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Abstract The human immunodeficiency virus 1 Tat protein suppresses antigen-, anti-CD3- and mi-
togen-induced activation of human T cells when added to T cell cultures. This activity is important for
the development of AIDS because lympytes from HIV-infected individuals exhibit a similar anti-
gen-specific dysfunction. Moreover, Tat was found to interact with dipeptidyl peptidase IV (DP V). To
find out the amino acid sequence important for the inhibition of the DP IV enzymatic activity we
investigated N-terminal Tat(1-9) peptide analogues with amino acid substitutions in different positions.
Interestinglythe exchange of Pfavith Leu and Aspwith lle strongly diminished the DP IV inhibition

by Tat(1-9). Based on data derived from one- and two-dimensidndMR investigations the solution
conformations of the three nonapeptides in water were determined by means of molecular dynamics
simulations. These conformations were used for studies of the docking behavior of the peptides into a
model of the active site of DP IV. The results suggest that several attractive interactions between the
native Tat(1-9) and DP IV lead to a stable complex and that the reduced affinity ofati(1-9) and
I5-Tat(1-9) derivatives might be caused by conformational alterations in comparison to the parent pep-
tide.
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Recently obtained results indicate that the N-terminal
Tat(1-9) sequence (MDPVDPNIE) is responsible for the in-
] ] o _hibition of the enzymatic activity of DP 1V [8,9]. In order to
HIV-1 Tat protein a short protein consisting of 86 amingycidate the essential amino acid residues for the interac-
acids, is a transactivator regulating the transcription of Viggdn with this enzyme, several derivatives of Tat(1-9) have
genes and is essential for viral replication in vitro. Tat is alggen synthesized and characterized with regard to their in-
responsible for immunosuppression of non-HIV-1 infectedyfpitory potency to DP IV. The DP IV catalyzed hydrolysis
cells found in acquired immunodeficiency syndrome (AIDQ} interleukin-2 (IL-2(1-12)) was used to measure their in-

patients [1,2]. _ _hibitory activity. Details of peptide synthesis and experimental
Viscidi et al. have discovered that Tat has an additionghngitions of the DP IV assay are described in [9]. From

biological activity, it suppresses antigen-induced T cell prgrese studies it appeared théllat(1-9) (about 20% inhibi-
literation of human lymphages [3]. This activity is clini-  tjon) and $-Tat(1-9) (about 10% inhibition) derivatives show
cally relevant because lymphocytes from HIV-1 infected igynsiderably reduced affinity to DP IV whereas tRa#(1-
dividuals exhibit a similar antigen-specific defect [1,4]. 9 (about 60% inhibition) exhibits practically the same inhi-
It was found that Tat binds to the cell surface protein CDggjon as the parent peptide.
/'DP 1V (dipeptidyl peptidase IV) and inhibits its peptidase The substrate specificity of DP IV has been well charac-
activity [5,6]. The addition of soluble DP I\estored the terized. DP IV is an exopeptidase which cleaves N-terminal
defective in vitro recall antigen response, probably by sefjpeptides from oligopeptides with unsubstituted N-termini,
ing as a decoy receptor for HIV-1 Tat what has been shojghe penultimate amino acid is proline or alanine [10]. DP

[7].

Introduction
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Figure 1 Plots of the tagion angles® and ¥ (°) distribution in the dynamics simulations with distance restraints of a)
Tat(1-9), b) 6-Tat(1-9) and c)%*Tat(1-9) of the amino acid residues 5, 6 and 7 (from left to right)
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IV requires atrans peptide bond between the &d B resi- mechanism of the interaction of {{&9) and its derivatives
dues [11]. If an additional proline is in the third position themith the active site model of DP IV.

these peptides are resistant to cleavage. Some aspects of tfidge biological results of Tat(1-9) interactions with DP IV
substrate specificity of DP 1V could be explained by suggestuld not clearly indicate ether T&1-9) binds directly at

ing a substrate recognition conformation which is maintr near to the active site of DP IV and what are the reasons
characterized by a @onformation ¢ ~ 80°) including the for the reduced inhibitory activity of both thednd L° Tat
proline (or alanine) residue in4osition [12]. Up to now no derivatives. These effects may be caused either by conforma-
X-ray structure of DP IV or of any related proline specifittonal alterations in the solution conformation of the Tat de-
protease is knen. A model of the active site of DP IV wasrivatives or by different docking behavior to DP IV.

proposed by us on the basis of site directed mutagenesis refo analyze the first opportunity we performed molecular
sults and systematic modeling studies including CoMFA [13]lynamics simulations based on NMR measurements of all
With the help of this model we could explain the prolintaree Tat derivatives. The NMR datadetail will be pub-
specificity of DP IV and other unusual experimental findingshed elsewhere [15]. Thdetermined conformations which

as well as a quantitative correlation between interaction eeflect the experimental data best are used for docking stud-
ergies of inhibitors and their pKalues could be obtained. Aies into the model of the active site of DP IV. The compari-
recently proposed new mechanism of the serine proteasescar of the docking behavior of the three Tat peptides to the
talysis exhibited by DP IV based on semiempirical studiesodel of the active site of DP IV should help to analyze the
helps to understand its enzyme action on the molecular lewelst important residues of the ligands for the interactions
[14]. All these molecular modeling results together shouwdth DP IV and their differences in inhibitory activities. Based
provide sufficient information for the analysis of a possible

a)
200 200 ) 200
150 + -3 150 + # 150 +
100 | > 100 - ol 100 |
50 1 - 50 | 50 1
W 0+ WY o+ W 04
-50 -+ 50 | 50 |-
-100 4 100 | -100 4
-150 4 150 | 150 4
-200 e -200 —— -200 ——
200 -150 -100 -50 O 50 100 150 200 200 150 -100 50 0 50 100 150 200 200 -150 -100 -50 O 50 100 150 200
[} 0] [0}
) 2007 200 3 -, 200
150 | _Tg_-a_,-‘i%-_ Bot 150 |
1004 =T .F - 100 - - 100 4
50 1 e 50 FreT 50 4
W 04 Y o = ':-::- W 04
50 | e 2 -50 - 50 |-
g
-100 4 -100 -100 4
-150 + - -150 = -150 +
-200 e 200 " -200 T —
200 -150 -100 -50 O 50 100 150 200 200 -150 -100 -50 O 50 100 150 200 200 -150 -100 -50 O 50 100 150 200
[} [0} [0}
c)
200 . 200 - 200
- -
150 | “ 150 | - 150 |
1004+ T 100 L = 100 L
50 1 50 1 - 50 1
w ol WY ol w ol
50 |- 50 |- 50 |-
-100 4 -100 4 -100 4
-150 4 R -150 4 . -150 4
2200 o=y 7 ' | | | | 200 , L 200

I
-200 -150 -100 -50 O 50 100 150 200

O] ] O]

I I I I |
-200 -150 -100 -50 O 50 100 150 200 -200 -150 -100 -50 O 50 100 150 200

Figure 2 Plots of the torsion angle® and ¥ (°) during the dynamics simulations without distance restraints of a) Tat(1-9),
b) L5-Tat(1-9) and c)%Tat(1-9) of the amino acid residues 5, 6 and 7 (from left to right)
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Table 1 Dihedral angles (°) of the major solution conformations of Tat(1-9)Tat(1-9) and%Tat(1-9)

torsion Met Asp? Pro? Val4 Xaeb Xaédb Asn’ lle8 Glu®
angles
Tat(1-9) Pyarplus - -79 - -153 -84 - —-153 -149 -88
XaagP=Asp (0] — -70 -54 -142 -66 -75 -138 -151 -86
Xaaf=Pro W 163 163 167 167 146 179 42 165 -
X1 60 -55 -27 -62 55 30 -63 56 -168
X 175 - 36 - - -35 -103 168 -78
X -174 - -31 - = 29 - - -
L6-Tat(1-9) cDKarpIus - -80 - -83 -87 -82 -152 -149 -87
Xaag=Asp (0] — -58 77 -72 -69 -75 -144 -138 -68
Xagf=Leu W 147 153 164 166 -20 162 155 171 -
X1 -170 58 32 -68 -58 -73 -179 43 62
Xs 176 - -36 - - 72 -113 62 -175
X3 176 - 28 - - - - - -
1S-Tat(1-9)  Pyapus - -160 - -87 -145 - -82 -149 -153
Xaeb=lle (0] - -139 -75 -79 -139 -58 -64 -133 -138
Xaaf=Pro W 131 100 171 94 163 166 136 116 -
X1 -66 -179 31 -179 57 -24 176 -61 -153
X5 -178 - -35 - - 35 -116 176 71
X3 180 - 26 - - -33 - - -

on these results conclusions for the synthesis of new deriven 0.0005 kcal-mdtA-! was reached. After 20 cycles the
tives will be drawn. method of minimization was changed from steepest descent
to conjugate gradient. A constant dielectrie ef1 was used.

The molecular dynamics simulations were performed with

. a starting temperature of 10 K followed by slowly heating to

Materials and methods the reference temperature of 300 K at which the systems were
to be kept. Wepplied the Berendsen algorithm for the cou-
pling to an extend bath using a scaling factor of 0.2 ps [18].
After 2 ps the systems equilibrated at 300 K, the dynamics

. . . runs were carried out for 800 ps and the N, V, P ensemble
The calculations were done using the AMBER 4.1 force figidl ¢ applied. The X-H bonds were constrained to constant
[16,17]. In all cases the N-terminus was positively and the

. . . lues with the SHAKE procedure of AMBER. The time steps
terminus was negatively charged. The pgptldes Were CQl&re 2 fs and the nonbonded list was updated after 25 fs.
structed in an extgndedll-trans conformation and subse- The frequency of all dihedral angles particularly the dihe-
quently optimized in the gas phase.

The three nonapeptides were immersed on average by ]%@ angle® of all amino acid residues was graphically
P

¢ lecul ) ted cubi ter box (T1 yzed (see e.g. Figure 1) and compared with the experi-
wgtg Tn%degll; es using a precomputed cubic water box ( ental results based on Karplus equations. Those conforma-

The initial struct biected t lecular d tion with the highest average frequency in the simulation time
. 1€ Initial structures were subjected to molecuiar dynagy,, agreed with the dihedrahgles® derived from the
ics simulations with the inclusion of H,H distance restrain

) . . . rplus equations was used to generate a major solution con-

IC'iStEd in Table 2 derived from thg: gg?&SY 2e>;p§r|(ments.)T rﬁationqwhich was subsequgntly minimizejd in solution.
istance restraints were grouped ihi® A to 2. strong), o .

25 Ato 3.3 A (middle) and 3.3 A to 4.0 A (weak) in corre-l-he stability of the conformation was proved by a further

d to the NOEs and wer lied with a for dﬁrjamics simulations using the same conditions as described
:?;nrl ;nézze k?:al-gl sa ere applie a 1orce coffsve without NMR distance restraints (see Figure 2).

All molecular dynamics simulations were carried out ui-g;he previously published model of the active site of DP

Molecular modeling studies

. o " ) [13] has been developed by us based on experimental data
ing periodic boundary conditions. The residue-based cutg ing force field calcutions with the TRIPOS force field
distance for nonbonded interactions was set to 10 A and

; o . . )]. For our studies presented here this model was
jected to energy minimization until an energy gradient lesSs
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Table 2 Observed NOE cross peaks in ROESY spectra and calculated interproton distances (A) obtained from the energy

minimized solution structures

Tat(1-9) L5-Tat(1-9) [>~Tat(1-9)

Xagb=Asp, Xa&=Pro Xa&=Asp, Xad=Leu Xa&=lle, Xa#=Pro

NOEs r(H,H) NOEs r(H,H) NOEs r(H,H)

(obs.) (calc.) (obs.) (calc.) (obs.) (calc.)
Asp?N°H  Met!'CeH st[a] 2.37 st 2.23 st 2.15
Asp?N°H  MetlCPH - - w 3.86 m 3.34
Asp?N°H  Met!CH wic] 4.23 - - - -
Asp?C°H  Pro*CeH, st 2.45 - - - -
Asp?C'H  Pro’CH, - - st 2.38 m 2.60
Asp’C'H  Pro’CeH, - - st 2.49 m 2.20
ProPCH, Asp?CPH, - - - - w 4.45
Val*N®H  Pro’C°H st 2.40 st 2.35 st 2.45
XaePN°H  Val*C*H st 242 st 2.40 st 2.20
Xaa®NeH Val*CPH w 2.34 w 2.40 — -
XaePNH  Val‘CvH, w 4.16 w 4.32 - -
XaaC'H Xag&C®H, st 2.21 - - - -
XaaC'H Xa&C®H, - - - - m 2.30
XaaC'H XaeCH, - - - - m 2.94
XaeéNoH XagC'H - - w 3.50 - -
Asn’NeH  XaeCeH st 2.36 st 2.37 st 241
Asn’/NeH  XagCPH, - - m[b] 3.06 m 2.78
Asn’NeH  Xa&fCWH - - w 3.87 - -
Asn’NeH  lle8NeH - - w 4.37 w 4.48
GIu®NeH  Ile8CH st 2.39 st 2.46 st 2.15
GIU®NoH  1le8CPH - - - - W 4.37
Glu°N°H  1le®C'H, w 4.25 w 4.07 - -
GIUN°H  lle8NH - - - - W 4.07

[a] st = strong; [b] m = middle; [c] w = weak

reoptimized in vacuum with the Amber 4.1 force field . Nsults. This program tries to find also interactions of the three
relevant alterations could be observed (RMSD=0.987 A).C-terminal amino acid residues of the Tat peptides and cre-

Several Tat / DP IV complexes were constructed marates energetically unfavorable conformations.
ally on the basis of the solution conformations obtained by Molecular dynamics simulations were also performed of
the molecular dynamics simulations. Starting with the faihe P-Tat(1-9) derivative. Since, there are no NMR data avail-
mation of a strong salt bridge between the negatively chargéde these simulations were performed without distance re-
side chain of Asf$® of the DP IV model and the protonatedtraints. Taking into account the dihedral anglef Asp’ of
N-terminus, the inhibitor was anchored at this site and diffeout —70° (see Table 1) the proline residue in position 2 can
ent orientations of the peptide chain within the binding poclkedopt a similar backbone structure because in the pyrrolidine
were chosen as starting structures for subsequent energyriog-this angle is fixed close to this value.
timization. Energy optimizations of the enzyme ligand com- All figures were prepared with the molecular modeling
plexes were carried out with fixedo€atoms of the enzyme program SYBYL 6.3 on Silicon Graphics workstations [20].
model as described earlier [13]e interaction energies be-
tween the ligands and the enzyme model were estimated by
subtracting the energy of the individual components frolH NMR spectroscopy
the energy optimized structuoé the formed complex.

Moreover, docking of the solution conformations of the&H NMR spectra in HO/D,O were measured at 303 K at 6
Tat peptides was also carried out using the progranMm peptide concentration and pH=4 on Bruker ARX500 and
FLEXIDOCK included in SYBYL [20]. However, the modelVarian UNITY 500 spectrometers. Chemical shifts were cali-
of the active site of DP IV is to small to obtain relevant rirated with respect to 3-(trimethylsilyl)-3,3,2,2-tetradeutero-
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Figure 3 Representation of the determined solution conformations of a) Tat(1-%,Ta}(lL-9) and c)%Tat(1-9)

propionic acid (sodium salt). Torsion angl@swere calcu- partially to the side chain of Aémand intermolecular hydro-
lated using Karplus-type equations. ROESY spectra (mixiggn bonds to the solvent molecules. These fluctuations of the
time, {, = 300 ms) were recorded in the phase-sensitive mdgerogen bonds are accompanied by a relatively high flex-
using theTPPI or States-Haberkorn-Ruben methods. Fibility of the torsion angled of Asp (Figurela). AsiN®H
ROESY, 512 FIDs of 2K data points, 24 scans each, wefeTat(1-9) forms intramolecular hydrogen bonds to the car-
acquired. In both dimensions, the data were processed ubioxyl oxygen of Aspand its own side chain and not to the
172 shifted squared sinebell weighting functions. Zerofillingolvent. For this reason, the fluctuations of the torsion angle
to 2K was applied i, . & of AsrY are relatively low.

The exchange of the relatively inflexible Proy Leu
causes an increase of the flexibility®dfandW for this resi-
due in L5-Tat(1-9) and also of the residues five and seven in
comparison to the native peptide (Figure 1). Substantial
stronger fluctuations of the®Tat(1-9) derivative compared
to the native nonapeptide were found for the torsion a#gle
of Asp® (see Figure 1b). For this derivative the tendency to
The solution conformations were determined on the basi f%r hydrogen bonds beaenAsPNH and the own side chain
the experimental data listed in Tab 1 and 2. ThH&MSD 3¢ learly reduced. The hydrogen bonds often change between

) Asp°NH and AspCO and the side chain of Asn

[I'Zstl(ciug)l ?;fggcg?o\?ki@gfpgii;agit;)}eljst;r;;(tls 33632%: aver In the case of thédTat(1-9) peptide the bulky and unpolar
age 0.22, 0.27 and 0.26 A, respectively. de chain of llgis not able to enter into hydrogen bonds.

Analysis of the dynamics trajectories of the dihedral The substitution of Aspby lle leads to a restriction of the

: : . . . ' @onformational flexibility around this residue but increases
gles®, W andy, in the distance restraints simulations OiveRe flexibility of Asr¥ (Figure 1c)

insight into the conformational flexibility and different con-

. : X . The major solution conformations of Tat(1-9),Tht(1-9)
formational behavior of all three peptides and was the bagh% L6-Tat(1-9) were derived by taking into account dihedral
for the determination of the major solution conformation

. . . ghglesdn resulting from Karplus equations and by consider-
In Figure 1 conformational maps of the torsion angiend ing their frequency of occurrence in the molecular dynamics

Y of the amino acid residues four, five and six of the thrg ulations (see Table 1 and Figure 3). In this way, energy
nor_}_ipepthEs arf rep;e;ente? tfr:)r f]ort?vpatll_s?r;. rms alt r_minimized conformations in solution reasonably well repro-

i .etam' ? mlon ﬁ d sP 0 b ed at eth atto s_da eh duce the characteristic features of the experimental observa-
nate intramolecuiar hydrogen bonds to the own SId€ Chq|is gerived frontH NMR measurements for all three pep-

Results

The solution conformations of Tat(1-9) and its derivatives
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Figure 4 Representation of the docking of a) Tat(1-9), BYat(1-9) and c)%*Tat(1-9) into the binding pocket of the model
of the active site of DP IV. The Tat derivatives are colored magenta

tides (see Tabs. 1 and 2). The comparison of measured tdisresults. Moreover, the conformation with a close distance
tances and experimental NOEs obtained from 2D NM#etween VatCPH and AspNH was energetically preferred
ROESY spectra is shown in Table 2. Most of the distanceswkr the other conforntian. Therefore, we exaded the

the solution conformations are in agreement with the NOHBsodified conformation in further investigations. Probably,
One exception is the weak NOE between tRi @roton of there is a high conformational flexibility around the side chain
Val* and the amide proton of Asm Tat(1-9)and L6-Tat(1-9) of Val* leading to weak NOEs.

but the calculated distances (2.34 A or 2.40 A, respectively) The solution conformations defined on the basis of ex-
should indicate a strong NOE. Weett to change the valueperimental results should now be compared to each other in
for the tosion angley, of Val* for a weak NOE. However, detail. The eghange of Prowith Leu leads to a change of
after optimizing a short distance resulted between theo€ the torsion angle® of Val* andW of Aspp and Asri (Figure

Val* and AspNH which is in contradiction to the experimen3b, Table 1). In the pant Td(1-9) the strong NOE between
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Figure 5 Representation of
the docking of RTat(1-9)
(magenta) into the model of
the active site of DP IV

the C'H proton of Asp and the @H protons of Prbindicates to middle NOEs through the rotation @fof Asp? from -70°

a torsion angleW of about 160°. However, inbtTat(1-9) in Tat(1-9) to -139° in3Tat(1-9). Furthermore, an additional

only a weak NOE between the*l€ proton of Asp and the NOE was observed between th&HCproton of Asp and

amide proton of Léuoccurs thus resulting in a torsion angl@rc®C3H. NOEs between theY@ protons of Mét and the

W of Asp of -20°. amide proton of Aspwere not found. Instead, NOEs between
The alteration of the torsion angie of AsrY in Tat(1-9) Met!CPH, Metf.C®H and AspN®H were obtained.

from 42° to 155° in E-Tat(1-9) was also confirmed by the The change in the backbone andleof Asp in Tat(1-9)

2D NMR data. In the ROESY spectrum 6&fTat(1-9) a weak from -66° to -139° of® of lle® in I>-Tat(1-9) causes the re-

NOE was observed between the amide protons df(sitl)  duction of NOE intensity in the ROESY spectrum of this Tat

and Il& which was not found for Tat(1-9) (Table 2). The othelerivative between the“® proton of Il& and the @H pro-

dihedral angles are in agreement with those of Tat(1-9). tons of Pré. In contrast, in the native Tat(1-9) the NOE be-
In the case of%Tat(1-9) stronger conformational differ-tween AspC®H and PréC®H, is strong.

ences in the peptide chain of the determined solution confor-Due to the change of the torsion andleof Asr’ from -

mation were observed compared to the native Tat(1-9) ar&8° in Tat(1-9) to -64° in*4Tat(1-9) additional weak NOEs

L6-Tat(1-9). were obtained between the amide protons of Aswl Il€ as
The torsion angle® of As?, Val, lle®, AsrY and GI§ as  well as between & of Pré and AsriN®H in the P analogue.

well as the torsion angle8 of Asp?, Val*, AsrY and II€ are Moreover, the rotation ofp of GIW® from -86° to -138°

very different from those of the other two Tat peptides (Tadkads to a loss of the NOE betweerf@&l and GIGNH of

1). These strong alterations of the backbone®effak(1-9) 1°-Tat(1-9). Now a new NOE between the amide protons of

are apparent from the experimental NOEs of the ROESY spke? and GId (Table 2) appears.

trum of this peptide (Table 2). The change of several dihedral anglésn 15-Tat(1-9) in
The strong NOEs in the native Tat(1-9) between tftd Ccompaison to T&(1-9) and 15-Tat(1-9) is also indicated by

proton of Asp and the @H protons of Prdwere weakened
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observed NOEs which are weakened or not obtaineé intlon between their interaction energies with the active site
Tat(1-9) and by the occurrence of new NOEs (Table 2). model of DP IV and the experimental pkalues have been
shown [13]. It might be assumed that the formed attractive
interactions of the first six amino acid residues are mainly
Docking of the Tat peptide solution conformations into theesponsible for the high affinity and inhibitory activity of
model of the active site of DP IV Tat(1-9) to DP IV.
In the case of $-Tat(1-9) the formation of a salt bridge
The obtained solution conformation of the native Tat(1-9ptween the positively charged N-terminus of Meid the
was manually docked into the model of the active site of MRgatively charged side chain of A%s also possible. Fur-
IV (Figure 4a) éee Methods Sectipris shown in Figures 3 thermore, similar hydrogen bonds can be detected compared
and 4 the lowest energy structure of Tat(1-9) in the binditgithe Tat(1-9). The amide proton of ¥aind the negatively
pocket agrees well with the solution confotina. TheRMSD  charged side chain of Asform hydrogen bonds to the amino
between the main chain atoms of the Tat peptides bound aeid residues of the active site of DP IV. The side chain of
free are 0.7223 A of Td-9), 1.559 A of B-Tat(1-9), and Asp°® can form a weak intermolecular hydrogen bond to the
0.895 A of P-Tat(1-9). amide proton of Tr§f%in contrast to the native Tat(1-9).
Several attractive interactions of Tat(1-9) with the active However, not all attractive interactions of the native Tat(1-
site of DP IV can be detected. The positively charged R} are possible in the case of theTat(1-9) derivative (Fig-
terminus of Met is recognized by the siddain of Asg3®. ure 4b). Asmentioned above, for the native Tat(1-9) an at-
Hydrophobic interactions occur between the pyrrolidine rifgactive hydrophobic interaction between Paad Tri5%° oc-
of Pra® with Tyr632 of the active site of DP IV. In this way,curred. In the case offiTat(1-9) the solution conformation
Prc® assumes a position like proline in substrates of DP I¥.different from that of the parent peptide at this residue, the
However, the dihedral angtg, in Tat(1-9) adopts a value ofside chain of the substituted L%shows in a direction where
160° whereas in substrates this angle has to be about\8e°have no information about the structure of DP IV. We
[12]. For this reason, an attack of the active serine to ®®nnot exclude that spatial repulsion with any other amino
carbonyl carbon atom of the peptide bond betweehdird acid close to the active site of DP IV will occur in this area.
Val* is impossible. This explains the behavior of the Tat(1-8% ever it is, the hydrophobic interaction in this position is
peptides as competitive inhibitors. An additional attractivest. This seems to be the main reason for the reduced inter-
hydrophobic interaction occurs between the pyrrolidine rigtion energy (-50.2 kcal-m#) with DP IV in comparison
of Pré and the side f@in of Tr3°. Hydrogen bonds areto the native Tat(1-9).
formed between the carbonyl oxygen ofMahd the amide  Taking into account that in an induced fit mechanism the
proton of Tri§%° and Se®! as well as beteen VatNH and L5-Tat(1-9) derivative may adopt a conformation which is
the hydroxyl oxygen of the side chain of S&rThe esti- Similar to that one of Tat(1-9) in the docked solution confor-
mated interaction energy of Tat(1-9) with the model is -53Mation, Pré was substituted with Leu. In this case, the bulky
kcal-mot™ side chain of Leticauses spatial hindrance with the side chain
Since we did not consider solvation and dissolvation @f Trp®C. An energy optimization of this structure forces the
fects as well as entropy contributions in the docking prode-Tat(1-9) considerably out of the binding petkThis led
dure the calculated interaction energy represents only anteg conformation of &-Tat(1-9) where the Léuesidue could
timation of the free interaction energy. perform attractive interactions with Fébut simultaneously
The three compounds are highly similar to each otherdther interactions were weakened particularly those of Pro
the sequence modified just by one amino acid residue thagé Vaf including the hydrogen bonds of these residues to
contributions might be similar in first approach. Thereforé)e model. These results are also expressed by the consider-
comparing all three complexes a smaller (more negative) aply reduced interaction energy (-21.2 kcal-®)ol
teraction energy should correlate with higher affinity of the Since in either case the interaction energy ®Tat(1-9)
Tat derivative to the active site of DP IV and consequentfy reduced in comparison to the native compound the low
with a higher inhibitory potency. inhibitory activity can now be explained.
The used model of DP IV has been developed on the basighe solution conformation of-Tat(1-9) assumes a dif-
of published site directed mutagenesis studies of amino deiignt orientation in the binding pocket characterized by fewer
residues of the active site of DP IV. There are no more @ttractive interactions. It is therefore not surprising that in
perimental results available that could help to enlarge tentrast to both Tat(1-9) and-Tat(1-9) a number of attrac-
model in an appropriate manner. Therefore, the model of tive interactions to the active site model of DP IV are no
active site of DP IV is relatively small and no conclusiolenger possible (Figure 4c). This is in agreement with the
with respect to interactions of the C-terminal amino acid reliw competitive inhibitory activity. The salt bridge between
dues 7 to 9 of Tat(1-9) can be wra Wecannot yet decide the charged N-terminus of-Tat(1-9) and Asf® of DP IV
how the remaining three amino acid residues influence #&n be formed whereas the two important hydrophobic inter-
inhibitory activity. It might be that the remaining three Cactions of Préwith the side chain of T§# and of Pré with
terminal amino acid residues have low affinity to the activigp®®° are nearly completely removed in comparison to the
site of DP IV. Moreover, most of the known DP IV specifidative nonapeptide. This is also caused by a considerably
inhibitors represent di- and tripeptides for which the correldifferent conformation at Ifewhich leads to spatial hindrance
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between the side chain of this residue and®@3hf the ac- by any other unprotected amino acid residue will give more
tive site of DP IV. This repulsion prevents the diving of thissight to this question.
derivative into the binding pocket of DP IV. Interestingly, the substitution of A3y Pro leads to a
The calculated interaction energy betweemdt(1-9) and slightly enhanced inhibitory potency in comparison to Tat(1-
DP IV is about 15 kcal-mdllower (-38.2 kcal-mot) in com- 9). NMR investigations of this compound have not yet been
parison to the native Tat(1-9). No other complexes with lowgerformed. The conformation of-fat(1-9) docked into the
interaction energy considering different conformations of tineodel of the active site of DP IV forms hydrophobic interac-
ligand as well as modified orientations to the enzyme modehs between Pfoand Tr§28 stabilizing the enzyme ligand
were found. complex (Figureb). Theestimated interaction energy is —
53.0 kcal-mat similar to those of the native peptide. In agree-
ment with our model this indicates that the nature of the amino
acid residue in position 2 is of high importance for the inter-
action with DP V.
i . ) The proline at the third position exhibits hydrophobic in-
The determined solution conformations of the thrggractions with Ty#2 Since we assume that this type of in-
nonapeptides show some diteces. Tiese conformational teraction might be the same as for substrate peptides with
alterations caused by the substitutions in positions five giid|ine or alanine in position 2, it can be predicted that pro-
six are very likely responsible for the reduced inhibitorhe in position 3 can be substituted by alanine, but not by
strength of these derivatives but it could not be excluded thay other amino acid residue, without considerable loss of
the bulkiness of the side chains of lle and Leu per se preveffhitory strength. For valine at the fourth position we have
effective binding to DP IV. no clear information on its influence to the inhibitory action.
Though the model of DP IV is relatively small the mo- The exchange of the negatively charged #sp the hy-
lecular modeling results in combination with experimentglophopic Ile and the missing hydrogen bonds between the
data obtained from NMR spectroscopy are strong indicatiqiigyatively charged side chain of Asmd the DP IV model
that the N-terminal part of Tat binds into the active site of Qiacrease the inhibitory activity. The bulky side chain of lle
V. _ . _ . _has a strong obstructive effect. For this reason Asp at the fifth
_ The estimated interaction energies of all three Tat deriysition is essential. This argument is also valid for the pro-
tives (Tat(1-9) -53.7 kcal-md] L°-Tat(1-9) -50.2 kcal-mot  |ine in the sixth position because of its hydrophobic interac-
and P-Tat(1-9) -38.2 kcal-mol) are in the same sequenc@ons to Tr(50,
like the inibitory potency (60%, 20%8.0%). Although we ~ symmarizing, it can be concluded that the results of the
have no experimental indications the modeling investigatiogsnformational investigations on the three Tat derivatives
suggest that the docking conformations of the Tat peptidegi&ed on NMR investigations and molecular dynamics simu-
DP 1V are similar to their solution conformations except sSmadions give an idea of the interactions of Tat(1-9) nonapeptide
conformational altetins. Taking into account that the in-sequences with DP IV explaining the biological results. The
teractions of the Tat peptides with the model of the actiygsumption that the N-terminal sequence of HIV-1 Tat as
site of DP IV include only the first six residues of the Talympetitive inhibitor interacts directly with the active site of
derivatives we cannot yet decide how the remaining thigg |v could be confirmed by the present study.
amino acid residues influence the inhibitory activity. It might
be that the remaining three C-terminal amino acid residyggnowledgementsWe are grateful for research support
have low affinity to the active site of DP IV. A series Ofrom the Ministeium fiir Wissenschaft und Forschung von
hexapeptides not derived from Tat but also with a proliRgychsen-Anhalt (Grant 1185A/0083) and by Deutsche
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