20 mmol) in 1 mL of anhydrous THF was added 

at 0°C dropwise to a mixture of NH2-Tyr1-Tyr2-Gly-Trp-NH2 34 (12 mg, 20.4 $mol) and NEt3 (11.3 
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!L, 81.6 !mol) dissolved in 6 mL of anhydrous THF. The reaction mixture was stirred for 2 hours 

under anhydrous atmosphere at 0°C and for 30 minutes at room temperature. The solvent was 

removed under vacuum without heating and the crude mixture was partitioned between ethyl 

acetate and brine. The organic layer was evaporated to gain N-acryloyl-Tyr-Tyr-Gly-Trp-NH2 35 as 

a white solid (6 mg, 46% yield).

Rf =0.91 (water-EA-iPrOH 1:4:4, TLC revealed by UV lamp and stained with ninhydrin solution)

1H NMR (500 MHz, dmso-d6) " 3.03 (m, 2H, #CH2Tyr2), 3.31 (m, 4H, 2CH2Tyr1), 4.00 (m, 2H,  

#CH2Trp), 4.17 (m, 2H, !CH2Gly), 4.81 (m, 1H, !CHTyr1), 4.88 (m, 2H, !CHTrp-!CHTyr2), 5.96 

(dd, 1H, Jcis= 10.2 Hz, J1= 2.0 Hz, C(HaHb)=CH), 6.42 (dd, 1H, Jtrans= 17.1 Hz, J1= 2.0 Hz, 

C(HaHb)=CH), 6.61 (d, 1H, Jtrans= 17.1 Hz, Jcis= 10.2 Hz, CH2=CH), 7.01 (m, 4H, J= 8.5 Hz, Ar 

CHCHCOHTyr1-Tyr2), 7.36-7.54 (m, 8H, 4 indole - 2 indole -  5 indole - Ar CHCHCOHTyr1-Tyr2 - 6 

indole), 7.72 (d, 1H, J= 7.9 Hz, 7 indole), 8.00 (m, 1H,  NHTyr1), 8.39 (m, 1H, CH2=CHC(C=O)NH), 

8.53 (m, 1H, NHGly), 8.65 (d, 1H, J= 8.1 Hz, NHTyr2), 9.59 (br, 2H, C=ONH2Trp), 11.20 (br, 1H, 1 

indole); 

MS (ESI, m/z): 639 [MH]+.

4.1.4 Peptide Synthesis

H2N

H
N

N
H

N

O

O

CH2

NH

O

N
H
N

N
H

O

O
H
N

O

N
H

H
N

O

O

O

CH2

HN

OH

O

NH2

O

37

NH2-FFWPPFLNVW-COOH

NH2-FFWPPFLNVW-COOH was synthesized using an automatic microwave peptide synthesizer 

at 100 !mol scale. Standard solid-phase peptide synthesis protocols for Fmoc chemistry were 

used throughout. The peptide was assembled at the C-terminal carboxy group using Fmoc-

Trp(Boc)-NovaSyn-TGA resin (435 mg) having a 0.23 mmol/g degree of substitution. Step by step 

couplings and deprotections were performed with the appropriate amino acids at 0.2 M 

concentration: 1.19 g (2.0 mmol) of Fmoc-Asn(Trt)-OH dissolved in 10 mL of N-methyl-2-

pyrrolidone (NMP); 0.71 g (2.0 mmol) of Fmoc-Leu-OH  in 10 mL of NMP; 1.55 g (4.0 mmol) of 

Fmoc-Phe-OH in 20 mL of NMP; 1.01 g (2.9 mmoli) of Fmoc-Pro-OHof in 15 mL of NMP; 1.05 g 

(2.0 mmoli) of Fmoc-Trp(Boc)-OH in 10 mL of NMP; 0.68 g (2 mmoli) of Fmoc-Val-OH in 10 mL of 

NMP. Coupling was accomplished with a 0.5 M solution of PyBop (10.41 g, 20 mmol) in NMP (40 

mL) and a 2.0 M solution of DIEA (13.9 mL, 80 mmol in 40 mL of NMP. The FMOC group was 

removed with 0.1 M HOBt (6.75 g, 49.9 mmol) in 20% piperidine (100 mL) in DMF (400 mL). After 
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assembling of the linear peptide chain, the resin was rinsed with DMF/DCM/iPrOH/DE and dried 

under a nitrogen flow. 

Finally, the side-chain-protecting groups and the resin support (338 mg, 0.078 mmol) were 

removed with a 7 mL mixture of TFA (83%), 3,6-dioxa-1,8-octanedithiol (DODT) (8%), thioanisole 

(3%), phenol (2%), triisopropylsilane (TIPS) (2%) and water (2%) shaking for 2 h at rt. The volume 

of the cleavage cocktail is approximately 5 mL for 0.5 g of resin. After cleavage, the resin was 

removed by filtration under vacuum and the filtrate was concentrated to approximately 4 mL under 

a stream of nitrogen. The deprotected peptide was precipitated by addition of ten volumes of cold 

tert-butyl methyl ether (TBME) (40 mL) and by keeping the solution at -20 °C for 1 hour to promote 

the complete precipitation of the peptide. The precipitated peptide was centrifuged at 3500 g for 10 

min, and washed three times with cold diethyl ether to eliminate the scavengers and then dried 

under nitrogen flow. The crude was analyzed by reversed-phase HPLC on a Symmetry C18 3.5 

!m 4.6 x 75 mm separation column (Waters) using water + 0.1% TFA (mobile phase A) / 

acetonitrile + 0.1% TFA (mobile phase B) and a linear gradient of B from 15% to 65% over 25 min 

at a flow rate of 0.8 ml/min. The sample was dissolved in a mixture of 200 !L A + 20 !L B + 50 !L 

DMSO, and the retention time was 15" 10"". After the analysis the whole crude was dissolved in 10 

mM HCl, previously filtered through a 0.22 !m filter, and freeze-dried to yield FFWPPFLNVW-

COOH as a white powder (62 mg, 58% yield). Identity and pureness were confirmed by 

electrospray mass spectral analysis.
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NH2-CCGGFFWPPFLNVW-COOH

NH2-CCGGFFWPPFLNVW-COOH was synthesized using an automatic microwave peptide 

synthesizer at 250 !mol scale. Standard solid-phase peptide synthesis protocols for Fmoc 

chemistry were used throughout. The peptide was assembled at the C-terminal carboxy group 

using Fmoc-Trp(Boc)-NovaSyn-TGA resin (1.09 g) having a 0.23 mmol/g degree of substitution. 

Step by step couplings and deprotections were performed with the appropriate amino acids at 0.2 

M concentration: 1.19 g (2.0 mmol) of Fmoc-Asn(Trt)-OH dissolved in 10 mL of DMF/DCM (8:2); 

2.46 g (2.1 mol) of Fmoc-Cys(Trt)-OH in 21 mL of DMF/DCM (8:2); 1.25 g (2.1 mol) of Fmoc-Gly-

OH in 21 mL of DMF/DCM (8:2); 0.71 g (2.0 mmol) of Fmoc-Leu-OH in 10 mL of DMF/DCM (8:2); 

1.55 g (4.0 mmol) of Fmoc-Phe-OH in 20 mL of DMF/DCM (8:2); 1.01 g (2.9 mmoli) of Fmoc-Pro-

OHof in 15 mL of DMF/DCM (8:2); 1.05 g (2.0 mmoli) of Fmoc-Trp(Boc)-OH in 10 mL of DMF/DCM 

(8:2); 0.68 g (2 mmoli) of Fmoc-Val-OH in 10 mL of DMF/DCM (8:2). Coupling was accomplished 

with a 0.5 M solution of PyBop (14.3 g, 27.5 mmol) in DMF/DCM (8:2) (55 mL) and a 2.0 M 
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solution of DIEA (10.5 mL, 60 mmol in 30 mL of NMP. The FMOC group was removed with 0.1 M 

HOBt (4.6 g, 30 mmol) in 20% piperidine (60 mL) in DMF (300 mL). After assembling of the linear 

peptide chain, the resin was rinsed with DMF/DCM/iPrOH/DE and dried under a nitrogen flow. 

Every following step requires anhydrous conditions to avoid dimerization due to presence of 

cysteine residues.

The side-chain-protecting groups and the resin support (250 mg, 0.041 mmol) were removed with 

a 5 mL mixture of TFA (86%), DODT (8%), phenol (2%), TIPS (2%) and water (2%) shaking for 2 h 

at rt. After cleavage, the peptide was precipitated by addition of cold TBME (40 mL) and was 

maintained at -20 °C for 1 hour. The precipitated peptide was centrifuged, and washed three times 

with cold diethyl ether and dried under nitrogen flow. The crude was dissolved in 10 mM HCl, 

previously filtered through a 0.22 !m filter, and freeze-dried to obtain NH2-CCGGFFWPPFLNVW-

COOH as a white powder (31 mg, 45% yield). 

MS (ESI, m/z) 1673 [MH] +, 1696 [MNa] +
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NH2-FFW(Boc)PPFLNVW(Boc)-NH2 (on resin)

NH2-FFWPPFLNVW-NH2 was synthesized using an automatic microwave peptide synthesizer at 

250 !mol scale. Fmoc-Linker AM Champion I 100-200 mesh resin (735 mg) with a 0.34 mmol/g 

degree of substitution was used to afford carboxy-terminal primary amide. Step by step couplings 

and deprotections were performed with the appropriate amino acids at 0.2 M concentration: 1.79 g 

(3.0 mmol) of Fmoc-Asn(Trt)-OH dissolved in 15 mL of NMP; 1.06 g (3.0 mmol) of Fmoc-Leu-OH 

in 15 mL of NMP; 2.79 g (7.2 mmol) of Fmoc-Phe-OH in 36 mL of NMP; 1.69 g (5.0 mmoli) di 

Fmoc-Pro-OH in 25 mL of NMP; 2.63 g (5.0 mmoli) of Fmoc-Trp(Boc)-OH in 25 mL of NMP; 1.02 g 

(3.0 mmoli) of Fmoc-Val-OH in 15 mL of NMP. Coupling was accomplished with a 0.5 M solution of 

PyBop (16.91 g, 32.5 mmol) in NMP (65 mL) and a 2.0 M solution of DIEA (17.4 mL, 100 mmol in 

50 mL of NMP. The FMOC group was removed with 0.1 M HOBt (6.75 g, 50 mmol) in 20% 

piperidine (100 mL) in DMF (400 mL). After assembling of the linear peptide chain, the resin was 

rinsed with DMF/DCM/iPrOH/DE and dried under a nitrogen flow.
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N-Acryloyl-FFWPPFLNVW-NH2

The resin bearing peptide NH2-FFWPPFLNVW-NH2 (760 mg, 0.25 mmol) was swollen with 

anhydrous DMC and then filtered under vacuum. After cooling with an ice bath, DIPEA (0.87 mL, 

5.0 mmol) in 1 mL of DMF and acryloyl chloride (204!L, 2.5 mmol) in 1 mL of DMF were added to 

the resin under a nitrogen flow. The mixture was stirred for 1 h on ice and then for a further 1 h at 

room temperature. The progress of the acryloylation reaction was monitored with the  Kaiser 

Test17. When a negative Kaiser test was returned the resin was washed (5 " in DMF, 3 " in DCM, 

and 3 " in diethyl ether) and dried under vacuum.

The side-chain-protecting groups and the resin support were removed with a 16 mL mixture of 

TFA (88%), phenol (5%), TIPS (2%) and water (5%) shaking for 2 h at rt. After cleavage, the resin 

was removed by filtration under vacuum and the filtrate concentrated to approximately 4 mL under 

a stream of nitrogen. The deprotected peptide was precipitated by addition of TBME (40 mL) and 

was maintained at -20 °C for 1 hour. The precipitated peptide was centrifuged, and washed three 

times with cold diethyl ether and dried under a nitrogen flow. The crude was dissolved in 10 mM 

HCl, previously filtered through a 0.22 !m filter, and freeze-dried to obtain N-Acryloyl-

FFWPPFLNVW-NH2 as a white powder (83 mg, 24% yield).

1H NMR (500 MHz, dmso-d6) # 10.83 (br, 1H, 1 indoleTrp10), 10.75 (br, 1H, 1 indoleTrp3), 

8.26-7.54 (m, 12H, NH), 7.23 (m, 25H, arom), 6.20 (m, 1H, CH2=CH), 6.01 (m, 1H, C(HaHb)=CH), 

5.54 (dd, 1H, C(HaHb)=CH), 4.73-4.01 (m, 1H, $H: Phe1-Phe2-Trp3-Pro4-Pro5-Phe6- Leu7-Asn8-

Val9-Trp10), 3.24-1.25 (m, 28H, %H: Phe1-Phe2-Trp3-Pro4-Pro5-Phe6-Leu7-Asn8-Val9-Trp10; &H: Pro4-

Pro5-Leu7; #H: Pro4-Pro5), 0.85-0.64 (m, 12H, &H: Val9; #H: Leu7);

MS (ESI, m/z) 1428 [MNa] +
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FmocNH-VW(Boc)FFW(Boc)PPFLD(OAll)-NH2 (on resin)

FmocNH-VW(Boc)FFW(Boc)PPFLD(OAll)-NH2 was synthesized using an automatic microwave 

peptide synthesizer at 100 !mol scale. NovaSyn TGR resin (500 mg) with a 0.20 mmol/g degree of 

substitution was used to afford carboxy-terminal primary amide. Step by step couplings and 

deprotections were performed of the appropriate amino acids at 0.2 M concentration: 0.63 g (1.6 

mmol) of Fmoc-Asp(OAll)-OH dissolved in 8 mL of NMP; 0.71 g (2.0 mmol) of Fmoc-Leu-OH in 10 

mL of NMP; 1.55 g (4.0 mmol) of Fmoc-Phe-OH in 20 mL of NMP; 1.01 g (5.0 mmoli) di Fmoc-Pro-

OH in 15 mL of NMP; 1.58 g (3.0 mmoli) of Fmoc-Trp(Boc)-OH in 15 mL of NMP; 0.63 g (3.0 

mmoli) of Fmoc-Val-OH in 15 mL of NMP. Coupling was accomplished with a 0.5 M solution of 

PyBop (6.5 g, 12.5 mmol) in NMP (25 mL) and a 2.0 M solution of DIEA (5.2 mL, 30 mmol in 15 

mL of NMP. The FMOC group was removed with 0.1 M HOBt (6.75 g, 50 mmol) in 20% piperidine 

(100 mL) in DMF (400 mL). After assembling of the linear peptide chain, the resin was rinsed with 

DMF/DCM/iPrOH/DE and dried under nitrogen flow.
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FmocNH-VW(Boc)FFW(Boc)PPFLD-NH2 (on resin)

To remove " allyl ester protection of aspartic acid rside chain, an aliquot of the previous resin (250 

mg, 0.036 mmol) was suspended in THF–DMSO–0.5 N HCl–morpholine (2:2:1:0.1) (2.5 mL THF, 

2.5 mL DMSO, 0.625 HCl 1N, 125 !L), flushed with argon, and Pd(PPh3)4 (6.2 mg, 5.4 !mol) was 

added. After 3 h, the resin was washed with THF and CH2Cl2 
18 . The reaction was checked by ESI-

MS, and two new peaks appeared corresponding to the removal of the allyl group (m/z: 1573 [M] -) 

and the removal of both the allyl and Fmoc groups (m/z: 1351 [M] -). 
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NH2-VW(Boc)FFW(Boc)PPFLD-NH2 (on resin)

The residual Fmoc groups were cleaved by treatment with 20% piperidine in DMF (1mL) (2!10 

min) and the resin was washed with DMF and CH2Cl2.
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Cyclic-VW(Boc)FFW(Boc)PPFLN-NH (on resin)

The resin was swollen with DCM and then filtered under vacuum.

A first on-resin cyclization was attempted by adding a 5-fold molar excess of PyBop (94 mg, 0.18 

mmol) and a 10-fold molar excess of DIEA (63 "L, 0.36 mmol) in 1 mL of a DMF/DCM mixture 

(8:2) to the resin. The mixture was shaken overnight.

A second cyclization was assisted by microwaves. Double coupling method involves two additions  

of activator and activator base at a 25 watt power for 300 sec at 75°C and then at 0 microwave 

power for 2100 sec at 75°C. The first coupling cycle was performed with HATU (190 mg, 0,5 mmol) 

in 1.25 mL of DMF and the second with PyBop as usual.

The success of the cyclization was monitored with the Kaiser Test.
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Cyclic-VWFFWPPFLN

Finally, the side-chain-protecting groups and the resin support were removed with a 5 mL mixture 

of TFA (86%), DODT (8%), phenol (2%), TIPS (2%) and water (2%) shaking for 2 h at rt. The 

volume of the cleavage cocktails is approximately 5 mL for 0.5 g of resin. After cleavage, the resin 

was removed by filtration under vacuum and the filtrate concentrated to approximately 4 mL under 

a stream of nitrogen. The deprotected peptide was precipitated by addition of TBME (40 mL) and 

was maintained at -20 °C for 1 hour to promote the complete precipitation of the peptide. The 

precipitated peptide was centrifuged, and washed three times with cold diethyl ether to eliminate 

the scavangers and then dried under a nitrogen flow. The crude was analyzed by RP-HPLC on a 

Kinetex C18 6 !m, 100 Å, 4.6 x 50 mm (Phenomenex) separation column using a linear gradient 

of B from 15% to 55% over 40 min at a flow rate of 0.8 ml/min.  The sample (20-30 !g) was 

dissolved in a mixture of 250 !L A + 25 !L B and the retention time was 19" 30"". The crude was 

dissolved in the solvent A with 30% of B and 30% of DMSO and purified by RP-HPLC on a 

Semipreparative Jupiter C18 5 !m, 300 Å, 10 x 100 mm (Phenomenex) separation column using a 

linear gradient of B from 30% to 60% over 60 min at a flow rate of 2 ml/min. The retention time of 

the cyclic peptide was 30". All the corrisponding fractions were collected and freeze-dried to yield 

the cyclic peptide as a white powder (5 mg, 10% yield). Identity and pureness were confirmed by 

electrospray mass spectral analysis.

MS (ESI, m/z) 1332 [M] -

Chapter 4 - Experimental Procedures

203



N
H

O

NH

NH2

O
H
N

N
H

H2N

O

O

OH

OH

35b

NH2-Tyr1-Tyr2-Gly-Trp-NH2

NH2-YYGW-NH2 was also synthesized using an automatic microwave peptide synthesizer on a 

250 !mol scale. Fmoc-Linker AM Champion I 100-200 mesh resin (735 mg) with a 0.34 mmol/g 

degree of substitution was used to afford carboxy-terminal primary amide. Step by step couplings 

and deprotections were performed with the appropriate amino acids at 0.2 M concentration: 0.89 g 

(3.0 mmol) of Fmoc-Gly-OH  in 15 mL of NMP; 1.58 g (3.0 mmol) di Fmoc-Trp(Boc)-OH in 15 mL 

of NMP; 2.30 g (5.0 mmol) of Fmoc-Tyr(tBu)-OH in  25 mL of NMP. Coupling was accomplished 

with a 0.5 M solution of PyBop (7.8 g, 15 mmol) in NMP (30 mL) and a 2.0 M of DIEA (7.0 mL, 40 

mmol) in NMP (20 mL). The FMOC group was removed with 0.1 M HOBt (6.75 g, 49.9 mmol) in 

20% piperidine (100 mL) in DMF (400 mL). After assembling of the linear peptide chain, the resin 

was rinsed with DMF/DCM/iPrOH/DE and dried under nitrogen flow. 

The side-chain-protecting groups and the resin support (540 mg, 0.184 mmol) were removed with 

a 11 mL mixture of TFA (83%), DODT (8%), thioanisole (3%), phenol (2%), TIPS (2%) and water 

(2%) shaking for 2 h at rt.  After cleavage, the resin was removed by filtration under vacuum and 

the filtrate concentrated to approximately 4 mL under a stream of nitrogen. The deprotected 

peptide was precipitated by TBME (40 mL) and was maintained at -20 °C for 1 hour. The 

precipitated peptide was centrifuged, and washed three times with cold diethyl ether and dried 

under nitrogen flow. The crude was analyzed by reversed-phase HPLC on a Symmetry C18 3.5 

µm 4.6 x 75 mm separation column (Waters) and a linear gradient of B from 10% to 60% over 25 

at a flow rate of 0.8 ml/min. A small amount of tetrapeptide was dissolved in a mixture of 200 !L A 

+ 20 B and the retention time was 7" 20"". The crude was dissolved in 10 mM HCl, previously 

filtered through a 0.22 !m filter, and freeze-dried to obtain YYGW-NH2 as a white powder (50 mg, 

46% yield). 

MS (ESI, m/z) 587 [MH] +
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36b

N- Acryloyl-Tyr-Tyr-Gly-Trp-NH2

The resin bearing the NH2-YYGW-NH2 peptide (750 mg, 0.25 mmol) was swollen in a minimum 

amount of anhydrous, de-aerated DMF. After cooling with an ice bath, DIPEA (0.87 mL, 5.0 mmol) 

in 1 mL of DMF and acryloyl chloride (204!L, 2.5 mmol) in 1 mL of DMF were added to the resin 

under a nitrogen flow. The mixture was stirred for 1 h on ice and then for a further 1 h at room 

temperature. The progress of the acryloylation reaction was monitored with the Kaiser Test. When 

a negative Kaiser test was returned the resin was washed (5 " in DMF, 3 " in DCM, and 3 " in 

diethyl ether). 

The side-chain-protecting groups and the resin support were removed with a 16 mL mixture of 

TFA (88%), phenol (5%), TIPS (2%) and water (5%) shaking for 2 h at rt. After cleavage, the resin 

was removed by filtration under vacuum and the filtrate concentrated to approximately 4 mL under 

a stream of nitrogen. The deprotected peptide was precipitated by addition of TBME (40 mL) and 

was maintained at -20 °C for 1 hour. The precipitated peptide was centrifuged, and washed three 

times with cold diethyl ether and dried under nitrogen flow. The crude was dissolved in 10 mM HCl, 

previously filtered through a 0.22 !m filter, and freeze-dried to obtain N-Acryloyl-YYGW-NH2 as a 

white powder (37 mg, 23% yield).

MS (ESI, m/z) 639 [M] -

4.1.5 De novo Artificial Peptides Measurements

4.1.5.1 NMR spectroscopy

All measurements subsequently described were recorded at 500 MHz on a Varian 500 

spectrometer. All spectra were run at 298 K. The samples were prepared in dmso-d6 and the peak 

of residual non-deuterated solvent (# = 2.50 ppm in proton spectra, # = 39.7 ppm in 13C 

experiments) was used as reference for the chemical shift calibration in all the experiments.

NH2-FFWPPFLNVW-COOH (37)

The sample of pure NH2-FFWPPFLNVW-COOH was prepared at 6.25 mM concentration in dmso-

d6 (6.8 mg of peptide was dissolved in 1 g/840 !L of dmso-d6).

1H NMR: 32 scans

13C NMR: 10.000 scans

gCOSY: 4 scans per t1 increment, 128 t1 increments

gHSQCAD: 16 scans per t1 increment, 512 t1 increments

1H-1H TOCSY: 32 scans per t1 increment, 400 t1 increments, a relaxation delay of 1 s, a mixing 

time of 60 ms.

1H-1H-NOESY: 32 scans per t1 increment, 200 t1 increments, a relaxation delay of 1.5 s, a mixing 

time of 150 ms.
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Titration with EFV: Subsequent additions of EFV were performed to gain 0.5-1-3-5-10 equivalents 

of EFV to dmso-d6 peptide solution, in a final total volume of 840 !L for each sample. A proton 

spectrum was recorded after each addition.

Cyclic-VWFFWPPFLN (44)

The sample of purified Cyclic-VWFFWPPFLN was prepared at 2.41 mM concentration in dmso-d6 

(2.25 mg of peptide was dissolved in 700 !L of dmso-d6).

1H NMR: 512 scans

gCOSY: 8 scans per t1 increment, 512 t1 increments

1H-1H TOCSY: 16 scans per t1 increment, 512 t1 increments, a relaxation delay of 1 s, a mixing 

time of 60 ms.

Titration with EFV: Subsequent additions of EFV were performed to gain 0.5-1-3-5-7-10 

equivalents of EFV to dmso-d6 peptide solution, in a final total volume of 700 !L for each sample. 

A proton spectrum was recorded after each addition.

NH2-YYGW-NH2 (35)

The sample of pure NH2-YYGW-NH2 was prepared at 6.14 mM concentration in dmso-d6 (3.6 mg 

in 840 !L of dmso-d6).

1H NMR: 32 scans

13C NMR: 1000 scans

gCOSY: 4 scans per t1 increment, 128 t1 increments

gHSQCAD: 8 scans per t1 increment, 512 t1 increments

1H-1H TOCSY: 32 scans per t1 increment, 256 t1 increments, a relaxation delay of 1 s, a mixing 

time of 60 ms.

1H-1H-NOESY: 32 scans per t1 increment, 200 t1 increments, a relaxation delay of 1.5 s, a mixing 

time of 150 ms.

Titration with EFV: Subsequent additions of EFV were performed to gain 0.5-1-3-5-10 equivalents 

of EFV to dmso-d6 peptide solution, in a final total volume of 840 !L for each sample. A proton 

spectrum was recorded after each addition.

NH2-Gly1-Gly2-OMe (25)

The sample of pure NH2-Gly1-Gly2-OMe was prepared at 16.3 mM concentration in dmso-d6 (2.0 

mg in 840 !L of dmso-d6).

1H NMR: 32 scans

Titration with EFV: Subsequent additions of EFV were performed to gain 0.5-1-3-5-7 equivalents 

of EFV to dmso-d6 peptide solution, in a final total volume of 840 !L for each sample. A proton 

spectrum was recorded after each addition.

NH2-Tyr-OMe (26)

The sample of pure NH2-Gly1-Gly2-OMe was prepared at 12.2 mM concentration in dmso-d6 (2.0 

mg in 840 !L of dmso-d6).

1H NMR: 32 scans
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Titration with EFV: Subsequent additions of EFV were performed to gain 0.5-1-3-5-7 equivalents 

of EFV to dmso-d6 peptide solution, in a final total volume of 840 !L for each sample. A proton 

spectrum was recorded after each addition.

4.1.5.2 Fluorescence Spectroscopy

NH2-FFWPPFLNVW-COOH (37)

The binding affinity of NH2-FFWPPFLNVW-COOH for efavirenz was studied by quenching the 

intrinsic tryptophan fluorescence. 1 mmol peptide and efavirenz stock solutions were prepared in 

DMSO. Steady state fluorescence spectra were recorded at 298° K on a CARY Eclipse (Varian) 

spectrofluorimeter equipped with a 1.0 cm quartz cuvette. Synchronous fluorescence spectra 

(SFS) were measured by setting the excitation wavelength in the 240-320 nm range, with 

increments of 60 nm and the emission was recorded in the 300-380 nm range. 

In a first set of experiments, the spectra were recorded in DMSO, at 100 nM of decapeptide. The 

concentration of the peptide was then lowered to 10 nM in 50 mM phosphate buffer containing 

20% acetonitrile, and the concentration of EFV was increased from 0 to 300 nM. After each 

addition of the ligand, the intensity of the fluorescence at the maximum emission wavelength – and 

the drift of such maximum - was measured after equilibrium had been reached. The width of the 

excitation and emission slits was set to 5.0 nm. 

In a second set of experiments, a 1.3 mM (0.9 mg in 500 !L) stock solution of the decapeptide in 

DMSO was diluted to 1 !M in DMSO. The excitation spectrum was recorded in the 190-450 nm 

range (ex slit 10 nm, em slit 5 nm) and the emission spectrum in the 300-500 nm range was 

recorded at the maximum excitation wavelength (ex=280 nm, ex slit 10, em slit 5 nm).

Then the concentration of EFV was increased from 50 nM to 1 mM using 30 mM, 3 mM, 300 !M 

and 30 !M of EFV in DMSO obtained by diluting a primary 100 mM stock solution (15.8 mg of EFV 

in 500 !L DMSO). After each addition of EFV, fluorescence quenching was recorded at 340 nm 

maximum (ex=280 nm, ex slit 10, em slit 5 nm, average time 1s) and also synchronous 

fluorescence spectra were run (ex slit 10, em slit 5 nm). 

Similar titrations were performed with increasing tenofovir concentrations (50 nM - 1 mM) to a 1 

!M peptide solution, using 30 mM, 3 mM, 300 !M and 30 !M of Tenofovir in DMSO.

The blank control titrations were performed in the same conditions, adding EFV and Tenofovir to 

DMSO.

To monitor peptide aggregation in DMSO as a function of peptide concentration, excitation spectra 

(190-450 nm range), emission spectra (ex=280 nm, 300-500 nm range) and synchronous 

fluorescence spectra ("=60 nm, 240-320 nm range) of 10 !M (ex slit 5, em slit 2.5 nm), 1 !M, 100 

nM, 10 nM, 1 nM (ex slit 5, em slit 10 nm) peptide solutions were collected. The solutions were 

prepared from the 1.3 mM stock solution.

NH2-YYGW-NH2 (35)

A 1 mM (2.9 mg in 500 !L) stock solution of the tetrapeptide was prepared in DMSO. The 

excitation spectrum of a 1 !M peptide solution in the 190-450 nm range (ex slit 5 nm, em slit 10 
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nm) and the emission spectrum in the 300-500 nm range (ex=280 nm, ex slit 5, em slit 10 nm)was 

recorded. 

Then EFV was added to the peptide solution increasing its concentration from 50 nM to 1 mM. 

After every addition of EFV, fluorescence quenching of the peptide tryptophan was recorded at 340 

nm emission (ex=280 nm, ex slit 5, em slit 10 nm, average time 1s) and also synchronous 

fluorescence spectra were also recorded (ex slit 5, em slit 10 nm) and overlaid to the spectrum of 

the peptide alone.

In the same way titrations of the fluorescence of 500 nM of tetrapeptide in DMSO at 298° K were 

also performed with EFV.

To monitor peptide aggregation in DMSO as function of peptide  concentration, excitation spectra 

(190-450 nm range), emission spectra (ex=280 nm, 300-500 nm range) and synchronous 

fluorescence spectra (!=60 nm, 240-320 nm range) of 10 "M (ex slit 5, em slit 2.5 nm), 1 "M, 100 

nM, 10 nM, 1 nM (ex slit 5, em slit 10 nm) were collected. The solutions were prepared from the 

2.05 mM (0.6 mg in 500 "L) stock solution.

Cyclic-VWFFWPPFLN (44)

A 750 "M (0.5 mg in 500 "L) stock solution of the peptide was prepared in DMSO. The excitation 

spectrum of a 1 "M peptide solution was recorded in the 190-450 nm range (ex slit 5 nm, em slit 

10 nm) and the emission spectrum was collected in the 300-500 nm range (ex=280 nm, ex slit 10, 

em slit 10 nm). 

Then EFV was added to the 1 "M peptide solution, increasing its concentration from 50 nM to 1 

mM, using 30 mM, 3 mM, 300 "M and 30 "M of EFV in DMSO. After every addition of EFV 

fluorescence quenching of the peptide tryptophan was recorded at 340 nm emission (ex=280 nm, 

ex slit 10, em slit 10 nm, average time 1s) and also synchronous fluorescence spectra (ex slit 10, 

em slit 10 nm).

The same titrations were performed also with increasing Tenofovir concentrations from 50 nm to 1 

mm to a 1 "M cyclic peptide solution.

The blank control titrations were performed in the same conditions, adding EFV and Tenofovir to 

DMSO.

4.1.5.3 CD Spectroscopy

NH2-FFWPPFLNVW-COOH (37)

Circular Dichroism spectra were obtained on a Jasco J-710 spectropolarimeter under nitrogen flux. 

Spectra were recorded from 250 to 200 nm in a 1 cm quartz cuvette at 25 °C. Data were collected 

with a data pitch of 0.05 nm, a scanning speed of 50 nm/min and a band width of 1 nm. Each 

spectrum was the average of four scans. For analysis, each spectrum had the appropriate 

background spectrum subtracted. A 1 mM stock solution of the peptide was prepared by dissolving 

1.35 mg of purified peptide in 1 mL of a 1:1 mixture of water and acetonitrile. The solution was then 

diluted to obtain a final volume of 3 mL of a 30 "M solution of peptide in phosphate buffer at pH 7.3 

(50 mM Na2HPO4 and 150 mM NaCl) to carry out the measurements.
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Temperature-induced denaturation monitored by CD.

A 50 !M solution was prepared by dissolving 0.2 mg of peptide in 3 mL of a 5:95 AcCN/phosphate 

buffer mixture. The solution was then diluted to a final 30 !M solution in 3 mL of phosphate buffer. 

The spectra at 25°C were recorded in a 1 cm quartz cuvette from 250 to 205 nm with a data pitch 

of 0.05 nm, a scanning speed of 20 nm/min and a band width of 1 nm. Thermal unfolding 

processes were followed by measuring ellipticity at 227 nm, corresponding to a moderately intense 

positive band, as a function of the sample solution temperature. The sample was warmed up from 

10°C to 80°C and then was cooled down from 80°C to 10 °C. Spectra were recorded every step of 

5°C, waiting 15 min to reach the thermal equilibrium of the peptide solution.

NH2-YYGW-NH2 (35)

Circular Dichroism spectrum was recorded from 250 to 200 nm in a 1 cm quartz cuvette at 25 °C. 

Data were collected with a data pitch of 0.05 nm, a scanning speed of 20 nm/min and a band width 

of 1 mm. Each spectrum was the average of four scans. For analysis, each spectrum had the 

appropriate background spectrum subtracted. A stock 3.4 mM solution was prepared by dissolving 

1.0 mg of peptide in 500 !L of a 5:95 AcCN/phosphate buffer. The solution was then diluted to 

obtain a final volume of 3 mL of a 10 !M solution of peptide in phosphate buffer at pH 7.3 to carry 

out the measurements. 

4.1.6 Molecularly Imprinted Polymers Synthesis and Measurements

4.1.6.1 Nanogels Synthesis

The monomer concentration CM was fixed at 1% (in weight) respect to the weight of DMSO. 1 

equivalent of functional monomers and 1.2 equivalent of EFV as template were dissolved in the 

total amount of DMSO. The solution was stirred under anhydrous for 40 minutes at room 

temperature and then transfer in a crimp cap Wheaton vial. 80% or 70% (in mol) of N,N"-

etilenebisacrilamide, 1% of AIBN (calculated on the amount of the available double bonds), and, 

eventually, 15% (in mol) of acrylamide were added. The radical polymerization was performed 

after flushing the mixture with argon for few minutes, by heating it up to 70°C for 4 days. The 

resulting clear solution was dialysed against methanol for one day and against distilled water for 

another day, changing the solvent twice a day. The cutoff of the dialysis membranes was around 

3.5 kDa. The dialyzed solution was freeze-dried to give the polymer as white fluffy solid particles. 

The composition of each polymerization mixture is reported in Table 4.1.1.
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Name Functional Monomer EFV

N,N!-

etilenebisacr

ilamide

Acrylami

de
AIBN DMSO

Weight

pol
Yield

pol 0 Acrylamide 6.0 mg 7.31 mg 0.97 mg 2.0 mg 15%

pol 3 T GlyGly 20.0 mg 37.8 mg 67.2 mg 45 !L 7.9 mL 27.9 mg 32%

pol 3 NT GlyGly 20.0 mg 67.2 mg 45 !L 7.9 mL 3.5 mg 4%

pol 4 T YYGW 10.9 mg 16.2 mg 11.5 mg 0.25 mg 2.0 mL 1.1 mg 5%

pol 4 NT YYGW 9.5 mg 10.0 mg 0.12 mg 2.0 mL 0.7 mg 3%

pol 5 T Tyr 250 mg 380 mg 787 mg 71.3 mg 560 !L 96 mL 22.7 mg 2%

pol 5 NT Tyr 250 mg 787 mg 71.3 mg 560 !L 96 mL 22.7 mg 2%

pol 6 T FFWPPFLNVW 8.0 mg 2.2 mg 3.8 mg 2.6 !L 1.1 mL /

pol 6 NT FFWPPFLNVW 8.0 mg 3.8 mg 2.6 !L 1.1 mL /

pol 8 T
GlyGly 5.0 mg

Tyr 4.0 mg
15.2 mg 26.9 mg 18.1 !L 3.2 mL 5.7 mg 16%

pol 8 NT
GlyGly 5.0 mg

Tyr 4.0 mg
26.9 mg 18.1 !L 3.2 mL 0%

pol 9 T
GlyGly 9.7 mg

Tyr 12.0 mg
36.5 mg 75.5 mg 6.8 mg 54.5 !L 9.4 mL 8.3 mg 8%

pol 9 NT
GlyGly 9.7 mg

Tyr 12.0 mg
75.5 mg 6.8 mg 54.5 !L 9.4 mL 2.1 mg 2%

pol 11 T GlyGly 20.0 mg 37.9 mg 78.5 mg 7.1 mg 56.7 !L 9.5 mL 6.3 mg 6%

pol 11 NT GlyGly 20.0 mg 78.5 mg 7.1 mg 56.7 !L 9.5 mL 10.6 mg 10%

pol 12 T YYGW 6.5 mg 3.8 mg 7.9 mg 0.7 mg 5.7 !L 1.4 mL 0.6 mg 4%

pol 12 NT YYGW 6.5 mg 7.9 mg 0.7 mg 5.7 !L 1.4 mL 0.5 mg 3%

pol 13 T
YYGW 5.8 mg

Tyr 2.3 mg
6.9 mg 14.2 mg 1.3 mg 10.3 !L 2.1 mL 1.7 mg 8%

pol 13 NT
YYGW 5.8 mg

Tyr 2.3 mg
14.2 mg 1.3 mg 10.3 !L 2.1 mL 0.4 mg 2%

pol 14 T FFWPPFLNVW 14.7 mg 3.8 mg 7.8 mg 0.7 mg 5.7 !L 2.1 mL 0.7 mg 3%

pol 14 NT FFWPPFLNVW 14.7 mg 7.8 mg 0.7 mg 5.7 !L 2.1 mL 1.2 mg 5%
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pol 15 T
FFWPPFLNVW 12.0 mg

Tyr 2.1 mg
6.4 mg 13.3 mg 1.2 mg 9.6 !L 2.6 mL 1.1 mg 4%

pol 15 NT
FFWPPFLNVW 12.0 mg

Tyr 2.1 mg
13.3 mg 1.2 mg 9.6 !L 2.6 mL 0.6 mg 2%

pol 16 T
FFWPPFLNVW 14.4 mg

GlyGly 2.1 mg
7.8 mg 16.1 mg 1.5 mg 11.6 !L 3.1 mL 1.7 mg 5%

pol 16 NT
FFWPPFLNVW 14.4 mg

GlyGly 2.1 mg
16.1 mg 1.5 mg 11.6 !L 3.1 mL 0.7 mg 2%

pol 17 T
YYGW 6.2 mg

GlyGly 1.9 mg
7.3 mg 15.2 mg 1.4 mg 11.0 !L 2.2 mL 1.7 mg 7%

pol 17 NT
YYGW 6.2 mg

GlyGly 1.9 mg
15.2 mg 1.4 mg 11.0 !L 2.2 mL 1.5 mg 6%

(mg AIBN: CAS 441090 - !L AIBN 0.2M in toluene CAS 714887)

4.1.6.2 Dynamic Laser Light Scattering

The size of the particles was characterized by dynamic light scattering, using a Zetasizer nano-S 

Malvern instrument. The stock solutions were prepared dissolving 0.5 mg of polymers in 1.5 mL of 

water, diluted 1:5 with further water, centrifuged (3500 rpm for 5 min) and filtered with 0.45 !M 

filter. The measurements were performed in a 70 !L cuvette at 25°C.

4.1.6.3 UV-visible Spectroscopy

The polymer stock solutions were prepared by dissolving 0.1 mg of polymer in 1 mL of water. Such 

stock solutions were then to 10 !g/mL. The range of EFV concentration for the re-binding 

measurements was 10 !M to 400 !M in 1 mL of polymer solution.  The mixtures were incubated at 

25 °C overnight. At each concentration of EFV, 400 !L of the mixtures were then were transferred 

in the 3kDa centrifugal filter units, centrifuged (13000 rpm for 10 min) to separate the polymers 

from EFV. The filtered solution with unbound EFV was analyzed with an UV-1800 Shimadzu 

spectrophotometer to detect the UV adsorption profile in the range of 250-400 nm in a 1 cm quartz 

cuvette. The concentration of EFV was calculated using a standard solution calibration curve. The 

amount of the analyte bound to the imprinted polymer was calculated by subtracting the 

concentration of the unbound target molecule from the initial concentration. 

4.1.6.4 ITC

ITC was performed at 25 °C on VP-ITC Microcal microcalorimeter. Prior to each measurement, 

each solution and suspension was degassed to remove air bubbles. 2 mL of polymer 14T and of 

14 NT suspension (50 !g/mL in 1:1 MeOH/water) was titrated by adding 20 " 20 !L aliquots of a 1 

mM of EFV solution in the same 1:1 MeOH/water mixture. This mixture was used in order to avoid 

precipitation of EFV within the injection syringe and of polymers into the cell. Blank titration of EFV 

was also performed by adding 20 " 20 !L aliquots of a 1 mM of EFV solution in the 1:1 MeOH/

water mixture.
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4.1.6.5 RP-HPLC

The analytical column was a C18, 100 mm ! 4.6 mm (Luna 5 ", 100 A, RP-18, Phenomenex) 

protected by a compatible guard column. The mobile phase consisted of water+0.05% TFA and 

acetonitrile+0.05% TFA (45:55, v/v). The UV detector was set at 245 nm19. The chromatogram was 

run for 10 min at a flow rate of 1.0 ml/min at room temperature. 3,4-Dihydro-2(1H)-quinolinone was 

added as an internal standard to each sample to a final 25 "M concentration. Unknown 

concentrations of unbound EFV were derived from the peak area ratios (analyte/internal standard), 

with a a calibration curve obtained by a linear regression analysis of acalibration curve which 

relates the analyte/standard area ratio to the analyte concentration with a correlation coefficient 

(R2) of 0.99. 

Calibration curve of EFV. Several concentrations of EFV (10 "M, 30 "M, 50 "M, 70 "M, 90 "M, 

100 "M, 130 "M, 150"M) were injected in triplicate, preparing several aliquots of EFV standard 

stock solution (150 "M , 350 "M , 550 "M, 750 "M in AcCN) from 10 mM solution (1.9 mg in 603 

"L of AcCN) and adding 25 "M of 3,4-Dihydro-2(1H)-quinolinone from a stock solution 10 mM 

solution (1.7 mg in 1.16 mL of AcCN) as internal standard. The retention times of quinolinone and 

EFV were 2.1 min and 8.5 min respectively. The calibration results are summarized in Table 4.1.2.

The polymers pol5T and pol5NT were tested in the same way. A 50 "M solution of EFV in water  

and 2 mg of polymer were incubated for 30 min or 1.5 hour or 15 hour. The supension was 

centrifugated (14000 rpm for 5 min). The supernatants (135 "L) were mixed with 15 "L of 

quinolone (25 "M standard concentration). The residual EFV concentration of each sample was 

calculated using the previously described calibration curve.

The experiments with Tenofovir were carried out in the same conditions using 25 "M 

naphthylamine as internal standard. The mobile phase consisted of water+0.05% TFA and 

acetonitrile+0.05% TFA (75:25, v/v). The UV detector was set at 245 nm. The chromatogram was 

run for 15 min at a flow rate of 1.0 ml/min at room temperature. The retention times of Tenofovir 

and naphthylamine were 2.8 min and 10.5 min respectively.

[EFV] AEFV/ AST AEFV/ AST AEFV/ AST

1.0E-05 0.2432 0.2512 0.2575

3.0E-05 0.7025 0.745 0.7118

5.0E-05 1.1112 1.1084 1.0931

7.0E-05 1.5502 1.4387 1.5307

9.0E-05 2.5564 2.3169 2.3298

1.1E-04 2.7526 2.7073 2.7827

1.3E-04 3.2949 3.1898 3.0181

1.5E-04 4.4006 3.3647 3.3958
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4.1.7 GST-HSA100 and Clones Measurements

4.1.7.1 Fluorescence Spectroscopy

Warfarin and EFV stock solutions (35 mM) were prepared in acetonitrile. 

Steady state fluorescence spectra were recorded at 298° K on a CARY Eclipse (Varian) 

spectrofluorimeter equipped with a 0.5 cm quartz cuvette. Synchronous fluorescence spectra 

(SFS) were measured by setting the excitation wavelength in the 240-320 nm range, and the 

emission was recorded at != 60 nm in the 300-380 nm range. The width on the excitation and 

emission slits was set to 5.0 nm for all measurements. The concentration of protein (HSA, GST, or 

GST-HSA100 and clones) was kept fixed at 1"M in 350 "L phosphate buffer, whereas the 

concentration of Warfarin or EFV was gradually increased from 1 "M to 300 "M.  After each 

addition of the ligand, the fluorescence intensity at the maximum emission wavelength - and the 

drift of such maximum - were measured after equilibrium had been reached (15 min).

4.1.7.2 CD Spectroscopy

CD spectra were recorded in a 0.2 cm quartz cuvette at temperatures ranging from 5 to 75°C. Data 

were collected with a data pitch of 0.2 nm, a scanning speed of 50 nm/min and a bandwidth of 1 

nm. Each spectrum was the average of 10 scans. A 1.35 "M stock solution of GST-HSA100 was 

prepared and diluted to 135 nM in phosphate buffer (10 mM Na2PO4, 1.76 mM KH2PO4, pH 7.4) in 

for CD measurements.

Temperature-induced and chemical-induced denaturation monitored by CD

#-mercaptoethanol was added to a 1.35 "M solution of HSA and to a 1 "M solution of GST-HSA in 

PBS, to a final 1 mM concentration. The solutions were heated to boiling for 15 min. Spectra of the 

denatured albumin and its fragment were recorded in a 0.2 cm quartz cuvette at temperatures 

ranging from 5 to 75°C. Data were collected with a data pitch of 0.2 nm, a scanning speed of 50 

nm/min and a bandwidth of 1 nm. Each spectrum was the average of 10 scans.

4.1.7.3 SPR

SPR measurements were performed with a BiacoreX100 apparatus (GE Healthcare Bio-

Sciences). Immobilization and binding experiments were carried out at 25 °C. Sensor chips CM5 

(research grade), HSB–EP buffer (0.1 M HEPES, 1.5 M NaCl, 30 mM EDTA, 0.5% v/v p20 

surfactant) were obtained from GE Healthcare Bio-Sciences. The amine-coupling kit containing N-

hydroxysuccinimide (NHS), N-ethyl-N$-(3-diethylaminopropyl) carbodiimide (EDC), and 

ethanolamine hydrochloride was purchased from GE Healthcare Bio-Sciences. PBS (6.7 mM 

Na2HPO4, 1.25 mM KH2PO4, 7 mM NaCl) was filtered with a 0.2 "M filter.

Immobilization of HSA 

HSA was immobilized to Sensor chip CM5 using amine-coupling chemistry in running buffer HBS-

EP. Each flow cell was activated for 7 min with a 1:1 mixture of EDC/NHS at a flow rate of 10 "l/

min and at 25 °C, HSA was then fluxed in the cell  for 7 min at a 0.4mg/mL concentration  in 10 
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mM sodium acetate, resulting in approximately immobilized densities average 800± 50 RU. The 

surface was blocked with 1M ethanolamine at pH 8.0. 

Immobilization of GST-HSA100

GST-HSA100 was dialyzed in sodium acetate (10mM CH3COONa). A 0,1 mg/mL solution of the 

recombinant fragment was immobilized to Sensor chip CM5 using an EDC/NHS coupling kit in 

1:10 HBS-EP buffer. Excess active esters were deactivated with ethanolamine. The coupling 

reactions were performed using a flow rate of 10 !l/min for 7 min, resulting in densities that were 

approximately 600± 50 RU on average. 

SPR measurements of Warfarin binding with HSA and GST-HSA100

A 20 mM stock solution of Warfarin was prepared in 100% DMSO. Immediately prior to analysis, 

the ligand solution was diluted with PBS to make a final DMSO concentration of 5 %. Warfarin was 

injected over the HSA and GST-HSA100 and the reference surfaces in concentrations ranging 

from 200 !M and 1 !M at of 30 !L/min flow rate. The Warfarin/HSA and Warfarin/GST-HSA100 

complexes were allowed to associate/dissociate for 60 s each and the surfaces were washed with 

100 mM NaOH. 

SPR measurements of EFV binding with HSA and GST-HSA100

A 40 mM stock solution of EFV was prepared as in 100% DMSO. Immediately prior to analysis, the 

ligand solution was diluted with PBS to make a final DMSO concentration of 5%. Warfarin was 

injected over the HSA and GST-HSA100 and the reference surfaces in concentration ranging from 

400 !M and 1 !M at flow rate of 30 !L/min. The warfarin/HSA and warfarin/GST-HSA100 

complexes were allowed to associate/dissociate for 60 s each and the surfaces were washed with 

100 mM NaOH. 

All the acquired sensorgrams were processed using the BiacoreX100 evaluation software and a 

DMSO calibration protocol20.  Buffer solutions with varying concentrations of DMSO (4.5-6%) were 

injected in sequence over reference and HSA surfaces. This was done at the beginning and end of 

each experiment, using the same low rate as for the assay. The responses of the calibration 

solutions, obtained from the reference surface, covered a range no larger than -500 to +1000 RU 

relative to the baseline. A DMSO calibration curve was created by plotting the difference in 

response between HSA and reference flow cells versus the response in the reference flow cell. 

This curve was used for correcting response levels obtained during sample injection. 

Immobilization of compound 11

The EFV derivative 11 was dissolved at a 1 mM concentration in borate buffer (10 mM disodium 

tetraborate, 1 M NaCl) at pH 8.5 with 5% of DMSO. Derivative 11 was then coupled to Sensor chip 

CM5 using an EDC/NHS coupling kit in 1:10 HBS-EP buffer (0.1 M HEPES, 1.5 M NaCl, 30 mM 

EDTA, 0.5% v/v p20 surfactant). Excess active esters were deactivated with ethanolamine. The 

coupling reactions were performed using a target mass software wizard of 600 RU, resulting in 

densities that were approximately 400± 50 RU on average. 
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Immobilization of compound 23

The EFV derivative 23 was dissolved at a 2 mM concentration in sodium acetate buffer (10 mM 

sodium acetate) at pH 5.5 with 10% of DMSO. Derivative 23 was then coupled to Sensor chip CM5 

using an EDC/NHS coupling kit in 1:10 HBS-EP buffer (0.1 M HEPES, 1.5 M NaCl, 30 mM EDTA, 

0.5% v/v p20 surfactant). Excess active esters were deactivated with ethanolamine. The coupling 

reactions were performed using a target mass software wizard of 600 RU, resulting in densities 

that were approximately 1500± 100 RU on average. 

SPR measurements of HSA and GST-HSA100 with EFV derivates

The interaction analyses were performed over the sensor chip with the immobilized compound 11 

and over the sensor chip with the immobilized compound 23, using PBS as the running buffer, at a 

flow of 10 !l/min. The range of analyte concentration for the steady-state measurements was 10 

!M to 400 !M for the protein and its fragment. After each cycle, both surfaces were regenerated 

with 30% acetonitrile in 1 mM NaOH. Before the steady-state analysis, the sensorgrams were 

subtracted with the reference data from a deactivated flow cell. Interaction equilibrium constants 

(KD) were calculated from plots of the equilibrium biosensor response as a function of analyte 

concentration using the BiacoreX100 evaluation software.  

Screening of the GST-HSA100 mutants for binding with EFV derivates

Analyses of interactions were carried out with a constant flow rate of 10 !L/min in PBS as running 

buffer with an optimal 5 !M concentration of HSA, GST-HSA100, GST and GST-HSA100 mutants. 

After each cycle, both surfaces were regenerated with 30% acetonitrile in 1 mM NaOH. The 

reference data from a deactivated flow cell were subtracted from the sensorgrams, and the 

equilibrium constants were calculated using the BiacoreX100 evaluation software.
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5. Conclusion

! This work contributes to design artificial peptidic receptors for small molecules and to 

advance several methodologies to define their interaction with the targets, and the structure of 

ligand-peptide complex. 

! A novel algorithm has been developed to “calculate” small peptides with high binding 

affinity to a preselected target. Spectroscopic techniques confirm the structure and the binding 

energy, predicted by the theoretical model, of the complex between the small molecule and the 

short peptide. The same techniques have been suited to a tetrapeptide conceived to mimic the 

pocket of the enzymatic site where EFV is active as inhibitor. Despite the short length of the 

peptides, only 10 and 4 amino acids, respectively, the affinity for EFV is high and is mediated by 

hydrogen bonds, hydrophobic interactions and "-" stacking. Additionally, the experimental 

validation and the computational method are general, and as such, they can be used with any 

short peptide receptor and any molecular target, opening a wide range of applications in sensor, 

diagnostic, or clinical area.

! A first attempt to apply these peptides as transducers on a biosensor platform has been 

performed incorporating them within a polymeric matrix. The innovative combination of peptide 

receptor-molecularly imprinted polymer has required some adjustments on the syntheses of 

functional monomers and on the removal of the template after polymerization, but has fulfilled 

nanoparticles with affinity and selectivity for the target in aqueous media. New polymerization 

mixtures with two different peptides as functional monomers in the same nanostructure are being 

improved to increase the complementarity for EFV.

! Concerning the miniaturized natural receptors of EFV, the shortest human serum albumin 

fragment (GST-HSA100) has been expressed and proven to retain the binding activity of the whole 

albumin. Two libraries of this fragment, mutated in key residues for drug recognition, have been 

created to find out improved binders. A preliminary screening has been carried out by SPR and 

has provided some details about the structure of the HSA-EFV complex. Therefore novel synthetic 

pathways have been pursued to yield two EFV analogues with a spacer arm placed on different 

position of EFV molecule, with a suitable free amine group for immobilizing on a SPR gold chip 

and with unvaried affinity for the albumine. We believe that GST-HSA100 is a promising scaffold 

for the engineering of binders and also catalysts with optimized properties and may provide an 
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alternative to conventional antibodies for developing phage display libraries of templates. To this 

end, the expression of GST-HSA100 in phages is currently being studied in our laboratories. 

! Our peptides developed toward the highly-used HIV-drug efavirenz are worthwhile in 

biosensor devices. Prospectively, electrochemical assays with the albumin-derived fragment and 

solid-phase extraction cartridges or MIP grating, exploiting our short peptides incorporated within 

imprinted nanoparticles, may be applied for therapeutic drug monitoring of EFV in patient plasma. 
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