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Abstract 

Amyloid plaques are pathological markers and at the same time indirect cause of 

Alzheimer's disease. P-secretase catalyzes the cleavage of the amyloid precursor protein 

and hence the formation of amyloid peptide. Thus, plaque formation could be indirectly 

hindered by the development of P-secretase inhibitors. In our study, a computational 

approach of rational drug design for P-secretase is presented. Known inhibitor-enzyme 

complexes were used for validation of computational docking of the peptides of this 

system. Predictions were made for the atomic details of the complexes of potent 

inhibitors. 
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Introduction 

The accumulation (plaque and fibril formation) of P-amyloid peptide (A|3) in the brain 

has a central role in the pathogenesis of Alzheimer's disease (AD) [1], AP is a fragment 

of the amyloid precursor protein (APP) and can form plaques (aggregates) in the brain 

during AD. There are several approaches to eliminate the formation of the aggregates of 

Ap, e.g. by disintegrating them [2,3,4]. Other alternative is the inhibition of the cleavage 

of APP [5,6]. P-secretase is considered to be one of the most important targets of 

inhibitory drugs as it catalyzes the rate-limiting step in vivo [7]. Several groups [8-11] 

have independently cloned memapsin 2, an aspartic protease, which was also called and 

identified as P-secretase. An eight-residue transition state analogue inhibitor (OM99-2) 

has been designed [5] for the active site of this enzyme. The crystal structure of the P-

secretase-OM99-2 complex was determined [12] at atomic resolution. This complex was 

proven to be a good starting point for structure-based design of modified and/or smaller 

inhibitor molecules [13]. 

In this study we present a modeling approach based on the above-mentioned X-ray 

structure. A widely used technique, molecular docking was employed for the 

investigation of a short form of OM99-2 molecule and three other active compounds. 
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Methods 

The atomic coordinates of the complex of memapsin 2 (P-secretase) and the OM99-2 

(inhibitor, ligand) molecules were downloaded from the Brookhaven Protein Databank. 

After removing the inhibitor, the protein was equipped with polar hydrogen atoms, 

charges of the Kollman united atom type and solvation parameters. The ligand molecule 

was decorated with hydrogen atoms and Gasteiger [14a] charges were assigned to each 

atom using BABEL [14b]. In case of the inhibitor molecules, the original OM99-2 

structure was modified manually and TINKER [15] was applied for optimization of the 

structures.' 

AutoDock [16] program package was used to generate grid maps and to perform docking 

simulations. Distance dependent relative permittivity function of Mehler and Solmajer 

and AMBER [17] based Lennard-Jones parameters of AutoDock were used to calculate 

the grid maps, respectively. The center of the grid space was identical to the center of the 

binding site of OM99-2. Grid spacing of 0.375 A and 120 grid points were used in each 

Cartesian direction. 

Two procedures were applied for docking. In procedure PI the original torsional angles 

were set and the docking was performed with fixed backbone. In procedure P2 all the 

torsions except of that of the amide bonds were released during the docking runs. (See 

Tables 1 and 2 for the number of the released torsions in each case.) 10 runs were 

performed using the Lamarckian genetic algorithm (LGA) of AutoDock. The number of 

energy evaluations and the number of generations were set to 108 and the population size 

was 500. All other parameters of LGA were set as default. The structures corresponding 
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to the (docked) energy minimum of the 10 runs were chosen and used for evaluation at all 

molecules. (The energy minimum of the 10 runs had a very good fit to the crystal 

structure in the "test cases" of OM99-2 and OM02. See Results and Discussion for 

details.). 

VMD [18] and Raster3D [19] were used for graphical representation of the results. 

Results and Discussion 

The inhibitor: OM99-2 is based on an octapeptide sequence of Glu-Val-Asn-Leu-OP)Ala-

Ala-Glu-Phe in which the Leu-Ala amide bond is substituted by an (S)-CH(OH)CH2 

group (marked with according to Ref. 15). This octapeptide-derivative is a relatively 

large molecule with 31 possible torsional angles. The totally flexible docking of the 

whole molecule was found problematic. However, docking with fixed-backbone 

(protocol PI, see Methods for details) resulted in a structure with good fit to the 

crystallographic one (Fig. 1), while protocol P2 gave no acceptable results. The side-

chains of the C-terminal Glu-Phe fragment of the PI-docked OM99-2 were deviated from 

the ones of the X-ray structure. (It should be remarked, that these side-chains have high 

B-factors in the experimental structure [12], which points to the uncertain position of 

these groups in the complex.) Interestingly, the deviation of Glu(l) is also quite large and 

the assignation of the O and N atoms of Asn(3) should also be changed due to the 

docking simulation. There is a notable difference between the energy values of the P2-

docked OM99-2 and the crystallographic position (Table 1). The approximately 4 
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kcal/mol energy excess of the experimental structure points to the success (convergence) 

of the docking simulation, as well. 

Although, the OM99-2 molecule was proven to be a potent inhibitor of P-secretase 

[5,12], it is still too large to pass the blood brain barrier. Hence, shortening of the 

molecule could be an alternative of the design of the core of other inhibitors. It was 

reported [12] that the side-chains of the two C-terminal amino acids (Glu, Phe) are not 

involved in the interactions with the enzyme and are rather mobile (see also remarks 

above). An inhibitor without the N-terminal Glu (OM99-1) was also developed and has a 

10-fold decreased potency. First of all, the effects of such deletions were investigated 

here. 

The effect of deletion of terminal amino acids on the position of the ligand 

After the removal of the above-mentioned three residues (Glu(l), Glu(7) and 

Phe(8)}from the original OM99-2 molecule, the remaining part was blocked with acetyl 

and N-methyl groups on the N- and C-termini, respectively (OM02). While the Glu-

truncated OM99-1 inhibitor has a positive N-terminus [5,13], we preferred not to leave a 

charged group at that position, as it could influence the orientation of that part of the 

molecule dramatically (which could be a reason of the decreased efficiency). Two 

different docking protocols were used to investigate the effect of the conformation of the 

backbone on the binding (see Methods for details). When OM02 (ligand) was docked 

with fixed backbone (protocol PI) an almost exact match to the crystal structure was 

found (Fig. 2a). If all the active torsions of OMQ2 were released (protocol P2), the ligand 



found a similar but energetically less favorable position (Fig. 2b) and was shifted by two 

amino acid units towards the N-terminus of the original OM99-2 position. (The higher 

energy values of the result of P2 are probably not due to the bad convergence, as this 

trend was not observed in case of the other inhibitors with similar number of torsions. 

Generally, the energy values of the P2 protocol were lower than the ones of PI there. See 

Ejnter and Edocked values of Table 2.) In conclusion, the C)M02 l igand with released 

backbone torsions found similar interacting points (at different residues of the target) as 

the non-released one in the site and has similar energy values as calculated from the 

crystallographic structure (ca. 1.5 kcal/mol energy difference). There was also an increase 

in the energy values compared to the ones of the docked or crystallographic version of 

OM99-2, which is due to the missing residues (Table 1). 

Binding positions of the tested inhibitor molecules on the active site of the targeted ¡5-

secretase molecule 

Three of the experimentally tested inhibitors of Ref. 13 were chosen in order to 

investigate their binding mode on the targeted P-secretase molecule. The formulas of the 

compounds, the results of these calculations, and the measured K, values of the inhibitors 

are tabulated in Table 2. There is a decrease in the energy values (E i n te r ) at decreasing Kj 

values, which points to the good correspondence between the calculated and measured 

trend of the goodness of an inhibitor. (In a forthcoming paper a more detailed molecular 

dynamics-based estimation of Kj (AG) values of binding will be presented.) 



The orientation of the three investigated inhibitors are similar to the one of the original 

OM99-2 ligand of the X-ray structure (Fig. 3a). Interestingly, the lack of the C-terminal 

Glu and Phe amino acids resulted a deficiency of the amino acids at their former 

positions. The hydrophobic interactions between P-secretase and the side-chains of Leu 

and Val of the inhibitor molecules remained. According to the calculations the insertion 

of Val side-chain at Ala(6) was a good choice, in case of inhibitors 113 and 116; as the -

CHMe2 group fits to the former pocket of the Leu(4) of OM99-2 (Fig. 3). The lack of this 

group contributes to the lower binding affinity of 115. The 113 molecule is shorter than 

both 115 and 116. Thus, neither the N-terminal H-bonding pattern, nor the weakly polar 

interactions at the Boc group can be formed and the weakest interaction was obtained. 

However, the C-terminal H-bonding pattern and the hydrophobic interactions of 113 are 

similar to that of 116 and OM99-2, respectively. 
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Conlusions 

Automated docking is a widely used, rapid technique for reproduction and prediction of 

crystal structures of molecular complexes (e.g. [20]). It was recently shown, that the 

genetic algorithm-based procedure of the docking program: AutoDock [16] is able to find 

the binding site and detect the binding mode of flexible peptides even if no prior 

information on the complex is known [21]. 

In the present study, a docking approach of inhibitor design was evaluated. The known 

structure of the inhibitor-P-secretase complex was reproduced with good accuracy. The 

effect of the modifications (deletions, insertions, blockings) on the binding mode of the 

original octapeptide structure was investigated. All these modifications altered the 

binding positions of the particular amino acids of the inhibitors, but the orientation of the 

modified molecules remained the same as that of crystal lographic one. The conformation 

of C-terminal part of the backbones of the ligand molecules fits better to the original 

OM99-2 structure than that of the N-terminal ones, due to the insertion of the bulky Boc 

group and the elimination of the positive charge on the N atom. 

Our results point to the real alternative of the use of molecular docking for the 

investigation of newly designed inhibitors of P-secretase and the prediction of their 

binding mode. 
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Tables 

Table 1 Docked and intermolecular energies of the OM99-2 and its short form: 
OMQ2 at different docking protocols and for the crystal structure. 

Compound 
ID 

# free 
torsions 

Kj (nM) Crystal ( 
Einter 

ccal/mol) 
Edocked 

Docked ( 
Einter 

ccal/mol) 
Edocked 

OM99-2 
OM02 
OM02 

•25(PI) 
8 (PI) 
17 (P2) 

1.6 -18.6 
-15.4 

-16.6 
-15.7 

-13.0 
-16.6 
-14.0 

-14.1 
-17.4 
-14.3 

Table 2 Intermolecular energy and AGbinding values of three inhibitors of Ref. 13. The 
trend of K, values is in agreement with that of the energy values. 

Compound 
ID 

Formula # free 
torsions 

K, 
(nM) 

Energy ( 
Emter 

ccal/mol) 
Edocked 

113 Boc-NL(vF)AV-NHCH2-Ph 19 (P2) 3134.0 -14.9 -13.7 
lb (P l ) -12.3 -12.1 

115 Boc-VNL(4/)AA-NHCH2-Ph 21(P2) 61.4 -15.7 -13.9 
10 (PI) -14.9 -13.2 

116 Boc-VNL(*P)AV-NHCH2-Ph 22 (P2) 5.9 -17.5 -15.7 
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Figures 

Fig. 1 Superimposed presentation of the PI-docked OM99-2 molecule (blue) and that 
of the crystal structure of the same Iigand (reference, red) 

Fig. 2a Superimposed presentation 
of the PI-docked 01V102 molecule 
(blue) and that of the crystal 
structure (reference, red) 

Fig. 2b Superimposed presentation 
of the P2-docked OM02 molecule 
(blue) and that of the crystal 
structure (reference, red) 
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Fig. 3 Superimposed representation of the P2-docked 113 (silver), 115 (green), 116 
(blue) inhibitors and that of the crystal structure (reference, red). The hydrophobic 
side-chains are marked with a black circle. The "deficiency" of the C-terminal 
residues at their former position is marked with a rectangle. The C—>N orientation of 
the depicted structures is the same at all ligands and marked with an arrow. 
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Abstract 

Alzheimer's disease starts with the aggregation of (3-amyloid peptides overproduced in the brain. The pathognomic plaques 
contain 50-100 peptides in parallel and/or antiparallel [f-plcutcd sheet structure. Short peptide fragments called (3-sheet breaker 
(BSB) peptides can bind specifically to (3-amyloid peptides hindering the association and aggregation. The 3D structures of the 
molecular associates between (3A6_34 and BSB peptides (Soto's LPFFD, Tjernberg's KLVFF and two new ones) were calcu-
lated theoretically by AMBER force field based docking algorithms. The calculated structures emphasize the directing effect 
and pivotal role of electrostatic forces and the importance of the hydrophobic interactions of the side-chains in binding of BSB 
peptides to the p-amyloid peptide. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords-. 3-Sheet breaker (BSB) peptides; Amyloid pA(l —42); Docking; Plaques 

1. Introduction 

The pathognomic plaques of Alzheimer's disease 
are associates of the proteolytic product of P-amyloid 
precursor protein (APP) [1,2]. APP is a trans-
membrane protein which is present on the neuronal 
surface, p-Amyloid peptides (3 A) are formed by 
cleavage of APP in the presence of a-secretase. Accu-
mulation of |3A|_4o and |3A 1-42/43 peptides ( 'DAEFR 
HDSGY EVHHQ KLVFF AEDVG SNKGA IIGLM 
VGGVV IA42) in plaques and blood vessel walls and 
intraneuronal accumulation of helical filaments is not 
only pathological marker but also the main reason of 
Alzheimer's disease. 3 A1-42/43 peptides show high 
efficiency in the formation of plaques by their 

* Corresponding author. Tel./fax: +36-62-420-943. 
E-mail address: kortve@chem.u-szeged.hu (T. Körtvélyesi). 

aggregation [3,4]. The core of the plaque is formed 
initially from 3Ai_42/43 peptides ("seeding hypoth-
esis") [4,5]. Further, soluble pA|_40 deposition on 
the nucleus enlarges the plaques [4-6] . 

The inhibition of (3A fibrillogenesis [5] by the fi-
shed breaker (BSB) peptide (LPFFD) was supported 
in vitro and in vivo by Soto et al. [7] who found that 
the preformed fibrils disassembled in the presence of 
this molecule. The design of this BSB peptide was 
based on the sequence of 3A|7_2o. LPFED is soluble 
in water because of D and P has a blocking effect on 
the p-sheet. Tjernberg et al. [8] found KLVFF-
sequence as the most efficient sequence (3A16-20) in 
binding to 3A, and this sequence is important in the 
fibril formation. The molecules of this pentapeptide 
do not aggregate with each other. Both the charged 
residues and the hydrophobic side chains have an 
important effect in the binding. Amino acids K, L, 

0166-1280/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved. 
PII: S 0 1 6 6 - 1 2 8 0 ( 0 0 ) 0 0 8 1 5 - 0 

http://www.elsevier.nl/locate/theochem
mailto:kortve@chem.u-szeged.hu
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and F were found to be necessary for the formation of 
fibrils. Benzinger et al. [9] proved by solid-state NMR 
using 13C labeling at Q15, K16 and L17 that a parallel (3-
sheet was formed during aggregation of PAl0_3s at pH 
7.40. Jarvet et al. [10] studied the sequences of |3Ai2_ 
28 and K K L V F F A (c o r r e spond ing to PA 1 5 _ 2 | wi th Q 1 5 

replaced by K) in mmol concentration by NMR and 
CD. High temperature and ionic strengths were found 
to promote aggregation and P-sheet formation. 
Random coil was found as secondary structure caused 
by a-proton chemical shift. In the 1:1 mixture of the 
two peptides, no direct evidence was obtained for a 
strong interaction. 

George and Howlett [11] built a structural model 
for the formation of plaques. In contrast to the results 
of Benzinger et al. [9], they found a stable structure as 
an anti-parallel P-sheet. 

Our aim was to study the molecular mechanism of 
the formation of the plaque core containing PA 
peptides and the binding of BSB molecules on to 
PA peptides. For these studies, calculations were 
performed by molecular mechanics/molecular 
dynamics methods. The binding was studied by dock-
ing algorithm to support the efficient sequences on PA 
peptides and to characterize the type of the interactions 
and the localization of the binding site on the target 
peptide(s). The interactions of the target peptides (PA6_ 
34 and pA30-42) with BSB peptides ( + H-KLVFF-0~ 
(Tjernberg et al. [8]), +H-KLVFF-NH2 (the amide 
derivative of the former peptide), +H-LPFFD-0~ 
(Soto et al. [7]), +H-GVVIA-NH2 (1) and + H -
FFVLDG-NH2 (2)) were calculated and compared 
qualitatively to the experimental results available 
[7,8,12]. The chosen PA peptide sequences had (3-
sheet secondary structures [13-15]. 

2. Calculations 

Docking of the BSB peptides was performed by the 
program package AutoDock (Version 2.4) [16], which 
applied Monte Carlo simulated annealing along the 
rapid energy evaluation. As a reasonable target 
molecule, PA6_34 and PA3o_42 fragments of PA|_42 

were blocked with Ac and contained amide on the 
C- and N-terminus, respectively. The (larger) target 
molecules and the smaller BSB peptides were gener-
ated in p-pleated sheet with standard <p and ip angles 

of the backbone by SYBYL molecular modeling 
package [17]. 

AMBER95 [18] force field implemented in 
TINKER (Version 3.6) [19] was applied for molecular 
mechanics optimization at all peptides. The cut-offs 
were chosen to be 14 A, the cut-off taper for the 
Coulomb and van der Waals interactions were 0.65 
and 0.9, respectively. The structures of the target 
molecule and the small molecules were optimized 
with 0.001 kcal mol - 1 tolerance. 

In case of peptide 1 and 2, one hundred simulated 
annealing runs were performed to explain the docking 
and experimental results. Twenty picoseconds 
equilibration at 1050 K and 25 ps cooling till 50 K 
was applied by exponential protocol. GB/SA implicit 
water model [20] was used. The length of each step 
was 0.5 fs. The last sample was optimized with 
0.001 kcal mol - 1 tolerance. The best structure with 
the lowest interaction energy was chosen for further 
evaluation. 

For BSB peptides (ligands), empirical partial 
atomic charges were assigned for docking by 
SYBYL using the method of Gasteiger and Marsili 
[21]. Non-polar ligand hydrogen atoms were then 
deleted, and their charges were added to that of the 
carbon by program AutoTors. In case of target 
molecules, SYBYL [17] was used for adding polar 
hydrogens and assigning charges of the Kollman 
united-atom type [18]. 

Grids of molecular affinity potentials were calcu-
lated using program AutoGrid. Grid spacing 
(0.375 A), and 120 grid points were applied in each 
Cartesian direction so as to calculate mass-centered 
grid maps. AMBER 12-6 and 12-10 Lennard-Jones 
parameters were used for modeling van der Waals 
interactions and H-bonds (N-H, O-H, S-H), respec-
tively. In the generation of electrostatic grid map, 
distance dependent relative permittivity of Mehler 
and Solmajer [22] was applied. 

One hundred Monte Carlo Simulated Annealing 
(MC/SA) runs were performed for docking each 
BSB peptides. Translation, quaternion parameters 
and torsions were set randomly before SA runs. 
Each run consisted of 50 annealing cycles with a 
maximum of 10 000 accepted or rejected moves. 
The lowest energy conformation from each cycle 
was used as the starting point for the next cycle. 
The rotation of <f> and ip angles and the angles of 
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Table 1 
Interaction of BSB peptides and the target 0A peptide fragments studied (£•„„„ ,„,„, 
energies and average total energies of successful docking runs) 

minimal and average intermolecular 

BSB peptide Target . (kj/mol) ^aver.. ,o,al (kJ/mol) 

+ H-KLVFF-CT 
+ H - K L V F F - N H 2 

H - L P F F D - O 
+ H-GVV1A-NH 2 
+ H - G V V I A - N H 2 
+ H-FFVLDG-NHI 

ßA„_34 
ßAö-34 
ßA6_34 
ßAs-34 
ßA30-42 
ßA6_34 

- 1 6 9 . 6 
- 1 3 4 . 1 

- 9 6 . 1 
- 9 1 . 2 
- 6 3 . 3 
- 4 6 . 8 

- 7 7 . 8 
- 7 7 . 4 
-61.2 

- 5 6 . 7 
- 4 4 . 1 
- 3 2 . 0 

- 1 5 9 . 7 
- 1 7 0 . 6 
- 1 8 0 . 2 
- 1 3 1 . 1 
- 1 2 5 . 3 
- 2 2 0 . 5 

side-chains were held free during the calculations. All 
other parameters of MC/SA algorithm were set as 
default. 

The secondary structure of the BSB peptides were 
characterized by DSSP [23]. SYBYL [17] and 
MOLMOL [24] were used for evaluation of results. 
3D figures were made using ORTEP3 [25], 

3. Results and discussion 

The results — minimal and average intermolecular 
energies and the average total energies of the adducts 

Fig. 1. Associate of +H—KLVFF—O (Tjemberg's peptide, ligand, 
L) and pSA6_34 peptide fragment (target, T). For the meaning of small 
letters, see text. C, O. N and H atoms are represented by empty, 
octant shaded, crossed and small empty circles, respectively. Non-
polar hydrogen atoms were omitted for clarity. 

obtained by the successful MC/SA docking calcula-
tions are summarized in Table 1. 

3.1. Docking of Tjemberg's peptide (+H-KLVFF-
O'. +H-KLVFF-NH2) on PA6_J4 

The experimental results with the + H - K L V F F - 0 ~ 
peptide showed its effectiveness not only in inhibiting 
the aggregation of (3A peptides but also in the deag-
gregation of the plaque core during the preaggregation 
[8], 

A strong intermolecular interaction was supported 

Fig. 2. Associate of H - K L V F F - N F T (Tjemberg 's peptide modi-
fied at the C-terminus, ligand, L) and (3A6_34 peptide fragment 
(target, T). For details of denotations, see caption of Fig. 1. 
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by the result of docking with the Tjernberg peptide 
( + H - K L V F F - 0 ~ ) and the pentapeptide amide + H -
KLVFF-NFE (Table 1). The most stable associates 
are described in Figs. 1 and 2, respectively. Important 
intermolecular interactions in + H - K L V F F - 0 ~ -
(3A6_34 peptide associate are due to the following 
interaction list, (a) Salt bridge between the depro-
tonated carboxyl at the side chain of E1 ' ((3A6-34) 
and protonated amine at the side chain of K1 ( + H -
KLVFF-O"). The shortest distance between carboxyl 
O atom of E11 ((3A6_34) and H in -NH3

+-group of K1 

( + H - K L V F F - 0 ~ ) is 217 pm. (b) Coulomb interac-
tion of the deprotonated carboxyl on side chain of E " 
(3A6_34) and H in - N H 7 (N-term) of K1 ( + H -
KLVFF-O") . Distances between O atoms of 
carboxyl E11 (pA6_34) and -NH3

+-term of K1 ( + H -
KLVFF-O") are 229 and 249 pm. (c) Coulomb inter-
action between the partial negative charge of N atom 
in the imidazole ring on the side chain of H11 OA6_34) 
and -NH3

+-(N-terminal) group of K1 ( + H - K L V F F -
0~) . The distance between the appropriate N and H 
atom is 285 pm. (d) Coulomb interaction between 
protonated NH3

+-group of the side chain of K."1 

((3A6_34) and the C-terminal carboxylate of + H -
KLVFF-O . The distance between H atom of K16 

(PA6_34) and carboxyl O atom of C-terminus is 
210 pm. 

Docking of + H - K L V F F - N H 2 was also studied. 
The structure of the associate with the lowest inter-
molecular interaction energy is described in Fig. 2. In 
contrast to the previous results, the "active sequence" 
of 3A6_34 was not E n VHHQK 1 6 but F I9FAEDV24. 
The minimal interaction energy was less by 
3 6 k J m o F ' than in the previous associate. The 
average intermolecular energy was found to be 
practically the same as in the previous case; similar 
results were obtained in the 100 runs. The interactions 
are different from the previous associate: the 
importance of salt bridges is less at the peptide 
associate with the modified C-terminal capping than 
at the associate with free carboxylate. The main inter-
actions are: (a) weak interaction between carbonyl O 
atom at A21 (3A6_34) and H at V3 ( + H-KLVFF-NH 2 ) 
with a distance of 369 pm; (b) Coulomb interaction 
between the deprotonated carboxyl at side chain of 
E : : ((3A6_34) and NH^-group at the N-terminal 
amino group of K1 ( + H - K L V F F - N H : ) ; the distance 
between them is 503 pm; (c) Coulomb interaction 

between the deprotonated carboxyl at side chain of 
D23 (pA5-34) and NH( -group of side chain of K1 

( + H-KLVFF-NH 2 ) ; the distance between them is 
240 pm; (d) electrostatic interaction between the 
partial negative charge of O of the oxo group of A21 

(PA6_34) and protonated amino group of N-terminus 
of + H-KLVFF-NH 2 with an O - H distance of 
391 pm. The contribution of the hydrophobic and 
aromatic ring - HN interaction to the association 
energies must also be important: the distance of 
aromatic rings (in F) and peptide H - N groups are 
less than 500 pm in some cases. 

3.2. Docking of Soto's peptide (+ H-LPFFD-O') on 
PA-6-34 

+ H - L P F F D - C T peptide also have BSB effect 
[7]. The structure of the associate corresponding 
to the best interaction energy is outlined in this 
section. The intermolecular energy is less 
(—96.1 kJ moF 1 ) than that was found at the associ-
ates with 4 H - K L V F F - 0 peptide (Tjernberg's 
peptide, Table 1). Docking was successful on to the 
sequence of Y I0EVH13 of (3A6-34 peptide. The main 
important interactions were H-bonds and a salt bridge 
between the deprotonated carboxyl group on the side 
chain of E11 ((3A6_34) and the protonated amine at the 

Fig. 3. Associate of + H - G V V I A - N H : (peptide 1. ligand, L) and 
PA6_j4 peptide fragment (target, T). For details of denotations, see 
caption of Fig. 1. 
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N-terminal L1 ( + H - L P F F D - 0 " ) . Hydrophobic (van 
der Waals) interactions are also present in the associ-
ate. 

3.3. Docking of peptide 1 (+H-GWIA-NH2) on /3A6_ 
¡4 and f3A30_42 

Peptide 1 contains the last five residues of (5A1_42. 
The importance of the C-terminal part of (3A|_42 in its 
self-aggregation is well-known in the literature [3-5], 
This was the reason for the choice of this specific 
sequence of peptide 1. Experimental results [12] 
showed the effectiveness of this compound. Docking 
was performed on both 0A6_34 and (3A30_42. The 
associate with (3A6_34 is shown in Fig. 3. The minimal 
total and intermolecular interaction energy is similar 
to that of Soto's peptide [7] (Table 1). The main 
interactions are: (a) Interaction between the oxo 
group of the amide bond of E 2 2 -D 2 3 (3A6_34) and 
the protonated amine at the N-terminal G1 ( + H -
GVVIA-NH2) . The shortest distance between O 
atoms of carboxylate and H atom of G1 was 
330 pm. (b) Interaction between the deprotonated 
carboxyl group at the side chain of D23 ((3A6_34) 
and the H atom in peptide bond of G ' - V 2 ( + H -
GVVIA-NH 2 ) with a distance of 213 pm. (c) inter-
action between the deprotonated carboxyl group at 
the side chain of D2 3 ((3A6_34) and the H atom in 
peptide bond of V 2 - V 3 ( + H - G V V I A - N H 2 ) with 
214 pm distance between them. 

The result of docking on (3A30_42 is described in 
Fig. 4. Weaker interactions were found between the 
two peptides (see Table 1): (a) interaction between 
the O atom of peptide bond of G 3 7 -G 3 8 ((3A30_42) 
and the H atom of peptide bond of V 3 - I 4 ( + H -
GVVIA-NH : ) with 381 pm distance between them; 
(b) interaction between the H atom of peptide bond of 
G 3 8 -V 3 9 (|3A3O_42) and the O atom of peptide bond of 
V 2 - V 3 ( + H - G V V I A - N H 2 ) . The distance between 
the O atom and H atom was 300 pm; (c) electrostatic 
interaction between the partial atomic charges of -
N H - of G 3 7 - G 3 8 ( 3 A 3 0 _ 4 2 ) a n d = C = 0 g r o u p o f V 3 -
I4 in + H - G V V I A - N H 2 with an 0---H distance of 
359 pm. The minimum value of the intermolecular 
interaction energies is almost 2/3 of the previous 
associate which supports an acceptable strong inter-
action in the sequence of (3A6_34. 

The most stable structure of the + H - G V V I A - N H 2 

Fig. 4. Associate of +H-GVVIA-NFL2 (peptide 1, ligand, L) and 
PA30_42 peptide fragment (target, T). For details of denotations, see 
caption of Fig. 1. 

peptide was found to have a turn-like structure with a 
H bond between G1 and A5 (/, i + 4) on the basis of 
the result of simulated annealing by AMBER95 force 
field. 

3.4. Docking of peptide 2 (+H-FFVLDG-NH2) on 
PA6_34 

Peptide 2 was designed so as to interact with (3A16_ 
20 sequences. Therefore, we used only (3A6_34 frag-
ment (which contained (3A16_20) as a target molecule 
during calculations. 

There were no acceptable associates found between 
+ H - F F V L D G - N H 2 and (3A6J4 . Weaker interactions 
were obtained as minimal intermolecular interaction 
energy (—46.8 kJ m o F 1 ) compared to the BSB 
peptides studied before. The calculated great total 
energy shows a significant intramolecular interaction, 
which can be considered much more efficient in the 
stabilization of the structure than the intermolecular 
interactions (Fig. 5). A salt bridge is formed between 
the terminal + N H 3 - and - C O O with a distance of 
196 pm. The distance of -NH- -OC and -
NH- • -OCNH2 intramolecular hydrogen bonds are 
between 236 and 292 pm. 

On the basis of simulated annealing by AMBER95 
force field, the most stable structure of the + H -
FFVLDG-NH 2 peptide in water (GB/SA) was found 
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Fig. 5. Structure of + H-FFVLDG-NH 2 (peptide 2) obtained by 
docking onto fiA6_34 peptide fragment. For details of denotations, 
see caption of Fig. 1. 

to be similar to peptide 1: a turn-like structure with (i, 
i + 3) and (/', i + 4) H bonds between C = 0 of F2 and 
HN at D5, HN at F2 and CO of G6 (Fig. 6). Because of 
these two strong intermolecular H-bonds, the structure 
of peptide 2 seems to be more compact than that of 
peptide 1, which had only one Fl-bond stabilizing its 
turn motif. 

4. Conclusions 

An attempt was made to explain the experimental 
results on the working of BSB peptides with [3A 
peptide fragments using fast and effective computa-
tional methods such as docking. 

The greatest intermolecular interaction energies in 
the associates of Tjernberg's peptide and (3A6_34 

support the significant BSB effect of this peptide 
obtained in experiments [8]. A slight decrease in 
effectiveness was found when the C-terminal end 
was modified to an uncharged group (-CONH2) . 
Soto's peptide and peptide 1 showed a similar (strong) 
intermolecular interaction in their measure. The 
results are also in good agreement with the experi-
mental tests [7,12]. 

In case of peptide 2 no acceptable associate was 

Fig. 6. Structure of + H-FFVLDG-NH 2 (peptide 2) obtained by 
simulated annealing. For details of denotations, see caption of 
Fig. 1. 

obtained by docking simulations and the calculated 
intermolecular interaction energy was relatively 
small. So as to explain the reason of the failure of 
peptide 2 and the success of peptide 1 further 
simulated annealing experiments were performed 
using GB/SA solvation model. These calculations 
resulted in a more compact structure for peptide 2 
than for peptide 1, which can explain the "inactivity" 
of the former molecule in docking experiments. 

The active binding site in the target peptide always 
had charged groups for the large directional inter-
molecular interaction with the BSB peptides and 
hydrophobic side chains with weakly polar inter-
actions for specific binding. 
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Abstract—Aggregation of amyloid peptide (Ap) has been identified as a major feature of the pathogenesis of Alzheimer's disease. 
Increased risk for disease is associated with increased formation of polymerized A(3. Inhibition of formation of toxic (aggregated) 
form of Ap is one of the therapeutic possibilities. Beta sheet breaker peptides (BSBs) fulfill the requirements of an effective inhi-
bitor. After having attached to the Ap molecules, BSBs can prevent aggregation of Ap to polymeric forms (aggregates). In the 
present study, we performed molecular modelling of complex formation between A(3 and two BSB peptides. Our aim was to find 
proper binding sequences for the BSB peptides on Ap and characterize them. A dimeric model of Ap was also used to study the 
interaction of BSBs with the aggregated forms of Ap and find the sequences responsible for the polymerization process. A fast and 
efficient computational method: molecular docking was used for the afore-mentioned purposes. © 2002 Elsevier Science Ltd. All 
rights reserved. 

Introduction 

Senile dementia of the Alzheimer type can be char-
acterized with neuritic plaques in the brain containing 
extracellular amyloid (3-protein (AP) deposits. A p 
occurs principally in fibrils and the main componen t of 
this filamentous form is a polypeptide chain of 42 amino 
acids (AP!_42) which is particularly prone to aggrega-
tion.1 The most abundant ly produced 40 amino acid 
amyloid polypeptide ( A p ^ o ) shows limited aggrega-
tion, while the 43 amino acid form (A(3]_43) is the most 
rapidly aggregating natural sequence. A P i ^ 0 and 
AP 1-^2/3 are co-localized in aggregated form in the 
neuritic plaques. Aggregated Ap proteins are neurotoxic 
by triggering Ca 2 1 -influx into the neurons, free radical 
format ion and apoptosis .2 Though, the steric s tructure 
of amyloid fibrils is not fully unders tood, N M R data 
show parallel P-sheet structure.3 This is suppor ted by 
computat ional modeling, which allows the presence of 
both parallel and antiparallel P-structure.4 Detailed 

»Corresponding author . Tel.: +36-62545136; fax: +36-62545971; 
e-mail: csabahe te@yahoo.com 

summary of results of the investigations on the structure 
of amyloid fibrils can be found in ref 5. 

Some peptides and non-peptidic compounds prevent 
format ion of P-structure and amyloid aggregation 
(polymerization). These are the so-called P-sheet break-
ers (BSBs) and are considered to be potential drugs of 
Alzheimer's disease (for more informat ion, see review of 
Findeis6). Well-known BSB-peptides were prepared by 
Tjernberg et al.7 and Soto et al.8 

Design of BSB peptides requires the precise knowledge 
of binding sequences on Ap proteins. Unfor tunately , no 
high-resolution X-ray diffraction da ta of amyloid struc-
tures exist for molecular design. However, on the basis 
of experimental data , George and Howlet t 9 published a 
very useful, computat ional ly derived structural model 
for Ap and the fibrillar structure ( 'solid-state model ' in 
ref 9) of Ap aggregates. In the recent study, we used 
their amyloid model as a target for docking simulations. 
Employing the au tomated computa t ional algori thm 
(docking), our aim was to m a p the possible sequences of 
Ap which bind to BSB peptides with high affinity, and 
therefore, could be critical for the design of new BSBs. 

0968-0896/02/$ - see f ront mat ter © 2002 Elsevier Science Ltd . All rights reserved. 
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Scheme 1. Schematic representation of the monomer (A) and dimer 
(B) form of AIL-43 (target molecule). The different active sequences 
are marked with different colours and denoted according to text. 

Results and Discussion 

Docking of Tjernberg's peptide (KLVFF) and Soto's 
peptide (LPFFD) to the monomeric A(3i 4 3 (Target I) 

Both K L V F F and L P F F D peptides contain two phe-
nylalanine and charged amino acids (lysine and aspartic 
acid) which might be essential in the formation of aro-
matic interactions and salt bridges between the small 
BSB (ligand) peptides and the AP[_^3 (target) peptide. 
These features of K L V F F and L P F F D peptides were 
originally10 predicted to be essential in their BSB effect. 
However, no attempt but o n e " was made till this time 
to show the possible details of the action of these pep-
tides at atomic level and to check the original hypoth-
eses. [It should be stressed, that in our former s tudy ," 
we used a basically different target molecule and dock-
ing algorithm (Monte-Carlo method/simulated anneal-
ing instead of LGA) for modelling this problem.] 

Sequences of A p ^ 3 found to be active in the interac-
tions with the BSBs are listed in Table 1. As three dif-
ferent grid maps were used for docking simulations, 
Table 1 contains data derived from 600 separate dock-
ing runs. [It was also possible to study the effect of the 
choice of grid size and spacing on the docking results, 
i.e., whether the basic conclusions drawn from one set 
of 100 runs differ from the other ones or not. Basically 
only a few differences can be found in the active 
sequences of APi_43 for K L V F F or L P F F D at grid 
maps 'A', 'B' or 'C ' (see Methods for definition of letter 
codes.)] Energetically, a sequence may be more or 
less favourable than another one for different grid 
maps (see E d o c k e d values of Table 1). However, these 
energy values had a limited use in this study: for 
selection of the energetically favourable complexes 
among the 100 runs. (See also section 'Verification of 
the significance of resulted binding sequences' for more 
details of energetics.) 

The following sequences were found to be generally 
important in the interactions: (A) V(18).. ,D(23); (B) 
R(5).. ,Y(10); (C) G(38). . .T(43) (Scheme 1A). 

(A) The V(18).. .D(23) sequence. According to the 
docking results, the V(18).. .D(23) sequence seems to be 
one of the most common active sites of APi_43 for both 
K L V F F and L P F F D peptides. This sequence proved to 
have the highest populations (N up to 19) and also good 
energy values among the 100 runs (first, second or third 
lowest energies of the 5-6 groups tabulated in each cell 
of Table 1). Interestingly, this region of A p , ^ has been 
used as a template for the design of both BSB peptides 
in the original papers.7-8 Experimental evidence was 
published for the interaction of Ap16_22 peptide with 
itself: the A - a c e t y l - K L V F F A E - N H j fragments aggre-
gate to form fibril similarly to APi^t2 / 4 3 . Moreover, 
multiple quantum (MQ) N M R results12 supported 
antiparallel orientation of the Ap : 6_2 2 peptides in the 
fibrils. Our docking results are in good agreement with 
these experimental findings: (1) the activity of the 
sequence V(18).. .D(23) and (2) in some cases even the 
antiparallel alignment of K L V F F and the correspond-
ing V( 18).. .D(23) sequence were also found (Fig. 1). 

(B) R(5).. ,Y(10). This sequence was also found by the 
docking simulations of both L P F F D and K L V F F pep-
tides several times, with very good energy scores in the 
case of L P F F D (grid maps 'A' and 'B'). However, the 
populations (N) of these groups were lower than that of 
the V(18).. .D(23) sequence was. The complex of 
R(5).. .Y(10) [+ T(43)] sequence of A p , ^ 3 peptide and 
L P F F D is presented in Figure 2. Several H-bonds: a, b, 
c, d. f and a salt bridge between the end groups of the 
peptides (e) have stabilizing effect on this associate. 
K L V F F interacts with this sequence in a similar manner 
(via H-bonds and electrostatic interactions). 

(C) The G(38).. T(43) fragment. There are several 
papers (e.g., refs 13~15) indicating the importance of the 
end sequences of A p. According to the present docking 
results, both Tjernberg's and Soto's BSB peptide dock 
to (part of) this sequence with relatively good energy 
scores and/or frequencies (N up to 13). Generally, 
amino acids with serial number Y(10). . . H( 13) are also 
involved in the interactions of this type. (These are the 
closest amino acids in this 'hairpin' model of A p ^ ^ see 
Scheme 1A.) T is crucial in the forming of salt bridge 
between T(43) of Ap,_43 and the BSB peptide and in H-
bonds (the latter formed by backbone CONH groups 
too). Interactions between non-polar groups strengthen 
the overall stability of the associate. 

Verification of the significance of resulted binding sequences 

Docking of 'blank' peptides. To achieve some information 
on the significance of E d o c k e d values of Tables 1 and 2, 
molecular docking experiments were performed on the 
monomer target for the AAAAA and AAVFA penta-
peptides. AAVFA was constructed according to the 
experimental findings of ref 7, while AAAAA was used 
as an indifferent peptide and to estimate the contribu-
tion of the ionic end-groups and the backbone amide 
groups to the final E d o c k e d values. The energy differences 
of the closest conformations of the blank peptides and 
the BSB peptides were calculated for the above-men-
tioned three main interacting sequences of the monomer 



Table 1. Possible binding sequences of Tjernberg's peptide (KLVFF) and Soto's peptide (LPFFD) found by docking simulations on the monomer A|3] 43 peptide and the corresponding docked energies 

(Edocked) of the complexes3 

Peptide Grid m a p 'A ' Grid map 'B' Grid map 'C ' 

Binding sequence N E d o c k e d Binding sequence N E d o c k e d Binding sequence N E d o c k e d 

(kcal/mol) (kcal/mol) (kcal/mol) 

Tjernberg's KLVFF G(38) . . .A(42) + Y(10)E(11) 13 - 9 . 7 V(40). . .T(43) + G(9) . . .H(13) 4 - 1 0 . 1 E(3) . . .Y(10) 4 - 9 . 6 
V(40). . .T(43) + S(8) 6 - 8 . 3 H(13). . .V(18) 3 - 9 . 5 R(5) . . .E(11) 3 - 9 . 5 

V(18). . .E(22) 8 - 8 . 1 E(3).. ,G(9) 4 - 8 . 7 V(18). . .E(22) 10 - 9 . 4 
Q(15) . . .F(20) 11 - 7 . 8 R(5). . .Y(10) + T(43) 3 - 8 . 4 V(18). . .D(23) 3(11)* - 9 . 3 

A(42)T(43) + Y(10) . . .H(13) 9 - 7 . 8 S(8). . .E(11) 3 - 8 . 3 R(5). . ,Y(10) + T(43) 3 - 9 . 2 
D(7) . . .E(11) 4 - 7 . 7 G(38) . . .A(42) + E(11) . . .H(13) 3 - 8 . 7 

Soto's L P F F D R(5) . . .Y(10) + T(43) 2(7)* - 1 0 . 5 R(5) . . .Y(10) + T(43) 4 - 1 1 . 1 V(18). . .D(23) 10 - 1 1 . 3 
L(17) . . .D(23) 19 - 1 0 . 2 V(18). . .D(23) 6 - 1 1 . 1 E(11).. ,Q( 15) + G(38). . .1(41) 9 -11.0 

E(3). . .S(8) 6 - 9 . 7 V(18). . .E(22) 7 - 1 1 . 1 V(18). . .E(22) 8 - 1 0 . 8 
G(38) . . .A(42) + V(12)H(13) 8 - 9 . 7 K(28). . ,L(34) 3 - 1 0 . 4 V(40).. ,T(43) + Y(10) 7 - 1 0 . 5 

R(5) . . .Y(10) + T(43) 4 - 9 . 3 Y(10). . H(14) 3 - 1 0 . 1 

r> 
5? 

aLetters A, B and C denote grid maps with different sizes (see Methods for letter codes). The number of conformat ions docked to the same sequences of A P i ^ ; is denoted with N (see text for fur ther 
description). Numbers (AO of some conformat ions of the same binding sequences but of lower energies are marked with asterisk. 

Peptide Grid map 'A ' Grid map 'B' Grid map 'C ' 

Binding sequence Location E d o c k e d Binding sequence Location E d o c k e d Binding sequence Location E d o c k e d 

(kcal/mol) (kcal/mol) (kcal/mol) 

Tjernberg's KLVFF D(7) . . . Y( 10) + T(43) I - 1 1 . 2 D(7) . . . Y( 10) + T(43) I - 1 2 . 9 S(8). . .E(11) + V(40). . .T(43) I, P - 1 1 . 2 
D(1) . . .R(5) P - 1 0 . 8 E ( l l ) . , .Q(15) + V(39). . .T(43) P - 1 0 . 8 R(5). . .E(11) + I(41). . .T(43) I, P - 1 1 . 0 

Y( 10). . . H( 13) + V(40).. ,T(43) P - 9 . 9 A(21) . . .D(23) + K(28). . .A(30) P - 1 0 . 5 F(4). . ,Y(10) + T(43) 1 - 1 0 . 9 
K(16). . ,V(18) +V(36) . . ,G(37) P - 9 . 1 G(9) . . .H(13) + T(43) P - 1 0 . 0 K(16) . . .D(22) I - 1 0 . 0 

A(2) . . .G(9) I - 8 . 9 F(4). . ,D(7) P - 9 . 9 F(20). . ,A(30) P - 9 . 9 
G(37) . . .A(42) + G(11). , .H(13) P - 8 . 8 H(13) . . .Q(15) + G(36). . .V(38) P - 9 . 8 

Soto's L P F F D R(5). . .Y(10) I - 1 2 . 9 D(1) . . .R(5) P - 1 2 . 8 R(5). . .E(11) 1 - 1 4 . 2 
H(6) . . .Y(10) + T(43) I - 1 0 . 8 F(4). . .Y(10) + T(43) I - 1 2 . 1 D(7) . . .Y(10) + T(43) I - 1 2 . 5 

Y(10) . . .H(13) + V(40). , .T(43) 1 - 1 0 . 6 S(8). , .H(14) + V(40). , .T(43) I, P - 1 1 . 4 Y(10). , .H(13) + V(40). , .T(43) P - 1 2 . 5 
V(24).. ,A(30) P - 1 0 . 0 H(6) . . .Y(10) I - 1 1 . 4 H(6). . .Y(10) I - 1 1 . 9 

D(1) . . .R(5) P - 1 0 . 0 Y(10). . .H(13) + I(41). . .T(43) P - 1 1 . 1 K(16) . . .F(20) + L(34). . .G(38) P - 1 1 . 8 
4 K(16) . . .E(22) I - 1 0 . 0 V(40).. .T(43) + Y( 10) I - 1 0 . 8 E(3) . . .R(5) P - 1 1 . 7 

§ 
ds 

O 
Table 2. Typical binding sequences of Tjernberg's peptide (KLVFF) and Soto's peptide (LPFFD) found by docking simulations on the dimeric form of A p , ^ peptide and the corresponding docked 
energies ( E d O C k e d ) ° f the complexes3 

3Let(efs A. B a'nd C denote grid maps with different sizes (see Methods for letter codes). Location of the BSB peptides in the plane (I) or above/below the planes (P) of beta sheet of dimer is also marked 
(see iext for fur ther explanation of groups I and P of location). 

6 J y 
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amyloid. Significant energy differences were found for 
each active sequences, both for AAAAA (sequence A: 
24-33 and 36-47%; sequence B: 24-29 and 22% differ-
ences with Tjernberg's and Soto's peptides, respectively; 
sequence C: 40% with Soto's peptide) and AAVFA 
(sequence A: 14 and 29%; with Tjernberg's and Soto's 
peptides, respectively; sequence B: 25% with Tjern-
berg's peptide; sequence C: 26% with Soto's peptide; in 
percentage of the BSB's energy which were lower than 
the blanks' in all cases). These considerable energy con-
tributions refer to the importance of the role of the side 
chains in the interactions of the complexes. This finding 
is in good agreement with the experimental data pub-
lished in ref 7 and supports the significance of our 
docked results. 

Preliminary molecular dynamics simulations. During 
M D calculations all BSB peptides were moving together 
with the beta amyloid peptides. Dissociation was not 
observed. The electrostatic and hydrophobic interac-
tions were stable in the time average. Although the ter-
minus and the turn region of the amyloid peptide were 
moving intensively, the binding of the small BSB pep-
tides was stable during the simulation time. Detailed 
analysis and binding free energy calculations of the 
studied complexes will be published elsewhere. (It 
should be remarked, that the complexes of Scheme 1A 
have survived the conditions of a force-field (GRO-
MACS) which has different parameter set compared to 
the AMBER-based AutoDock parameters.) 

KCD 

LC2) 

Figure 1. 3D structure of the complex formed by K L V F F peptide and 
the active sequence V( 18).. .D(23) (sequence 'A' on Scheme 1A) of the 
monomer A p i ^ o (target). K L V F F and the active fragment are in 
'antiparallel' orientation, which finding is in good agreement with the 
statements of ref 12. Salt bridges a and b have distances of 3.11 and 
2.95 A between O and N atoms. H-bond c has an N . . .O distance of 
3.01 A and O. . .N. . .H angle: 42.7°. Aromatic (d) and hydrophobic 
interactions between V(18) and F(5) and two dipole-dipole interac-
tions (e and f) are strengthening the complex. 

Docking of Tjernberg's peptide (KLVFF) and Soto's 
peptide (LPFFD) to the dimer of (Target II) 

Docking of BSB peptides on amyloid monomer serve as 
a possible model of interaction of BSBs and A f h ^ , 
before aggregation and after breaking the oligomeric 
forms of amyloid. However, it is also important to 
know how BSB peptides could act on aggregated forms 
of the A|) A simple dimer model was chosen in our 
investigations, which is indeed a piece of the 'solid-state 
model' published by George and Howlett.9 The results 
of the docking experiments on this target are listed in 
Table 2. The active sequences of APi^t3 could be divi-
ded roughly into two groups according to the location 
of BSB peptides: (1) in the plane of and (2) above or 
below the plane of the dimer amyloid associate. Repre-
sentative sequences of group 1: (A) D(7). . ,Y(10) + T(43); 
(B) K(16).. .E(22). Some important sequences of group 
2: (A) D(1). . .R(5); (B) Y(10).. ,H(13) + V(40).. ,T(43); 
(C) K(16). ,.V(18) + V(36).. .G(37). There is one more 
sequence which belong to both groups, according to 
the BSBs' position: (D) S(8).. ,E(11) +V(40) . . ,T(43) 
(Scheme IB). 

Group 1. (A) The D(7).. .Y( 10) + T(43) sequence of 
group 1 is a possible Achilles' heel of the dimer of 
A p , ^ 3 . It is located at the middle part of the dimer and 
contains several amino acids which could be easily 
involved in the interaction with a BSB peptide. Complex 
of this sequence with Soto's L P F F D is represented in 
Figure 3. (B) The interaction of BSBs with the 
K( 16).. .E(22) fragment of amyloid seems to be 
important in the stabilization of the amyloid-BSB 

T(43) 

Figure 2. 3D structure of the L P F F D - A p i ^ o complex. A salt bridge 
(e) and hydrogen bonds (a. b, c. d. f) are involved in the interaction of 
L P F F D and R(5).. ,Y(10) + T(43) (sequence 'B' on Scheme 1A). 
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complex, that is after 'beta-sheet breaking' these inter-
actions may help to keep the amyloid in non-aggregated 
form. This hypothesis is suggested by the arrangement 
of the BSB on this sequence: it is located beside the 
amyloid chain (Fig. 4). It should be mentioned, that 
K L V F F had a similar position on the monomer amy-
loid, as well [see Fig. 1 and the previous section for the 
details of importance of K(16).. ,E(22) sequence]. 

Group 2. (A) The N-terminal D( 1).. ,R(5) fragment of 
PA]_43 contains three charged residues (Asp, Glu, Arg) 
and the charged amino group which make this 
sequence an attractive region for the charged amino 
acids of BSB peptides. However, no other types of 
interactions in the docked complex of this sequence and 
the BSBs could be observed. (B) The main interactions 
between Y(10).. ,H(13) + V(40).. ,T(43) parts of amyloid 
and Soto's L P F F D are: three hydrogen bridges 
[Y(10)...L(1) of 2.69 Á and 37.7°; E(11). . .F(4) of 3.16 
A and 42.5°; D(5).. ,H(13) of 3.48 Á and 23.43°) and the 
interaction between F(4) and the hydrophobic pocket 
formed by H(13) and V(40). (C) Formally, 
K(16)...V(18) sequence belongs to this group too. 
Together with V(40).. .T(43)] sequence it forms a com-
plex with BSBs in which the BSBs are sitting on 
the plane of the amyloid dimer. However, in these 
complexes there are no aromatic (and other specific) 
interactions with the amyloid, so these are basically 
different from the others of Group 1/B. (D) K L V F F 
and L P F F D are located around the C-terminal part (in 
and out of plane of A f ^ ^ o ) of the amyloid at 
S(8).. ,E(11) + V(40).. ,T(43) sequences. Similar interac-
tions occur in these complexes as in the case of (B) in 
group 2. 

Conclusions 

The development and testing of BSB peptides is a pro-
mising possibility of the research of anti-aggregating 
drugs against Alzheimer's disease.16 A lot of experi-
ments were performed in vitro and in vivo to investigate 
and prove the effect of the two potent peptides: 
L P F F D 8 and KLVFF. 7 However, the mechanism of 
action of these peptides, that is the interactions with 
their target, the A f / f i ^ ^ peptide has not been thor-
oughly studied. 

In the present study, a relatively fast method: molecular 
docking was used for the mapping of the possible inter-
actions of BSBs and their amyloid target. Here, we 
applied the algorithm in a fully automated way, that is, no 
experimental prediction for the binding sites on A p , ^ ; 
no information about the possible sites was available for 
the inputs of the calculations (see Methods for details). 
During the docking simulations a computationally 
derived model was used as a target molecule. This 
molecule involves the main secondary structural fea-
tures of the amyloid peptide according to the recent lit-
erature, and therefore, could serve as a reliable target. 
[However, a detailed molecular dynamical investigation of 
the amyloid and its complexes (with itself and the BSBs) 
was done to get a full picture of the possible changes of 
the secondary structure in solution. Preliminary evalua-
tion of these calculations verified the stability of the 
docked complexes presented in this study.] 

Our results are in good agreement with experimental 
data: the V(18)FFAED(23) sequence was found by 
Tjernberg's K L V F F peptide with quite good energy 
scores and frequencies. The high affinity of this sequence 
[with V(18)FF(20) central amino acids] to itself was shown 
recently12 (see Results and Discussion for details). 

Figure 3. 3D structure of complex of L P F F D and the active part (1/A 
in Scheme IB) of the dimer form of Ap|_^3 (target). Salt bridges (a: 
2.47 Â; f: 4.62 A); H-bridges (e.g.. b: 2.49 A and 49.0°; c, <1: aromatic 
H-bridges of ca. 3 A) and a dipole-dipole interaction (e) are stabilizing 
the BSB-amyloid complex. 

Figure 4. Orientation of K L V F F peptide on the active fragment of 
APi_43 (target; 1/B on Scheme IB) molecule. K L V F F is positioned 
beside the active K(16).. .E(22) sequence, in the plane of amyloid, 
similarly to Figure 1. 

YC10) 
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Some other possible binding sequences were also iden-
tified, for example the final G(38).. .T(43) part of the 
amyloid molecule which is also known to be essential in 
the aggregation mechanism of A P ] ^ 1 3 - 1 5 and accord-
ing to the present studies it plays an important role in 
the interaction with the two BSB peptides. 

D(7).. ,Y(10) + T(43) sequences were found to be active 
for both the monomer and dimer amyloid target [starting 
from E(3).. .R(5) in the case of the monomer]. The afore-
mentioned final sequences G(38).. .T(43) have also 
occurred in the case of the dimer. These matching frag-
ments may be essential in the 'beta-sheet breaking' effect 
of K L V F F and LPFFD: deaggregating the oligomers to 
monomers and/or inhibiting the formation of polymers. 

Methods 

Preparation of iigand and target molecules 

Molecular structures of KLVFF (Tjernberg's), LPFFD 
(Soto's) peptide (ligand molecules) and AAAAA, 
AAVFA (blank ligands) were generated with the aid of 
PROTEIN program and optimised by NEWTON pro-
gram of TINKER 1 7 program package with 0.001 kcal 
mol - 1 tolerance, using AMBER1 8 force field parameters. 
The structure of APi^3 peptide and the crystallographic 
parameters of the 'solid-state model'9 of amyloid plaques 
were kindly provided by Dr. D. R. Howlett (SmithKline 
Beecham Pharmaceuticals, Harlow, Essex, UK). The 
APi_43 peptide (a monomer unit) was used as target 
during the simulations (Target I). 'Solid-state' form of 
APi_43 peptide aggregate was built with the aid of pro-
gram O1 9 and a piece of this 'crystal' (containing two 
APi_43 molecules) was used as 'dimeric' target (Target II). 
APi_43 molecules were equipped with polar (essential) 
hydrogen atoms and charges of the Kollman united-
atom type. Empirical partial charges of Gasteiger and 
Marsilli20 were added to ligand pdb files. The charges of 
non-polar hydrogen atoms were united with the charges of 
the connecting carbon atoms with the aid of AutoTors21 

(the corresponding pdb coordinates of the H-atoms were 
eliminated in the same way). Atomic solvation parameters 
and fragmental volumes were assigned using Addsol.21 

Docking procedure 

The AutoDock 3.0 program package21 was used for the 
computational simulations. Mass-centered grid maps 
were generated by AutoGrid program with different 
sizes (volumes) and grid spacings (A: 120x30x30 for 
Target I, 120x120x120 for Target II and 0.75 A; B: 
200x90x90 for Target I, II and 0.55 A; C: 170x55x55 
for Target I, 170x60x70 for Target II and 0.55 A). 
Weighed AMBER force field-based 12-10 and 12-6 
Lennard-Jones parameters (supplied with the program 
package) were used for modelling H-bonds and van der 
Waals interactions, respectively. Distance dependent 
relative permittivity of Mehler and Solmajer22 was 
applied in the calculation of electrostatic grid maps. 
One hundred separate docking runs were performed 
using the Lamarckian Genetic Algorithm (LGA) of the 

program package. The maximum number of energy 
evaluations was set to 1.5 million per run, the initial 
translation, quaternion parameters and torsions of the 
ligands were randomized before each run (i.e., the 
ligand maneuvered to the binding site of the target 
starting from a random initial position and orientation). 
The rotation of <J> and angles and the angles of the 
side chains were held free during the calculations. All 
other LGA parameters were set as default. 

Evaluation of results of docking simulations. Target I. 
The resultant 100 docked conformation of the ligand 
peptides were listed in increasing energy order. The 
structures with the lowest 25 docked energies were used 
as a reference for grouping the 100 structures in the 
following way: (1) the distance between the mass cen-
trums of the reference structures and the others' were 
calculated; (2) the structures were put in the same group 
if the distance between their mass centrums was in 3 A. 
The lowest energy conformation of each group was used 
for further characterization of the binding position (i.e., 
determination of the interacting sequences of the APi_43 
monomer). The interacting sequences, the number (TV) 
of the conformations in each group and the docked 
energies of the BSB (ligand) peptide-pAi_43 peptide 
complexes are listed in Table 1. (Groups having total 
population less than two, are not presented in the table.) 

Target II. Sequences corresponding to the BSB-Api_43 
complexes with the lowest 10 energies out of 100 were 
used for evaluation and listed in Table 2. (Identical 
sequences were listed only once.) 

Molecular dynamics. Possible changes in the structures 
of the complexes (obtained by docking) were studied by 
1 ns long molecular dynamics calculations using 
GROMACS (modified GROMOS87) force-field imple-
mented in the GROMACS package.23 3-3 associates of 
the beta amyloid and the Tjernberg's and Soto's 
peptides (at sequences A, B and C) with the best energy 
scores of Autodock were used as initial structures. The 
preparation of the productive molecular dynamics runs 
was the same as before.24 The complexes of Tjernberg's 
and Soto's peptides were solvated in 10245 SPC/E water 
molecules with 2 N a + counter ions and 10238 SPC/E 
water molecules with 4 N a + counter ions. In the 1 ns 
long productive M D calculations Particle Mesh Ewald 
(PME) method was used for the calculation of the long 
range electrostatic interactions in the periodic box. The 
possible shifts of the small BSB peptides on the beta 
amyloid peptides were measured by the distances 
between the functional groups. 

The VMD2 5 program was used for graphical inter-
pretation and representation of results. Image rendering 
was made by Raster 3D.26 

Acknowledgements 

This work was supported by the OTKA F035254 Hun-
garian Research Grant. The authors would like to thank 
Dr. D. R. Howlett for the crystallographic data of the 



C. Hetényi et al./Bioorg. Med. Chem. 10 (2002) 1587-1593 1593 

'solid state model' of amyloid. David Gatchell is acknowl-
edged for linguistical corrections of the manuscript. 

References and Notes 

1. Jarrett, J. T.; Lansbury, P. T., Jr. Biochemistry 1992, 31, 
12345. 
2. Selkoe, D. Nature 1999, 399 (Suppl. 6738), A23. 
3. Benzinger, T.; Gregory, D.; Burkoth, T.; Miller-Auer, H.; 
Lynn, D.; Botto, R.; Meredith, S. Proc. Natl. Acad. Sei. 
U.S.A. 1998, 95, 13407. 
4. Tjernberg, L.; Callaway, D.; Tjernberg, A.; Hahne, S.; Lil-
liehook, L.; Terenius, J.; Thyberg, C.; Norstedt, C. J. Biol. 
Chem. 1999, 274, 12619. 
5. Serpell, L. C. Biocliim. Biophys. Acta 2000, 1502, 16. 
6. Findeis, M. A. Biochim. Biophys. Acta 2000,1502, 76. 
7. Tjernberg, L.; Näslund, J.; Lindqvist, F.; Johansson, J.; 
Karlström, A. R.; Thyberg, J.; Terenius, L.; Nordstedt, C. J. 
Biol. Chem. 1996, 271, 8545. 
8. Soto, C.; Sigurdsson, E. M.; Morelli, L.; Kumar, R. A.; 
Castaño, E. M.; Frangione, B. Nature Med. 1998, 4, 822. 
9. George, A. R.; Howlett, D. R. Biopolymers 1999, 50, 733. 
10. Hilbich, C.; Kisters-Woike, B.; Reed, J.; Masters, C. L.; 
Beyreuther, K. J. Mol. Biol. 1992, 228, 460. 

.11. Hetényi, C.; Kortvélyesi, T.; Penke, B. J. Mol. Struct. 
' (Theochem) 2001, 542, 25. 
'.,12. Balbach, J. J.; Ishii, Y.; Antzutkin, O. N.; Leapman, R. D.; 

Rizzo, N. W.; Dyda, F.; Reed, J.; Tycko, R. Biochemistry 
2000, 39, 13748. 
13. Barrow, C. J.; Zagorski, M. G. Science 1991, 253, 179. 
14. Jarrett, J. T.; Lansbury, P. T., Jr. Cell 1993, 73, 1055. 
15. Snyder, S.; Ladror, U.; Wade, W.; Wang, G.; Barrett, L.; 
Matayoshi, E.; Huffaker, H.; Kafft, G.; Holzman, T. Biophys. 
J. 1994, 67, 1216. 
16. Soto, C.; Saborio, G. P.; Permanne, B. Acta Neurol. 
Scand. 2000, 176 (Suppl.), 90. 
17. Dudek, M. J.; Ramnarayan, K.; Ponder, J. W. J. Comp. 
Chem. 1998, 19, 548. 
18. Cornell, W. C.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; 
Merz, K. M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, 
T.; Caldwell, J. W.; Kollman, P. A. J. Am. Chem. Soc. 1995, 
117, 5179. 
19. Jones, T. A. Program O 7.0; DatOno AB: Uppsala, Sweden. 
20. Gasteiger, J.; Marsiii, M. Tetrahedron 1980, 36, 3219. 
21. Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, R.; 
Hart, W. E.; Belew, R. K.; Olson, A. J. J. Comp. Chem. 1998, 
19, 1639. 
22. Mehler, E. L.; Solmayer, T. Protein Eng. 1991, 4, 903. 
23. Lindahl, E.; Hess, B.; van der Spoel, D. ./. Mol. Model 
2001, 7, 306. 
24. Körtvelyesi, T.; Murphy, R. F.; Lovas, S. J. Biomol. 
Struct. Dyn. 1999, 17, 393. 
25. Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 
1996, 14, 33. 
26. Merritt, E. A.; Bacon, D. J. Methods Enzymol. 1997, 277, 
505. 





Biochemical and Biophysical Research Communications 292, 931-936 (2002) 
doi:10.1006/bbrc.2002.6745, available online at http://www.idealibrary.com on IDEM 1 

Pentapeptide Amides Interfere with the Aggregation 
of /3-Amyloid Peptide of Alzheimer's Disease 

Csaba Hetényi,*-1 Zoltán Szabó,* Éva Klement,* Zsolt Datki,* Tamás Körtvélyesi.t't 
Márta Zarándi,* and Botond Penke* 
* Department of Medical Chemistry. University of Szeged, Dóm tér 8, H-6720 Szeged, Hungary; tDepartment of Physical 
Chemistry, University of Szeged, P.O. Box 105, H-6701 Szeged. Hungary; and t Department of Biomedical Engineering, 
Boston University, 44 Cummington Street, Boston, Massachusetts 02215 

Received March 3. 2002 

Amyloid p e p t i d e s (A/J) p l a y a c e n t r a l ro le i n t h e 
pa thogenes i s of A lzhe imer ' s d i sease (AD). T h e aggre-
ga t ion of A/J molecu les l e a d s t o f ibr i l a n d p l a q u e for-
mat ion . F ibr i l logenes i s is a t t h e s a m e t ime a m a r k e r 
a n d a n i nd i r ec t c a u s e of AD. I n h i b i t i o n of t h e aggre-
ga t ion of A/3 cou ld b e a r ea l i s t i c t h e r a p y fo r t h e i l lness. 
Be t a shee t b r e a k e r s (BSBs) a r e o n e t y p e of f ibri l logen-
esis inh ib i to rs . T h e f i r s t BSB p e p t i d e s w e r e des igned 
by T j e r n b e r g et al. (1996) a n d Soto et al. (1998). T h e s e 
p e n t a p e p t i d e s h a v e p r o v e d t h e i r eff ic iency in vitro 
a n d in vivo. I n t h e p r e s e n t s tudy , t h e e f fec t s of t w o 
p e n t a p e p t i d e a m i d e s a r e r e p o r t e d . These c o m p o u n d s 
w e r e des igned b y u s i n g t h e C- te rmina l s e q u e n c e of t h e 
amyloid p e p t i d e a s a t e m p l a t e . Biological a ssays w e r e 
app l i ed to d e m o n s t r a t e eff ic iency. Modes of ac t ion 
w e r e s tud ied b y FT-IR s p e c t r o s c o p y a n d molecu la r 
mode l ing me thods . O 2002 Elsevier Science (USA) 

Key Words: dock ing ; /3 s h e e t b r e a k e r ; aggrega t ion ; 
inh ib i to r ; fibril; neu ro tox ic i t y ; amylo id f r a g m e n t s . 

/3-Amyloid peptides (A/3) play a central role in the 
pathogenesis of Azheimer's disease (AD). These 40- to 
43-amino-acid residue peptides are prone to aggrega-
tion, polymerization to amyloid fibrils and the forma-
tion of plaques. The presence of deposits of the aggre-
gates in the brain initiates processes which can lead to 
cell death and AD (1). 

Several papers have been published on the structure 
of the assemblies of A/3 (2-4), and theoretical models of 
amyloid fibrils (5-8). Neither the molecular mecha-
nism of neurotoxicity of A/3 and its deposits, nor the 
exact structure of the amyloid fibrils is fully under-
stood at this time. An attractive therapeutic strategy 
for AD is the design of inhibitors of A/3 polymerization 

1 To whom correspondence and reprint requests should be ad-
dressed. Fax: +36-62545971. E-mail: csabahete@yahoo.com. 

(9). The pentapeptide Lys-Leu-Val-Phe-Phe was shown 
by Tjernberg etal. (10) to prevent amyloid fibril assem-
bly. Modification of this pentapeptide is still an alter-
native in inhibitor design (11, 12). Soto et al. (13) 
designed a similar peptide with an aromatic core: Leu-
Pro-Phe-Phe-Asp. This type of compound has the at-
tribute of acting as a "beta sheet breaker": in vitro and 
in vivo results have demonstrated (14) its effect on the 
disassembly of A/3 fibrils. 

The first attempt to elucidate the binding site and 
mode of beta sheet breaker (BSB) peptides on the A/3 
molecule was made in 2001 (15) with the aid of com-
putational docking. A number of studies (2, 16-18) 
have pointed to the possible active regions of the amy-
loid, which could serve as "seeding sequences" of the 
aggregation. The seeding sequences are appropriate 
templates and targets in the design of BSB peptides. In 
a recent study (19), we demonstrated that the BSB 
peptides dock to the above-mentioned active regions 
reproducibly, and could therefore block the process of 
polymerization of the amyloid peptide. 

In the present work, experimental methods and mo-
lecular modeling were used to study the effects of two 
potential BSB peptide amides: Gly-Val-Val-Ile-Ala-
NH2 (GWIAn; where n represents the C-terminal 
amide group) and Arg-Val-Val-Ile-Ala-NH2 (RWIAn). 

MATERIALS AND METHODS 

Peptide synthesis and characterization. GWIAn, RWIAn and 
the amyloid A/3(l—42) were synthesized on MBHA resin, using Boc-
protected amino acids. The purity analysis was performed by RP-
HPLC. ESI-MS was used for identification of the product. 

MTT bioassay. The neurotoxicities of the pentapeptide amides 
were measured on SH-SY5Y neuroblastoma cells as described by 
Loske etal. (20). Cells were seeded into a 96-well flat-bottomed tissue 
culture plate at a density of 3 x 10' per well. After incubation (24 h) 
of the cells with 2 x 10~s M amyloid solution (A/3 dissolved in the 
medium), 10 pi of 4 mg/ml MTT solution was added to the cells, 
which were then incubated for 3 h. The MTT solution was next 
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carefully decanted off and formazan was extracted from the cells 
with a mixture of 100 /xl of DMSO/EtOH 4:1 in each well. The plates 
were sonicated in an ultrasound bath for 10 min and color was 
measured with a 96-well plate ELISA reader at 550 nm with the 
reference filter set to 630 nm. All MTT assays were measured 12 
times. 

Thioflavin assay. Aggregated amyloid peptide binds thioflavin and 
causes a shift in the fluorescence spectrum. Measurement of the shift 
furnishes quantitative data on the aggregation grade. Thioflavin assay 
was performed according to LeVine (21); both Leu-Pro-Phe-Phe-Asp 
(Soto's reference peptide) and GWIAn were measured 9 times. 

FT-IR. The measurements and the evaluation procedure were 
performed as described in Ref. 22. Spectra were collected on a Nicolet 
Impact 410 spectrometer at room temperature in a CaF2 cell with a 
50-p.m Teflon spacer. Amyloid stock solution was prepared in di-
methyl sulfoxide (DMSO) at a concentration of 10 mg/ml. Mixtures 
were prepared by addition of the solid pentapeptide amide powder to 
the amyloid stock solution in a molar ratio of 1:3. Measurements 
were performed after dilution of the mixture with phosphate-
buffered heavy water saline (PBSA, pH 7.4) to a final concentration 
of 1 mg/ml. 

Molecular modeling: Docking. Simulations were prepared and 
evaluated for both GWIAn and RWIAn by the same method as 
described previously (19). The AutoDock 3.0 (23) program package 
was used for docking calculations. Briefly, two mass-centered grid 
maps were generated by the AutoGrid program, with sizes of 120 x 
30 x 30 and 170 x 55 X 55 and grid spacings of 0.75 and 0.55 A, 
respectively. The maximum number of energy evaluations was set to 
1.5 x 106 per run, and the initial translation, quaternion parameters 
and torsions of the ligands were randomized before each run. The 
rotations of angles <t> and ^ and the angles of the side-chains were 
left free during the calculations. 15 extra runs were made for 
RWIAn, using 107 energy evaluations to verify the reproducibility of 
the calculations. 

Molecular dynamics (MD). The energy minimum conformers of 
the top groups of docking simulations were used as input for the MD 
simulations. MD runs were performed with the aid of the GROMACS 
program package (31). An explicit water model was applied and the 
MD parameters were set similarly as before (19, 24). Total and 
potential energies, the RMSD (root mean square deviation) of the 
backbone (N-Ca-C) atoms related to the structure at 20 ps, and the 
fluctuation of the root mean square (RMSF) of the backbone (N-Ca-C) 
atoms were calculated. The distances of the charged groups and the 
H-bonds were also calculated along the trajectory. The VMD (25) and 
ORTEP3 (26) programs were used for graphical interpretation and 
representation of the results. 

RESULTS AND DISCUSSION 

Several publications have dealt with the importance 
of the C-terminal sequences of A/3 in the direction of 
amyloid polymerization (27) and the seeding of plaque 
formation (28, 29). The 42-amino acid form of the pep-
tide (with the sequence Ile-Ala a t the end) is much 
more prone to aggregat ion than the 40-amino acid form 
(30). These facts suggested the design of the pentapep-
tide amide G W I A n , which contains the final sequence 
of the 42-amino acid form of the amyloid. The other 
peptide, R W I A n has a G -» R subst i tu t ion a t the 
N-terminus which improves the solubility and the abil-
ity to form sal t bridges. MTT and thioflavin assays 
were used to reveal the effects of the peptides on neu-

Control Ap AP:RVVIAn AP:GWIAn 
(1:5) (1:5) 

FIG. 1. The MTT assay results. There is a significant difference 
in the viability of cells treated with A/3 and A/3 + pentapeptide amide 
mixtures. 

rons and fibril formation, respectively. FT-IR spectros-
copy, molecular docking and dynamics s imulat ions 
provided an explanat ion of the action of the peptides. 

MTT assay. A/3 caused a significant loss (55%) of 
cell viability (decrease of cell number and mitochon-
drial activity). The pentapept ide amides G W I A n and 
R W I A n also cause a small loss (=15%) as a conse-
quence of their aggregated s tate . Both pentapept ide 
amides in a 5-fold excess protect neuroblastoma cells 
from the neurotoxic effect of Ap (20 juM A/3 + 100 /u,M 
pentapept ide amide). R W I A n displays higher neuro-
protection (23% viability loss) t h a n tha t with G W I A n 
(35% loss; Fig. I). 

Thioflavin assay. The BSB activity of G W I A n 
was comparable to t ha t of Soto's Leu-Pro-Phe-Phe-
Asp. Soto's reference peptide inhibited aggregation by 
26.2 ± 3.9%, whereas our pentapept ide amide did so by 
36.8 ± 3.7%. 

FT-IR. The most character is t ic fea ture of the IR 
spectrum of the amyloid peptide is the intense band at 
1620 cm - 1 , indicating high amounts of aggregated 
j3-sheets, with contributions from loose /3-sheet and 
random coil s t ruc tu res a t 1632 cm""1 and 1642 cm"1, 
respectively. G W I A n exhibits a broad band in the 
amide I region, adopting solvated (1662 cm - 1) , unor-
dered (1648 cm - 1) , /3-turn (1678 cm - 1) , and /3-sheet 
(1634 cm - 1) conformations. R W I A n exhibits s imilar 
s t ruc tura l elements. The synchronous and asynchro-
nous spectra of G W I A n and R W I A n do not show 
spectral changes dur ing the s tudied period. On the 
other hand, the 2D spectra of the amyloid indicate the 
a-helix/random —» /3-sheet conformational t ransi t ion 
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chronous (Fig. 2B) and asynchronous correlation m a p s 
of the peptide mixtures do not differ significantly f rom 
the 2D spectra of A/3, indicating t ha t the main process 
is also the a-hel ix/random —» /3-sheet t rans i t ion in pep-
tide mixtures . In conclusion, the interact ions of A/3 
and the pentapept ide amides involve the /3-sheet 
conformation. 

Molecular modeling: Docking. In previous s tudies 
(15, 19), a thorough scan was made for the possible 
binding sites of Tjernberg 's and Soto's BSB pept ides on 
the A/3 molecule. The sequence F(19)FAED(23) was 
found to be an impor tan t interaction site of A/3 for both 
peptides. Interest ingly, V(18)FFAED(23) could like-
wise be an active region for the binding of GVVIAn. 
The docked energy of this complex was the lowest 
among the 100 runs for both types of grid maps. The 
occurrence of the complex for th is f r agmen t was also 
quite good: 10 and 7 of 100 conformations docked to 
this region of the amyloid in the grid m a p s with grid 
spacings of 0.75 and 0.55 A, respectively. The interac-
tions between GVVIAn and the amino acids of th is 
binding region are listed in Table 1 and indicated in 
Fig. 3. The dis tance of the alpha carbon atom of the 
nonpolar side-chains of the pentapept ide amide and 
the corresponding side-chains of the V(18)FFAED(23) 
f ragment has an average value of 4.43 A. The nonpolar 
side-chains make therefore a measurab le contribution 
to the specificity of this binding site. However, the 
sequences with lower docked energies may also be of 
importance: (1) the V(39)VIA(42) pa r t of the amyloid is 
the templa te for the ligand (GVVIAn) and also its 
possible active site on A/3 (Fig. 4, Table 1). This find-
ing is in good agreement with the resu l t s in Ref. 

TABLE 1 

Details of t he Interact ions of the Pept ide GVVIAn and 
Its Main Binding Sequences on the Amyloid Pept ide 

FIG. 2. (A) FT-IR spectrum of the A/3 + GVVIAn peptide mixture 
in PBSA together with curve fitting (—). Difference spectrum (—) of 
the experimental mixture spectrum and the theoretical spectral 
sum. (B) Synchronous 2D FT-IR plot of the A/3 + GVVIAn peptide 
mixture in PBSA in the 60-min time domain. 

af ter dilution wi th PBSA buffer (see Mater ia l s and 
Methods for details). Pept ide mixtures containing A/3 
and BSB pentapept ide amides display overall spectral 
changes for both peptides (Fig. 2A). A decrease at 
around 1618 cm - 1 and an increase in the broad 1630-
1640 cm"1 region were observed, relative to the theo-
retical spectrum. These changes correspond to a de-
creased aggregated /3-sheet content and an increase in 
random//3-turn//3-sheet content in the mixture. Syn-

Letter code 
of interaction 

Interacting 
residues 

Type of 
interaction" 

Distance of N..0 
atoms (À) 

Angle 
(V 

GWIAn-V(18)FFAED(23) complex (Fig. 3) 

a G(1)...D(23) SB 2.77 — 

b G(1)...E(22) HB 3.22 13.02 
c V(3)...F(20) HB 2.65 7.35 
d V(3)...F(20) HB 2.90 46.60 
e A(5)...V(18) HB 2.63 17.49 

GWIAn-V(39)VIA(42) complex (Fig. 4) 

a G(1)...I(41) HB 2.88 28.06 
b V(2)...I(41) HB 3.10 22.23 
c V(2)...I(41) HB 2.66 14.51 
d A(5)...V(39) HB 2.88 36.34 

Afore. The same letter codes are used as in Figs. 3 and 4. 
* SB, salt bridge (electrostatic interaction); HB, hydrogen bond. 
'The angle (acceptor-donor-H atom) of the hydrogen bond. 
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FIG. 3. The structure of the complex of GWIAn and the active 
V(18)FFAED(23) region of the amyloid molecule. The active part of 
the targeted amyloid has a gray background. See the text and Table 
1 for the meanings of the letter codes of the interactions. (Carbon and 
hydrogen atoms are represented as small crossed and empty circles, 
respectively.) GWIAn is arranged in the beta sheet conformation 
beside the amyloid fragment. This finding is in good agreement with 
the FT-IR results (see text). 

5: AutoDock detected the hydrophobic interact ions 
between the amino acids Ile(4) and Val(39): the dis-
tance of the closest carbon atoms of the side-chains is 
3.21 A. (2) The f r agmen t s G(38)VVIA(42)+H(14)Q(15) 
contain amino acids presumed to be of impor-
tance in the in te r s tand interact ions according to the 
model of George and Howlett (8). (3) The sequences 
D(7)SGY(10)+A(42)T(43) also contain te rmina l amino 
acids located above the plane of the hai rp in of the 
amyloid peptide. 

For RVVIAn, the above-mentioned f r agmen t s of 
the amyloid were found, but with some differences: 
F(19)FVAE(22), S(8)GYEH(13) + V(40)IA(42), and 
G(38)WIA(42) + E(11) which are basically due to the 
extra charged group in the side-chain of Arg. 

MD. MD s imulat ions were performed to validate 
the resul ts of docking calculations. The 1-ns-long mo-

lecular dynamics calculations suppor ted the stabili ty 
of the amyloid-GVVIAn or RVVIAn complexes: no sig-
nificant shif t ing and dissociation were found dur ing 
the MD runs. The RMSDs of the A/3 backbone and the 
backbone of the BSB peptides related to the s t ruc tu res 
a t 20 ps changed between 0 .45-0 .65 nm and 0 .10 -0 .15 
nm, respectively. The terminii of the peptides were 
more flexible t han the core regions: the RMSF values of 
the backbone atoms were grea ter in the end and tu rn 
par t of the amyloid peptide (0 .4 -0 .6 nm) t h a n in the 
core of the peptide (0.2-0.4 nm). The electrostatic inter-
actions and H-bonds remained s table dur ing the runs . 

CONCLUSIONS 

In the present study, the effects of the pentapept ide 
amides G W I A n and RVVIAn were demons t ra ted with 
the aid of biological measurements . MTT bioassays 
show tha t both pentapeptide amides can part ial ly pro-
tect neuroblastoma cells from the neurotoxic effect of 
A/3. G W I A n proved to be a very potent BSB peptide in 
the thioflavine assay (as compared to Soto's reference 

FIG. 4. The structure of the complex of GWIAn and the 
C-terminal part G(38)WIA(42) of the amyloid molecule. See legend 
to Fig. 3 for explanation of notations. The hydrophobic interaction 
between the side-chains of Ile(4) and Val(39) results in a distance of 
3.21 A between the closest carbon atoms and has a stabilizing effect 
on the complex. Interaction between these two amino acids was 
similarly reported by Lansbury et ad. [5]. 
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peptide). The IR spectra showed that A/3 alone has a 
tendency to form a /3-sheet structure which is not 
changed after the addition of GWIAn or RVVIAn. This 
finding is in good agreement with the modeling results: 
the pentapeptide amides are arranged in the /3-sheet 
beside the amyloid molecule (Fig. 3). The FT-IR results 
indicated that the amounts of aggregates were de-
creased after the addition of the pentapeptide amides. 

Similarly as in our former study (19), the most im-
portant binding sequences on A/3 were selected for the 
pentapeptide amides by docking calculations and ver-
ified by MD simulations. Both compounds have affinity 
for the hydrophobic regions of the amyloid molecule, at 
the centers FFA and W I , according to the calculations. 
The pentapeptide amides can hinder fibril formation 
either by blocking these active sites and/or by decreas-
ing the concentration of free amyloid via complex for-
mation in the equilibria of aggregation. 
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Abstract 
Reliability in docking of ligand molecules to proteins or other targets is an important 

challenge for molecular modeling. Applications of the docking technique include prediction 

of the binding mode of novel drugs, but also other problems like the study of protein-protein 

interactions. Here we present a study on the reliability of the results obtained with the popular 

AutoDock program [Morris et al. J. Comp. Chem. 19 (1998) 1639-1662]. We have performed 

systematical studies to 

test the ability of AutoDock to reproduce eight different protein/ligand complexes for which 

the structure was known, without prior knowledge of the binding site. More specifically we 

look at factors influencing the accuracy of the final structure such as the number of torsional 

degrees of freedom in the ligand. The conclusion from our investigations is that the 

AutoDock program package is able to select the correct complexes based on the energy 

without prior knowledge of the binding site. We named this application "blind docking" as 

the docking algorithm is not able to "see" the binding site but can still find it. The success of 

blind docking represents an important finding in the era of structural genomics. 
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Introduction 

Structure based drug design builds on the availability of a reliable structure of a complex of a 

target molecule and a drug. The most important experimental source for such structures is X-

ray crystallography. There is however a need for additional methods to predict complex 

structures, and computer based molecular modeling is an obvious choice. 

In the last decade, molecular docking has proven to be an important tool of computer-aided 

drug design. Basically, three steps are necessary for successful prediction of a target/ligand 

complex: 1) definition of the structure of the target molecule, 2) location of the binding site, 

and 3) determination of the binding mode. Ideally the structure of the target molecule should 

be determined experimentally, although some applications of docking have been reported 

based on a modelled target (Stigler et al. 1999; Menziani et al. 2001; Hetényi et al. 2002). 

The second step, location of the binding site, can be taken computationally as well, and there 

are several approaches for finding binding pockets on a protein molecule. The simplest 

algorithms use shape-based fitting of the ligand to the macromolecular surface (Hendlich et 

al. 1997, Brady and Stouten 2000). Alternatively, an empirical method for identifying 

interaction sites based on known protein-ligand complexes (Verdonk et al. 2001) has been 

reported. The third step is the "typical" application for docking algorithms: given the binding 

site on a target molecule, determine the binding mode of a ligand. A large number of 

programs have been developed to this end, e.g. DOCK (Shoichet et al. 1993), AutoDock 

(Morris et al. 1996; Morris et al. 1998), some more recent algorithms are described in Budin 

et al. (2001) and Pang et al. (2001) respectively. 

In most published docking applications, only the third step is taken, and the binding modes of 

small ligands have been reproduced (e.g. Stigler et al. 1999; Sotriffer et al. 1999; Sotriffer et 
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al. 2000). In all these cases the binding site was predetermined and, therefore the search space 

was limited to that region of the protein in the docking simulations. The convincing results of 

such studies hint to the possibility of applying the same methodology for searching a space 

larger than a single binding site. In a recent report, protein-protein interactions were 

reproduced successfully by a combination of ab initio docking and NMR data (Morelli et al. 

2001). These authors used shape-based fitting as the main step of the searching process 

because of the large size of the proteins. Protein-protein interactions were modeled by 

docking a completely rigid oligopeptide fragment of a protein using the entire surface of the 

neighboring protein as a target (Neurath et al. 1996). However, for molecules with many 

degrees of freedom (e.g. flexible peptides), such shape-based fitting or docking of a rigid 

ligand to the protein would not be fruitful (Klepeis et al. 1998). We have previously scanned 

the entire surface of an amyloid peptide for possible binding sites of flexible beta-sheet 

breaker peptides (Hetenyi et al. 2002) and predicted a complex with features that agree very 

well with NMR data. There are however very few reports dealing with the latter kind of blind 

docking, where a flexible ligand was docked to a target without prior knowledge of the 

binding site. 

In the present study, we used the AutoDock program package (Morris et al. 1998) to test 

whether it is possible to find the binding sites (and binding modes) of flexible peptides on a 

protein without any prior knowledge of their location and conformation. A parameter set 

based on the AMBER force-field (Cornell et al. 1995) and the possibility of using flexible as 

well as fixed torsions for the ligands during the docking procedure make AutoDock an 

appropriate tool for such a test. 
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Results and Discussion 

To verify the method of blind docking of ligands to proteins, a set of different protein-peptide 

complexes was chosen from the Brookhaven Protein Databank. Peptides are ideal test 

molecules, as they have several possible torsional degrees of freedom, different functional 

groups and since they are composed of amino acids, the same force field parameters can be 

used as for the target molecule. Target proteins of up to 316 residues were selected for the 

investigations in order to keep the computational cost within reasonable limits. Properties of 

the investigated protein-ligand systems (with increasing number of torsions) are presented in 

Table 1. Beside the different protein-peptide systems, the well-known benzamidine-trypsin 

complex (A) was used as a first test, since benzamidine is a small and rigid molecule that 

binds to a well-defined pocket on trypsin. 

Generally, in docking calculations several consecutive trials are made for the same system. If 

a ligand has to maneuver over a large piece of the protein surface to find its proper location, 

then the probability of finding the energy minimum is much smaller than in the case of 

docking to a well-defined binding site on the protein, as the searching space is considerably 

smaller in that case. The necessity of using numerous trials in the latter cases is probably not 

as critical as in our studies. Virtually no information is available about the number of trials 

and the number of energy evaluations necessary for blind docking jobs. Therefore, a 

systematic scan of parameters (trials and energy evaluations) was made to test their influence 

on the ability of AutoDock to reproduce complex structures. After each job, a uniform 

evaluation procedure was performed (see Methods) the results of which are summarized in 

Tables 2 and 3. 
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The most important requirement of a blind docking calculation is its ability of distinguishing 

the real binding site on the protein from non-specific and/or energetically non-favorable ones. 

Ideally, the crystal structure (or a structure with very low RMSD with respect to the crystal 

structure) should be predicted as having the lowest energy (Edocked)- Since the AutoDock 

program package allows the use of ligands with fixed and flexible torsions, both types were 

involved in our investigations. 

Rigid ligands 

Table 2 contains the results of blind docking of rigid ligands, where the ligand had the 

conformation it has in the experimental complex. Therefore, the docking algorithm only has 

to optimize the position and orientation of the ligand molecule. In all cases, the minimum 

energies Edocked of the first classes and the average ones of subclasses (see Methods for 

definition of the term "subclass" in this study) were lower than or close to the energies Edocked 

calculated for the original crystal structures (Table 1). The reasons for this are the finite grid 

spacing and the limited accuracy of the force field. For the simplest system, benzamidine-

Trypsin (A), not too much difference was found between the three types of jobs (with 

different number of trials and energy evaluations, see Methods). Hence we performed only 

one type of the three jobs (100 trials and 50xl06 energy evaluations per trial) for the other 

systems. 

The RMSD (root mean square deviation) values of the first class and its subclass were 

generally below 0.7A. For system B, the RMSD value was higher than 1.0A. In that case, a 

piece of the central part of the cypA-binding loop of the p24 (HIV capsid) protein was used 

as a ligand. This particular fragment of the loop proved to be too small to mimic perfectly the 

fit of the central part of the loop of p24 on the cypA molecule. With the use of an additional 
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amino acid (His) of the p24-loop in the fragment to be docked, a more accurate fit was 

obtained (system G), indicating that it may be possible to predict protein interactions by blind 

docking of a fragment. However, one should be careful with the selection of the appropriate 

fragment of a protein for such a modeling as both the presence and the absence of a single 

amino acid could in principle result in different binding modes or even different binding 

positions. 

The energy minima of all jobs were in the subclasses of the first classes, i.e. the structures 

with low RMSD values with respect to the crystal structure. One can therefore conclude that 

blind docking is a reliable technique for finding the binding site of rigid ligands up to at least 

30 heavy atoms. In many pharmaceutical applications the ligand is almost rigid or has a 

well-defined conformation (Sotriffer et al. 2000). 

Flexible ligands 

The real challenge for docking is the use of flexible ligand molecules, i.e. with rotatable 

torsion angles. The results of these types of dockings are listed in Table 3. In all cases, the 

energies (Edocked) of the first classes (subclasses) were lower than, or close to Edocked 

calculated for the original crystal structures (Table 1). We found this for the rigid ligands as 

well (Table 2) but here the effect is somewhat larger in some cases, due to the extra degrees 

of freedom. In other cases the rigid ligands do find lower energies (e.g. Cw) and lower 

RMSD, most likely due to the fact that one effectively has more energy evaluations for 

searching the right conformation. 

Efficiency and robustness. 
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For small peptides like Ile-Val (system C and Cw) and Gly-Tyr (system D) RMSD values 

below 1.0A (Figs, la and 2a) and 1.5A (Fig. lb) respectively, were achieved. Moreover, the 

lowest energy conformations of 100/500 docking trials were the members of the subclasses in 

all cases. The occupancies (N) of the classes and their subclasses (Table 3) were lower than 

for rigid docking of the same peptides (Table 2). This is due to the larger number of degrees 

of freedom of the ligand: the search algorithm was used not only for finding the correct 

binding position/orientation but also for the conformation of the ligand in this case. 

Therefore, the number N of successful docking trials was lower. For Ile-Val both solvated 

(Cw) and water-free (C) targets were used. The presence of water molecules right above the 

binding site did not hinder docking to the site: the occupancies N were smaller, but the Ed0Cked 

values were lower than in the case of "dry" protein. This trend was found also for the crystal 

energies and the Edocked values of rigid ligands due to interactions with the water molecules 

(Tables 1 and 2). In system B, the real binding position of the loop was found only in the 

second class. This limited success is due to the length of the peptide fragment that was used 

as a ligand (see section on rigid ligands for details). Tripeptides, like Gly-Ala-Trp (system E, 

Fig. 2b) and Ace-Ala-Pro-Tyr (system F, Fig. lc) were also docked successfully to their 

respective pockets (Table 3). The Gly-Ala-Trp (y-chymotrypsin) system is a difficult task for 

docking calculations. The crystal structure of this complex (Harel et al. 1991) contains an 

average structure of a covalently bound ligand and a non-bonded complex. Obviously, the 

molecular mechanics-based docking technique is developed for only non-bonded interactions. 

Despite the problematic crystal structure, the hydrophobic pocket (the most important part of 

the binding site, see Fig. 2b) of y-chymotrypsin was identified reproducibly. Together with 

system B, the latter example proves the robustness of the method: the binding location was 

found even where only part of the ligand or of the site was defined properly. In the complex 

of SG protease and Ace-Pro-Ala-Pro-Tyr (system I), the first Pro residue of the peptide has 
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no specific contacts with the protein (and there was only a small energy difference between 

the crystal structures of systems F and I, see Table 1) and hence docking was not as 

successful as with the truncated peptide Ace-Ala-Pro-Tyr (Fig. lc). However, since the rigid 

ligand docks with 2 kcal/mole lower energy than the flexible one, and with low RMSD with 

respect to the crystal structure, we should conclude that the poor results with system I are due 

to insufficient searching. 

The Ace-Ala-Gly-Pro-NMe tripeptide (B) proved to be too small to perfectly mimic the cypA 

binding loop of the p24 protein (Fig. 3); a different conformation was found with lower 

energy than the crystal structure. In contrast, the Ace-His-Ala-Gly-Pro-Nme tetrapeptide was 

more successful (system G; see Fig. Id): the subclass of the first class contained the 

conformer closest to the crystal structure, in 2 out of 3 jobs. The parameters of the first type 

of jobs (100 trials/lOxlO6 energy evaluations) were not sufficient for finding the site of this 

larger peptide. The class/subclass populations were also lower than in the case of the above-

mentioned shorter peptides because the minimization problem became more difficult. Ala-

Leu-Ala-Leu is a simple peptide (system J, see Fig. le) but has the largest number of flexible 

torsions among our test systems. The docked conformers closest to the crystallographic one 

were reproducibly found in the first class and had the lowest energies in the second and third 

jobs, similarly to system G. 

Effect of changes in parameters. 

We have systematically investigated the effects of the number of trials (runs), the number of 

energy evaluations and the size of the population of the genetic algorithm on the quality of 

the docked complexes (RMSD and Edocked values of the subclasses) and on the probability of 

finding the binding position and mode (N values of Tables 2 and 3). In Fig. 4a we have 
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plotted the number N in the first class and subclass as a function of the number of trials for 

system D (flexible). Both lines are roughly constant, indicating (as expected) that the fraction 

of correct sites does not depend on the number of trials. In contrast, the number of energy 

evaluations (Fig 4b) does have an influence: below 10 million energy evaluations per trial 

fewer correct binding sites are found. Based on these results it does not seem worthwhile to 

use more than 20 million energy evaluations per trial for systems like system D. This is also 

expected as it takes a certain number of energy evaluation to converge to the correct energy 

minimum but more members of the population will converge to the lowest energy 

conformation. With more energy evaluations the system remains in the same conformation. 

Finally, we performed a test with the size of the population for the genetic algorithm. The 

population size was increased while keeping the total number of energy evaluations constant 

(at 5x106 energy evaluations and 100 trials). We see that below 50 (the AutoDock default 

value) the number of correct sites increases fast with the population size. But even after 50, 

the number of correct sites keeps increasing, indicating that it can be beneficial to use a value 

well above the default. A further test of our recommendations with system F showed that the 

number of correct sites (class) increases from 9 to 22 when going from a population size of 

100 to 250, i.e. roughly linear. With a population size of 500 we find the correct site only in 

18 cases. It can be expected that the number of correct sites will start to diminish at some 

stage as the total number of energy evaluations per member of the population (the number of 

generations) becomes too low to find the minimum. 

Limitations. 

The Val-Lys dipeptide (systems H and Hw) is a small but quite flexible molecule. The side-

chain of Lys and the terminal -COO" group points towards the solvent in the crystal structure 

and the atoms have high B-factors, while the hydrophobic side-chain of Val and the terminal 



amino group are buried inside the protein. There is a considerable energy difference between 

the crystal structures of Val-Lys in system H ("dry" thermolysin target) and Hw 

(thermolysin target covered by crystal waters), due to the role of the waters in the definition 

of the binding site. Docking jobs of system H placed the real binding pocket in the 4th class 

(with higher energies and large RMSD values) while when using the crystal waters (Hw) the 

binding position was ranked at the first place with the lowest energy, and the RMSD values 

were also significantly lower. This finding demonstrates that solvent molecules can be 

important in the finding of binding sites and for some cases it may therefore be necessary to 

use explicit water molecules to explore the binding site (Minke et al. 1999). 

Another limitation of blind docking is the size of the system or the computer time one can 

spend to perform enough trials (Table 2 and 3). An example for this limitation is system I, 

which has the largest ligand (Ace-Pro-Ala-Pro-Tyr) used in our investigations. While blind 

docking was successful using the truncated Ace-Ala-Pro-Tyr form of this ligand (system F), 

the longer tetrapeptide was docked with limited success only (large RMSD values for the first 

rank) to the target. Additionally, the weak interactions between Prol and the protein make 

this peptide a difficult ligand for docking. Finally the possibility of accurately docking a 

ligand to a target depends critically on the quality of the target structure, and AutoDock, like 

other docking programs, has as of yet no way to treat flexible target, although a workaround 

using multiple target structures has been tried with success (Osterberg et al. 2002). 

Recommendations 

Based on our results (Table 2 and 3, Fig. 4) we recommend the use of a fairly large 

population size (e.g. 250) and at least 10 million energy evaluations per trial for blind 

docking of flexible peptide ligands to proteins. The number of trials should be at least 100.-^, 
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For rigid ligands more modest requirements will do, the default population size of 50 and 50 

trials should suffice in most cases. Obviously a finer grid size would be advantageous for the 

quality of docking results (Hetenyi et al. 2002), however the memory requirements of the 

algorithm scale as the inverse third power of the grid spacing, making it difficult to go much 

beyond our current grid spacing. 

Conclusions 

In the present work we have used a docking algorithm for combined binding site and binding 

mode search. We named the method "blind docking" and it represents a novel application of 

docking programs. The latest version of the AutoDock package proved to be efficient and 

robust in finding the binding pockets and binding orientations of the ligands even for 

problematic protein-peptide complexes. Using a systematic test of parameters of the docking 

calculations, we have demonstrated that the results are reproducible. In some cases we found 

that the binding position could be located using fragments of ligands. The latter finding hints 

at the possibility of a combination of blind docking with fragment docking (Friedman et al. 

1994) but it may also be possible to study of protein-protein interactions in this manner. The 

limitations of our approach are basically the same as those for directed docking: the target 

molecule is rigid, and the accuracy of the force field parameters is limited. Furthermore, the 

computer time requirements are still considerable (Table 2 and 3). 

Blind docking can be a useful tool for exploration of possible binding sites of drugs on their 

target proteins, if the active site of the drug is unknown. It is particularly attractive that a 

single method can be used for binding site search and accurate docking of ligands. 
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Methods 

Preparation of ligand and target molecules. 

For system A, the original structure files of the ligand and target molecules supplied with the 

testset of the AutoDock program package were used. For the other tests with rigid ligands the 

crystallographic structures were used following the addition of polar hydrogen atoms. For the 

tests with flexible peptides, starting conformations of the ligand molecules were built and 

optimised with the aid of the TINKER program package (Pappu et al. 1998). AutoTors (an 

AutoDock tool) was used to define the torsions of the ligand molecules for the docking 

algorithm. The numbers of released torsion angles are listed in Table 1. Besides amide and 

ring torsions all torsions were released for flexible ligands. AutoTors was used to create a 

united atom representation of the ligands where necessary. Generally, all water molecules and 

ions were removed from the original pdb files. In case of systems Cw and Hw the original 

151 respectively 157 water molecules were used. The positions of the hydrogen atoms of the 

water molecules were optimised using a short molecular dynamics simulation with 

GROMACS (Lindahl et al. 2001) and treated as a part of the target during docking. Protein 

molecules were equipped with polar hydrogen atoms and AMBER charges (Cornell et al. 

1995) were used for protein as well as ligand. Atomic solvation parameters and fragmental 

volumes were assigned using Addsol (an AutoDock tool). 

Docking procedure. 

Mass-centred grid maps were generated with 0.55A spacing by the AutoGrid program for the 

whole protein target. 12-10 and 12-6 Lennard-Jones potentials were used for modelling H-

bonds and Van der Waals interactions, respectively, with parameters supplied with the 

program package. The distance dependent dielectric permittivity of Mehler and Solmajer 

(1991) was used for the calculation of the electrostatic grid maps. The Lamarckian genetic 
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algorithm (LGA) and the pseudo-Solis and Wets methods were applied for minimisation 

using default parameters (Table 4, except as indicated). The number of generations was set to 

10 million in all trials (runs) and the stopping criterion was therefore defined by the total 

number of energy evaluations. Random starting positions on the entire protein surface, 

random orientations and torsions (flexible ligands only) were used for the ligands. Three 

different sets of jobs were performed, 1: 100 trials, lOxlO6 energy evaluations, 2: 500 trials, 

5xl06 energy evaluations and 3: 100 trials and 50xl06 energy evaluations (except D and I, 

500 trials). The computational cost in energy evaluations of the different job types is then 1: 

109, 2: 2.5xl09, 3: 5xl09 (D and I: 25xl09). For all job types the populations in the genetic 

algorithm was 50. Some jobs with different parameters were performed, as indicated in the 

results section. 

Evaluation of results of docking jobs. 

A two-step procedure was used for classification of the results of each job. 

1. The docked conformations of the ligand peptides were listed in increasing energy order. 

Subsequently, the ligand conformation with lowest energy was used as a reference and all 

conformations with a centre of mass to centre of mass distance of less than 3 A from the 

reference were taken to belong to the first class. Once a ligand was assigned to a class, it 

was not used again for other (energetically less favourable) classes. Then the process was 

repeated for all hitherto unclassified conformations until all conformations were put in a 

class. 

2. Within each class, the positional RMSD (root mean square deviation) of the non-

hydrogen atoms of each ligand structure with respect to the crystal ligand structure was 

calculated. Structures having RMSD less than 2 A were placed in subclasses of the 

classes. Therefore, in this study, subclasses are defined as the subset of a class that 



contain the ligand conformations that are structurally closest to the crystallographic ones. 

That is, ligands placed in the subclass of the first class of a job have the best energies and 

the best correspondence with the crystal structure. Note that a subclass of any class may 

be empty if no structure with low RMSD with respect to the crystal structure is found. 

In real blind docking jobs (where the crystallographic position of the ligand on the target is 

unknown, and no further experimental information is available) one can only assume that the 

energy minimum represents the best model for the real ligand binding site and binding mode. 

In that case one can cluster the results directly by calculating RMSD with the energy 

minimum. Here we seek to distinguish trials that find the binding site (class) and trials that 

find both the binding site (class) and the binding mode (subclass). 

The VMD program (Humphrey et al. 1996) was used for graphical interpretation and 

representation of results (Figs. 1 and 2). Image rendering was done using Raster 3D (Merritt 

and Bacon 1997). Fig. 3 was made using Bobscript (Kraulis 1991, Esnouf 1999) and Povray. 
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Table 1: Properties of the protein-ligand systems investigated in this study 
Letter PDB Protein # Ligand Ref" # free # heavy Edocked Of 
code code residues torsions atoms crystal 

(kcal/mole) 
A 3ptb Trypsin 2 2 9 Benzamidine I 0 9 -7.77 
B lak4 cyclophilin A 165 Ace-AGP-Nme II 6 21 -7.45 
C 3tpi Trypsinogen 281 IV I 7 16 -8.91 
C w 3tpi Trypsinogen 281 IV I 7 16 -9.13 
D 3cpa carboxypeptidase A 307 GY III 7 17 -3.86 
E 8gch y-chymotrypsin 237 GAW IV 8 24 4.64* 
F 5sga SG protease A 181 Ace-APY V 9 28 -8.08 
G lak4 cyclophilin A 165 Ace-HAGP-NMe II 9 31 -9.01 
H llna Thermolysin 316 VK VI 10 17 -7.77 
Hw llna Thermolysin 316 VK VI 10 17 -9.13 
I 5sga SG protease A 181 Ace-PAPY V 11 35 -8.31 
J lsua subtilisin BPN' 262 ALAL VII 12 27 -11.88 

* References: I. Marquart etal. 1983; II. Gamble etal. 1996; III. Rees etal. 1983; IV. Harel 

et al. 1991; V. James et al. 1980; VI. Holland et al. 1995; VII. Almog et al. 1998. 

^Positive energy of the crystal structure of the ligand is due to close contacts (see text and 

Ref. IV. for details) 
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Table 2: Results of blind docking of the investigated systems using rigid ligands 
System* Number of Class** Subclass*** 

Trials Evalua Serial ®<docked RMSD N ^docked RMSD N CPE 
tions No. (min.) (min.) Â (avg.) (avg.) Â (hout 
xlO6 kcal/mol kcal/mol 

A, 100 10 1 -7.94 0.371 98 -7.93 0.318 98 8 
At 500 5 1 -7.94 0.379 456 -7.93 0.322 455 19 
A3 100 50 1 -7.94 0.368 100 -7.94 0.366 100 38 
B 100 50 1 -9.16 1.080 86 -9.155 1.081 86 72 
C 100 50 1 -12.43 0.415 57 -12.43 0.415 57 44 
Cw 100 50 1 -15.26 0.217 75 -15.26 0.216 75 44 
D 100 50 1 -11.03 0.653 66 -11.03 0.653 66 58 
E 100 50 1 -11.55 0.0 

(0.676)* 
88 -11.55 0 . 0 1 1 88 56 

F 100 50 1 -12.58 0.293 91 -12.58 0.291 91 11 
G 100 50 1 -10.53 0.681 71 -10.53 0.683 71 89 
H 100 50 1 -10.16 0.573 91 -10.15 0.531 91 54 
Hw 100 50 1 -11.53 0.309 76 -11.53 0.305 76 51 
I 100 50 1 -13.93 0.338 99 -13.93 0.340 99 64 
J 100 50 1 -11.18 0.156 57 -11.18 0.156 57 36 

* Subscripted numbers denote different types of jobs at the same system. 

**The energy minima of the 1st classes are the ones of the jobs too (see also Methods for 

explanation of the evaluation of the docking experiments). 

***For definition of term 'subclass' see Methods. 
+As the crystal structure had close contacts and positive energy (see Table 1), the energy 
minimum structure of job 3 was used as a reference. The RMSDs were calculated for the 
crystallographic ligand structure as well and given in brackets. 
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Table 3: Results of blind docking of the investigated systems using flexible ligands 
System* Number of Class** Subclass*** 

Trials Evaluatio Serial Edocked RMSD N Edocked RMSD (avg.) N CPU 
ns xlO6 No. (min.) 

kcal/mol 
(min.) Â (avg.) 

kcal/mol 
Â (hour) 

B, 1 0 0 1 0 1 - 1 0 . 6 6 9 . 0 0 8 6 - - - 3 0 

2 - 9 . 7 9 2 . 4 5 8 12 - 9 . 3 9 1 . 0 0 5 2 

B2 5 0 0 5 1 - 1 0 . 7 0 9 . 0 3 7 2 5 - - - 6 2 

2 - 9 . 7 9 2 . 4 2 1 6 8 - 8 . 8 8 1 . 0 7 5 14 

B3 1 0 0 5 0 1 - 1 0 . 4 7 8 . 5 1 4 6 - - - 1 2 4 

2 - 9 . 8 2 2 . 4 3 3 18 - 8 . 9 5 1 . 0 6 5 1 
c, 1 0 0 1 0 1 - 1 1 . 5 2 0 . 7 1 2 9 -11.11 0 . 8 4 7 8 10 

c 2 5 0 0 5 1 - 1 1 . 5 3 0 . 7 1 6 4 1 - 1 1 . 1 8 0 . 9 0 5 3 9 5 2 

c 3 1 0 0 5 0 1 - 1 1 . 5 3 0 . 7 2 3 3 8 - 1 1 . 5 1 0 . 7 4 0 3 7 103 

CW, 1 0 0 10 1 - 1 4 . 3 2 0 . 7 3 9 6 - 1 3 . 1 0 0 . 9 8 9 6 2 7 

CW2 5 0 0 5 1 - 1 4 . 3 8 0 . 6 8 0 17 - 1 4 . 1 4 0 . 8 4 5 17 4 0 

CWJ 1 0 0 5 0 1 - 1 4 . 4 1 0 . 7 0 6 2 2 - 1 4 . 0 8 0 . 7 7 5 2 2 8 0 

D, 1 0 0 10 1 - 8 . 4 1 1 . 3 6 2 18 - 8 . 3 2 1 . 4 0 2 7 19 

D2 5 0 0 5 1 - 8 . 4 1 1 . 3 6 7 6 7 - 8 . 2 7 1 . 4 4 8 2 0 5 7 

D3 5 0 0 5 0 1 - 8 . 4 3 1 . 3 1 4 8 8 - 8 . 3 6 1 . 3 6 2 3 1 5 7 0 

E, 1 0 0 10 1 - 1 3 . 2 0 0 . 1 7 8 

( 4 . 9 0 8 / 

16 - 1 3 . 0 8 0 . 2 5 4 5 2 7 

E2 5 0 0 5 1 - 1 3 . 1 3 0 . 2 2 6 

( 4 . 9 6 0 6 n 

4 6 - 1 2 . 5 2 0 . 7 1 0 10 6 7 

E3 1 0 0 5 0 1 - 1 3 . 3 3 0.000 
( 4 . 9 3 0 / 

17 - 1 3 . 2 7 0 . 1 4 8 7 1 3 8 

F, 1 0 0 10 1 - 1 0 . 0 7 0 . 6 7 5 12 - 9 . 9 2 0 . 7 0 7 10 2 9 

F2 5 0 0 5 1 - 9 . 9 9 0 . 5 2 1 3 5 - 9 . 6 4 0 . 8 3 0 11 7 8 

F3 1 0 0 5 0 1 - 1 0 . 1 5 1 . 3 0 8 13 - 9 . 9 7 0 . 7 8 7 5 155 

G, 1 0 0 10 - - 1 1 . 0 3 2 8 . 0 4 8 2 - - - 4 7 

G2 5 0 0 5 1 - 1 1 . 4 1 1 . 9 6 0 14 - 1 1 . 0 2 1 . 5 8 1 4 1 1 9 

G3 1 0 0 5 0 1 - 1 2 . 2 8 1 . 8 5 2 6 - 1 2 . 2 7 5 1 . 7 4 0 2 2 3 5 

H, 1 0 0 10 1 

4 

- 1 4 . 4 8 

- 1 0 . 9 6 

1 7 . 4 9 6 

4 . 7 3 3 
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5 

- - - 2 7 

H2 5 0 0 5 1 
4 

- 1 4 . 3 1 

- 1 1 . 7 8 

1 7 . 5 4 1 

5 . 0 3 6 

9 5 

10 

- - - 5 6 

H3 1 0 0 5 0 1 - 1 4 . 4 0 1 7 . 6 1 3 2 9 - - - 1 1 4 

4 - 1 1 . 6 2 4 . 2 5 1 6 - - -

HW, 1 0 0 10 1 - 1 1 . 6 0 1 . 8 5 5 9 - 1 0 . 8 7 1 . 5 3 3 5 2 1 

HW2 5 0 0 5 1 - 1 1 . 2 1 1 . 6 8 1 4 2 - 1 0 . 6 6 1 . 3 3 0 18 5 7 

HW3 1 0 0 5 0 1 - 1 1 . 8 6 3 . 7 0 1 2 0 - 1 1 . 1 2 1 . 5 5 6 16 1 6 2 

II 1 0 0 10 1 - 1 1 . 7 4 7 . 5 4 3 6 - - - 4 3 

I2 5 0 0 5 1 - 1 1 . 6 3 7 . 2 5 6 9 - - - 2 1 3 

h 5 0 0 5 0 1 - 1 1 . 8 6 7 . 4 1 8 2 3 - - - 1 0 1 7 

Ji 1 0 0 1 0 1 - 1 0 . 8 8 7 . 5 9 0 3 - - - 4 1 

J2 5 0 0 5 1 - 1 2 . 0 3 1 . 5 8 4 1 0 - 1 2 . 0 3 1 . 5 8 4 1 1 0 2 

J3 1 0 0 5 0 1 - 1 2 . 4 1 1 . 5 4 5 5 - 1 2 . 3 8 1 . 5 2 3 2 161 

See notes at Table 2. 
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Table 4. Docking parameters. 
Translation step 2~A 

Quaternion step 50" 

Torsion step 50° 

Translation reduction factor 1/cycle 

Quaternion reduction factor 1/cycle 

Torsion reduction factor 1/cycle 

# of top individuals that automatically survive 1 

Rate of gene mutation 0.02 

Rate of crossover 0.8 

# of generations for picking worst individual 10 

Mean of Cauchy distribution for gene mutation 0 

Variance of Cauchy distribution for gene mutation 1 

# of iterations of Solis & Wets local search 300 

# of consecutive successes before changing rho 4 

# of consecutive failures before changing rho 4 

Size of local search space to sample 1 

Lower bound on rho 0.01 

Probability of performing local search on an individual 0.06 
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Figure captions 

Fig. 1: Comparison of the original, crystallographic position (in red) of the different peptides, 

a: system C, b: system D, c: system F, d: system G, e: system J. The crystal positions are 

compared to the energy minima of each job type (colour coding: green: job type 1; grey: job 

type 2; blue: job type 3, see Table 3). A good correspondence was obtained in all cases. 

Fig. 2 a: The Ile-Val dipeptide (system Cw) located below the crystallographic water 

molecules after the docking, b: The aromatic side-chain of the Gly-Ala-Trp tripeptide 

(system E) found the hydrophobic pocket on the protein surface (in van der Waals 

representation). For clarity, only the crystallographic (red) conformation and the one of job 

type 3 (blue) were used for the figures. 

Fig. 3: The Ace-His-Ala-GIy-Pro-NMe tetrapeptide (system G, red) mimics the central part 

of the cypA-binding loop (cyan) of the N-terminal domain of the HIV p24 capsid protein 

after a docking trial of 50 million energy evaluations. See also Fig. Id for a close-up of the 

crystallographic position of the fragment of the loop and the docked results. The cypA 

molecule is represented in blue. 

Fig. 4: Representation of the effect of different parameters on the fraction of jobs with correct 

results, a: effect of the number of trials (runs) at 50x106 energy evaluations and LGA 

population size of 50. b: effect of the number of energy evaluations per trial at 500 trials 

(runs) and LGA population size of 50. c: effect of the LGA population size at 5x106 energy 

evaluations and 100 trials, i.e. at constant computational cost. 
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