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S u m m a ry y 

RGD-pept idess are small peptides containing the amino acid sequence Arg-Gly-Asp, which is 

identicall  with the binding site of the fibrinogen receptor on the platelet membrane. These small 

peptidess have the capability to potently inhibit platelet aggregation. However, their clinical 

applicationn in cardiovascular diseseases has been limited, mainly due to their short half-life of 

onlyy a few minutes. In order to prolong their half-life peptides were covalently coupled to 

Humann Serum Albumin (HSA) in a 1:1 stochiometric relation. The new RGD-albumin conjugate 

(RGD-HSA)) was shown to retain inhibitory properties for platelet aggregation in vitro and in 

vivoo with a potency similar to the free peptide. The half-life of the peptides was prolonged from 

lesss than one to about 30 hours. 
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Introductio n n 

Platelets,, the smallest cells in blood, play a crucial role in primary hemostasis and thrombosis 

formation.. Platelet activation by agonists like ADP, epinephrine, collagen, or thrombin", induces 

aa shape change of the cell surface leading to the exposition of different receptor proteins on the 

celll  membrane. There are five classes of glycoprotein receptors located on the platelet 

membrane,, binding to different adhesion proteins. Glycoprotein Ilb/III a (GPIIb/IIIa) is the 

fibrinogenfibrinogen receptor which interacts with a short amino acid sequence, Arg-Gly-Asp (RGD), 

foundd in several plasma proteins, such as fibrinogen, vitronectin, and fibronectin9'12. Fibrinogen 

iss an integral adhesion protein with a molecular weight of 340 kDa, representing a final reactant 

off  the activated coagulation system. As a symmetric, dimeric molecule fibrinogen contains two 

identicall  RGD sequences, both binding to activated GPIIb/IIIa receptors on two different 

platelets.. Thus, aggregation and crosslinking between two platelets enables the formation of a 

thrombus. . 

Inn patients suffering from progressive atherosclerosis, platelet activation and aggregation are 

triggeredd by various factors, like an endothelial injury, but also by prothrombotic states'". In 

orderr to prevent platelet aggregation, inhibitors such as acetylsalicylic acid or clopidogrel, a 

thienopyridinee derivative, are administered. Another therapeutical strategy consists of applying 

GPIIb/IIIaa antagonists, either as a non-reversibly binding chimeric antibody (for example 

abciximab),, or as a reversible competitive antagonist, as in the case of RGD-peptides. However, 

clinicall  applications for RGD peptides have been limited so far, because of their relatively short 

half-lifee in blood circulation. In an attempt to prolong the half-life of a specific peptide, we 

designed,, modelled and synthesized a conjugate between the peptide and human serum albumin 

(HSA)) as a carrier. The new conjugate was then tested for its antiplatelet activity and half-life in 

vittvvittv and in w'tw. 

Methods s 

DesignDesign of the conjugate 

Thee idea was to find a potential carrier molecule, with the capability of binding to only one 

single,, specific peptide. A carrier binding to two RGD-peptides would result in a loss of the 

inhibitor} '' activity, and even enhance aggregation, similar to the mechanism induced by 

fibrinogen.fibrinogen. Therefore, mono-functionality of the RGD-peptide carrier was considered as a 

cruciall  feature for the final conjugate. 
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HumanHuman serum albumin as au optimal carrier mo/ecu/e 

Humann serum albumin (HSA) is a well characterized protein with 585 amino acids in a single 

polypeptidee chain arranged in nine loops. The entire protein contains 35 cysteines, of which 34 

aree involved in 17 disulfide bridges. Only one single cysteine in position 34 of loop 1 remains 

free.. I t is this single cvsteine, that was considered as an optimal target for the introduction of the 

R GDD peptide4. Moreover, HSA has the advantages to be abundantly available in high puritv 

(sincee recently even as a recombinant protein), and to have a long half-life of 19 days. In 

addition,, it has a low immunogenicity, and autologous use is even possible. 

SparerSparer mo/ecuie 

Whenn this project was started, the crvstallographic structure of HSA was not yet available. It was 

thenn thought to be essential, that a long spacer molecule had to be used for the coupling, in 

orderr to preserve the inhibitory potency of the peptide when coupled to the HSA. 

I nn that situation, the best solution was, to chose a N HS ester-maleimide system, because the 

N H SS ester reacts with a nucleophile of the peptide in a first step, which is followed by the 

reactionn of the activated peptide with the free thiole of Cys-34 in the albumin molecule' (Fig.). 

Thus,, the peptide had to provide two functions: I t had to be a spacer molecule and, at the same 

time,time, to function as a nucleophile. This led to the required structure as shown in Figure 1. Lysine 

containss an e-amino group at the C-terminus, which was used for the reaction between the 

peptidee and the N HS ester. 

Ac-Cys-(N-Me)Ara-Gly-Asp-PEN-Lys-NH2 2 

II S-S 1 „ 
^^ ' 

i i 

FigureFigure 1 The peptide consists of the cyclic peptide pari (I) and the lysine (II) to couple the peptide to HSA. 

(PEN:(PEN: fi,$-dimethyicysteine) 

AA cyclic R GD peptide with an ICM of 0.4 |J,M was chosen from a list of cyclic peptides, as 

publishedd bv Samanen et al1 for the synthesis (Neosystem, Strasbourg, France). The crosslinking 

processs was performed in D M SO using |5-maleimidopropionic acid-N-hydroxysuccinimide ester 

(MPHSE;; Sigma). The final RGD-HSA conjugate had an 1C5„  of 2.2 U.M (  0.9|AM), which is 

aboutt five times higher than that of the free R GD peptide. 
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RGD-Lys—N N 

RGD-Lys—— N 

FigureFigure 2 The E-amino group of'lysine from the RGDpeptide (1) reacts with the hydroxy-succinimide ester of 

Suifo-SMCCSuifo-SMCC (2) monitored by measuring the decrease of the amino group (TNBS test). In a second step, the 

activatedactivated peptide (4) reacts with the free thioie ofa/humin (5) to a RGD-HSA con/ugate (6). The second reaction 

waswas surveyed by the decrease of the thioie group from HSA (DTNB test). 

Alodeiiing Alodeiiing 

Whenn the first experiments were performed in our laboratory, it was impossible to optimize the 

structuree of the conjugate, because the x-ray structure of HSA was still not available. It was only 

whenn Sugio et al disclosed the structure in 1999, that visualization of the structure of our first 

RGD-HSAA conjugate became possible2,3. Surprisingly, it was found that Cys-34 was located much 

closerr to the surface of the protein than anticipated, thus making the use of a long spacer 

moleculee redundant to provide access for the peptide within the HSA backbone. 
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FigureFigure 3 The structure of human serum albumin shows that Cys-34 is located much closer to the surface of the 

proteinprotein than anticipated, thus making the use of a /ong pacer molecule redundant to provide access for the peptide 

withinwithin the HSA backbone. 

However,, an amino group was still needed within the peptide to react with the crosslinker. 

Consequently,, an additional lysine had to be inserted into the peptide. The structure of this 

peptide,, as designed and synthesized by Neosystem, Strasbourg, France, is shown in Figure 3. 

Ac-Cys-(N-Me)Arg-Gly-Asp-PEN-S-S-G-G-S-S-G-G-S-Tyr-Lys-NH2 2 

II s-s I V V ' V V 
0 00 II  II I  I V 

vv s 

FigureFigure 4 The peptide consists of the cyclic peptide part (I), the spacer (II) and finally the lysine (IV)for the 

reactionreaction to HSA. Tyrosine (III)  was introduced for other experiments which are not described here. (PEN: fi,p-

dimethy/cysteine). dimethy/cysteine). 

112 112 



Thee bifunctional crosslinker used for the second conjugation step, was Sulfo-Succinimidyl-[4-N-

Maleimidomethyl]-Cyclohexane-l-Carboxylatee (Sulfo-SMCC, Pierce), also belonging to the NHS 

ester-maleimidee system. Compared to MPHSE, which had been used for the first (long) RGD 

peptidee synthesis, Sulfo-SMCC is a compound of much higher stability, needing no DMSO for 

reaction,, but simply a common buffer, which is a considerable advantage in protein chemistry5 7 

(Figg 2). 

ConjugationConjugation o/RGD/HSA 

Too reduce the thiole from Cys-34, 33 mg HSA (Sigma) was dissolved in 1.7 ml 10 mM Na-

phospat/1500 mM NaCl pH 7.2, including 2.0 mM DTT (Calbiochem, Uitrol Grade) to reduce 

thee free thiole of Cys-34. The optimal concentration to reduce only the Cys-34 and no disulfide 

bridgess within the protein was 2.0 mM. After 15 minutes, the solution was ultrafiltrated four 

timess with 45ml lOmM Na-phosphate/150 mM NaCl. 

Thee free thiole groups were determined with a DTNB test. The -SH/HSA ratio was calculated 

too obtain coupling results between 0.9 and 1.1 to proceed with the experiment. 1.0 |U.mol RGD 

peptidee (Neosystem) were dissolved in 400 (Xmol 10 mM Na-phosphate/150 mM NaCl pH 7.2. 

Ann amount of 1.1 Jlmol Sulfo-SMCC (Pierce) was dissolved in 400 JLtl and added to the RGD 

peptide.. The decrease of the amino groups was followed by the TNBS method. The reaction was 

stoppedd after 60 min, and the activated peptide was added to the HSA. The decrease of the free 

thiolee of Cys-34 was measured by a DTNB test. The mixture was dialysed (cut-off: 1 OkDa) once 

againstt 1% ammonium acetate and twice against aqua dest. The product was lyophilised and 

storedd at -20°C. 

TrypficTrypfic digestion 

2500 Hg RGD-HSA conjugate were dissolved in 25 |Lll of 50 mM NH4HC03 pH 7.9. Trypsin 

(Promega;; sequencing grade modified) at an amount of 10 JLll (1 |J.g/(il) was added and the 

mixturee incubated at 37°C for 24 hours, followed by addition of 2 \ll  DTT (100mg/ml) and then 

keptt at room temperature. After 60 min, 3.5 (0.1 iodoacetamide (10mg/ml) were added to the 

mixture.. The solution was again kept for 60 min at room temperature. Finally the solution was 

storedd at -20°C. A tryptic digestion of native HSA performed in parallel by the same procedure 

too obtain a reference spectra. 

AnalysisAnalysis by MALDI-TOF 

55 (Xl of the sample were mixed with 5 (J.1 of matrix containing 2,6-dihydroxyaceto-

phenone/diammoniumhydrogencitratee 1:1, the solvent was H20/EtOH, 1:1. The sample was 

measuredd with a Voyager-DE Biosystem™ (PerSeptive PE Biosystems, Framingham). The 

machinee was run in a positive-ion linear mode. All masses were noted in [M+H] +. 
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P/afe/etP/afe/et aggregation 

T oo assess platelet inhibition in ri/v, the RGD-HSA conjugate was injected through a tail vein in 9 

monthss old, male C57BL/6 mice obtained from Harlan Spague Dawley Ine (Horst, The 

Netherlands).. The study design was to assess platelet inhibition before (controls), 5 and 30 

minutes,, as well as 4 and 24 hours after drug administration. Each group consisted of 10 mice. A 

dosee of 25 mg /kg RGD-HSA conjugate, diluted in 200 fJ.1 of physiological saline, was 

administeredd per mouse, with 200 Jil of physiological saline in the controls. The injected dose 

correspondedd to a 6 | iM final concentration per total blood volume and to 12 jl M per plasma 

volume.. This dose was chosen based on the data of a preliminair in lifrv  dose-response 

assessmentt in 20 C57BL/6 mice, where an IC5(I of 2.5 |J.M was found. The dose was increased 

underr the assumption, that a considerable port ion of the injected agent might bind to R GD 

bindingg sites of other adhesion proteins or other cell membranes. Mice were anesthetized at 

differentt t imepoints after drug administration by FFM (fentanyl citrate 0.079 mg/m l, fluanisone 

2.55 mg/ml, midazolam 1.25 m g / mL in H , 0; of this mixture 10.0 mL/kg) and sacrificed bv 

bleedingg through heart puncture. The collected citrated blood was pooled per group. 

Centrifugationn was performed at 500 x / f o r 10 min for platelet rich plasma (PRP) and at 1400 xg 

forr 20 min for platelet poor plasma (PPP). PRP was diluted with PPP to 250*000 plt/jJ.1, and 

activationn was achieved with a final concentration of 5 | iM ADP. Platelet aggregation was first 

standardisedd in control mice (250'000 plt/|i,l). Aggregation was measured using a light 

transmissionn aggregometer. Calibration was performed with PPP for 100% light transmission and 

withh PRP for the 0% line. Aggregation was recorded for 4 minutes on a flow chart, which was 

connectedd to the aggregometer, and maximum aggregation in controls was the 100% value. 

Results s 

A/ia/ysisA/ia/ysis oftbe RGD-a/bw/in conjugale 

AA tryptic digestion of the RGD-HSA conjugate was performed leading to 79 peptide fragments 

(T1-T79),, which were analyzed by a Matrix-Assisted Laser Desorpt ion/Ionisat ion Time-Of-

Füghtt Mass Spectrometer (MALDI-TO F MS)68. Theoretically, it was expected that only fragment 

T5,, including Cys-34, of the RGD-HSA conjugate should shift by about 981.9 Da towards a 

higherr mass, because HSA was monofunctionally derived at Cvs-34. Al l other signals had to 

remainn identical to the one of the digestion fragments of non-derived albumin (Fig. 5). 
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FigureFigure 5 Positive ion MALDI-TOF mass spectra of the trypticfragments of RGD-HSA conjugate and native 

HSA.HSA. The shift between the signal of the non-derivedfragment T5 (24PO. 0 Da) and the derived fragment TJ 

(3471.6(3471.6 Da) corresponds exactpy to the predicted Am of '981.6 Da (theoretically 981.9 Da). The peak at 

3413.23413.2 Da corresponds to the fragment T3 including an RGDpeptide but non of the thio/es of the RGDpeptide 

werewere a/ky/ated.The indicated masses origin from protonated species [M+Hf.  Matrix used was 2,6-

dihydroxyaceto-phenone/di-ammoniumhydrogencitratedihydroxyaceto-phenone/di-ammoniumhydrogencitrate 1:1. Solvent was H,0/EtOH 1:1. 

Alll  masses were noted in [M+H+] . The comparison between albumin and RGD-albumin showed 

similarr spectra with two exceptions: The mass of the peak at 3415.2 Da corresponds to the mass 

off  fragment T5, including the cyclic RGD peptide. As the disulfide bridge of the RGD peptide 

waswas reduced, one of the thioles was alkylated by iodoacetamide, which led to the mass of 3471.6 

Da.. The peak of non-derived albumin disappeared partly and was measured at 2490.0 Da 

(theoreticallyy 2490.3 Da). The other signals were found in the spectra of albumin and RGD-

HSA.. The analysis showed that albumin was mono-derived and the peptide exclusively bound to 

fragmentt T5, including Cys-34. 
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PlateletPlatelet inhibition in litro 

Thee ICS(1 of the new short RGD-HSA conjugate ranged from 0.4 to 1.5 |lM, while free peptide 

hadd an IC5(I of 0.4 |lM. An improvement in inhibitory activity of about 100% was observed, 

comparedd to the first peptide. For in vivo experiments, different conjugates with varying IC50 were 

mixed.. For this mixture an IC5n of 0.7 |J.M was determined. (Fig.6) 

ÖÜ Ü 

«5 5 
o. . 

c c 
0 0 

ÜI I 

111 1 

5 5 

X X 

RGD-HSA A 
inn uniol/l 

0.156 6 
0.312 2 
0.625 5 
1.25 5 
2.5 5 
5 5 

%% Aggregation 

88% % 
83% % 
48% % 
16% % 
2% % 
0% % 

|MM RGD- HSA conjugate 

inn plasma 

FigureFigure 6 ADP-induceaplatelet aggregation in vitro was fully inihited at a concentration of 3' [lmol/1. 

Plateletinhibitio nn inriv o 

Platelett inhibition at 5, 30, 240, and 1440 minutes was 82%, 76%, 61%, and 53%, respectively, 

suggestingg an estimated half-life of the conjugate of 30 hours. Main loss of the activity was 

betweenn 5 and 30 minutes and thereafter only 9.6%. (Fig. 7). 

time e 

5min. . 
30min. . 
240min. . 
1440min. . 

% % inhibitio n n 

82% % 
76% % 
61% % 
53% % 

timee (min.) 

FigureFigure 7 Inhibition ofpiateiet aggregation at a dose of25mg/kg with an estimatedJina/ concentration in blood 

ofof 6.5 llAl was measured 5, 30, 240 and 1440 minutes after drug administration. 82% inhibition of "piateiet 

aggregationaggregation was achieved at 5 min and was still 53% 24 hours iater. The estimated half life of the conjugate 

basedbased on these data was 30 hours 
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Discussion n 

RGDD peptides could be a promising antiplatelet agent in the treatment of patients with 

atherosclerosis.. In an attempt to prolong the half-life of these molecules, we were able to couple 

aa specific cyclic RGD peptide to human albumin, which acts as a natural carrier for the 

antiplatelett agent. Due to the recent availability of the X-ray structure of HSA, protein modelling 

becamee possible and enabled us, to identify the precise structure and location of possible binding 

sitess between albumin and the cyclic peptide. This new information opened a way to identify the 

singlee cystein-34 as an ideal coupling site for a short molecule like the RGD peptide. 

Moreover,, we could show, that the peptide did not lose its antiplatelet activity when 

incorporatedd into the conjugate, neither in vitro nor in mv. Finally, it could be shown that the 

shortt half-life of free peptide was considerably prolonged from a less than one hour to about 30 

hours.. Considering, that 5 minutes after drug administration, platelet inhibition was 82%, it has 

too be assumed that a higher initial dose might have reached full inhibition with a possibly longer 

half-lifee than assessed in our experiment. A higher dose seems to be also needed, because a 

considerablee portion of the agent is lost to other binding sites. It is unlikely, that the conjugate 

losess the peptide, as the coupling is an irreversible binding. Higher doses would still range in a 

smalll  concentration of albumin, as it should be noted that less than one percent of the circulating 

albuminn was needed to achieve measurable antiplatelet activity, ruling out the necessity of using 

highh osmotdcally active concentrations of albumin. 

Too the best of our knowledge it is the first time that the half-life of small peptides has been 

considerablyy prolonged by covalendy coupling these peptides to HSA without loosing any 

biologicall  activity, in the case here platelet aggregation inhibitory potency as well in vitro as in 

vivo.Thee applied strategy" of using HSA as a carrier for small biological molecules to prolong 

theirr half-life, might be an attractive option in the future for other drugs, because the procedure 

iss easily feasible and albumin redundantly available, having no side effects as a natural 

componentt of the blood. Even autologous administration would be possible. 
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