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We recently reported the design and synthesis of a CD4 binding peptidomimetic with potential as HIV
entry inhibitor. Variation of side chains and amino terminus provided first structgtvity relationships

and confirmed the activity of the compounds as well as the correctness of our approach [Neffe, A. T.;
Bilang, M.; Meyer, B.Org. Biomol. Chem200§ 4, 3259-3267]. Here we describe optimizations at the
carboxy terminus of the peptidomimetic CD4 ligands resulting in the highest binding affinity ef 6 uM

for compound4 determined with surface plasmon resonance (SPR). Saturation transfer difference NMR
experiments with two peptidomimetics give binding constants similar to the SPR experiments and verified
the ligand binding epitope. The higher proteolytic stability of the peptidomimetics compared to the lead
peptide is demonstrated in a pronase digestion assay. Comparison of modeling and analytical data shows
good agreement of theoretical and practical experiments.

Introduction the viral envelope glycoprotein gp120 and the human €D4.
Only after CD4 binding, gp120 can interact with a coreceftor,

Human immunodeficiency virus (HIV) infection is treated normally CCR5 or CXCR4? leading to gp41-mediated mem-

nowadays with a combination therapy (highly active antiretro-

viral therapy, HAARTY of drugs normally belonging to one of brane fu§|on anq mfectpn of the céf. )
three main antiviral drug classes, nucleosidic reverse tran- |argeting the interaction of gp120 with CD4, others devel-

scriptase inhibitors (NRT®, non-nucleosidic reverse tran- ©OP€d either gp120 or antibody related peptides to bind €D4
scriptase inhibitors (NNRTIs), and protease inhibitors (Pls). ©OF 9p120 binding moleculé$.One challenge in the development
Despite their efficacy in suppressing HIV replication, none of of_a CD4 b|nd|ng_drug is to minimize the potential |nte_rference
these drugs nor their combination can cure HIV infecfidihis W'th_the hu'ma_n Immune system, as (_3D4 plays an important
is mainly due to the high mutation rate of HIV and the resulting "o!€ in the binding of MHC class Il proteins to T cell receptbfs.
resistances of HIV strains against treatnfeRtrthermore, the  1he binding sites of CD4 to gp120 and MHC class Il proteins
mutations often lead to cross resistance of the drugs known so0Verlapt® However, the contact area of the gp120 CD4
far5 New drug classes have to be developed; vaccination interaction is much blg_ger (angl therefore stronger) than the CD4
attempts have not been succes&filach step in the viral ~MHC class Il protein interactiof
reproduction cycle is a potential drug tar§etttempts for the Viral resistance is not a major concern in the attempt of CD4
inhibition of recognition, coreceptor binding, membrane fusion binding drugs, because this would require the virus to change
(these three steps together are referred to as entry), transcriptiorits entry mechanism totally. This would only be possible in the
of the viral RNA into DNA, integration, and assembly of case of multiple simultaneous mutations and is, thus, not very
proteins and DNA to new viral particles are the focus of research likely.
for potential anti-HIV drugs. The peptide NMWQKVGTPLL binds to CD4 and shows
The 36meric peptide Ac-YTSLIHSLIEESQNQQEKNEQEL- antiviral activity in a HIV proliferation assasf. Starting from
LELDKWASLWNWEF-NH; (enfuvirtide, T20) is the first ap-  this peptide, we developed the peptidomimetic compond
proved entry inhibitor and has proved to be very useful in (Table 1)?* The two N-terminal amino acids (asparagine and
combination therap$.However, the first HIV strains with methionine) ofl do not contribute to binding and were thus
resistance against this drug have emerdeWhile T20 is removed from the lead structure. Likewise, the internal glutamine
directed against membrane fusion, earlier steps in the infectionof 1 was replaced by a spacer, as it also does not contribute to
cycle are also very promising targets. The first step in the binding. This results in a virtual lead structure W-spacer-
infection of a human cell with HIV is the interaction between KVGTPL. The two terminal hydrophobic amino acids tryp-
tophane and leucine were replaced by generic hydrophobic
* To whom correspondence should be addressed. Present address: Gksgesidues. As a result, only four peptidic bonds were left in the
Research Centre, Institute for Polymer Research, Kantstrasse 55, 14513molecule2. Ligand 2 showed an increased binding affinity to

Teltow, Germany. Phone:+49-3320-352325. Fax:+49-3328-352452. CD4 compared to the Ieach() = 35 uM compared toKp =
E-mail: axel.neffe@gkss.de. !

a Abbreviations: CV, column volume; DMF, dimethyl formamide; 6000 uM fOI’_ the decap_eptldel), while having |mprov¢d
HSQC, hetero single quantum cohereri¢g; dissociation constant; MALDI- pharmacological properties (lower molecular weight, higher
TOF MS, matrix-assisted laser desorption ionization time of flight mass proteolytic stability, more suitable logP).
spectrometry; NNRTI, non-nucleosidic reverse transcriptase inhibitor; NRTI, . . .
nucleosidic reverse transcriptase inhibitor; Pl, protease inhibitor; ROESY, ~ With the help of the saturation transfer difference (STD)
rotating frame Overhauser enhancement spectroscopy; RU, response unitstNMR and modeling dat® we derived a series of similar

SPR, surface plasmon resonance; STD, saturation transfer difference; TBTU, ; i ot i
O-(benzotriazol-1-yI)N,N,N',N'-tetramethyluronium tetrafluoroborate; TFA, compoqus hfa\ﬂng Srlgglﬁ.SlldeStltutlonS of tZe a.“l’{ma“f ring or
trifluoro acetic acid; TIPS, triisopropylsilane: TOCSY, total correlated @MiNo acids of the core This led to compounds withp values

spectroscopy. down to 10uM. In this paper we focus on modifications for

10.1021/jm070206b CCC: $37.00 © 2007 American Chemical Society
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the C-terminal cyclohexyl moiety. STD NMR ligand epitope 1 summarizes the structures, binding affinities determined by
mapping showed a close contact between the cyclohexyl ring surface plasmon resonance (SPR), and the calculated binding
and CD4, while a compound without the cyclohexyl moiety affinities from docking experiments with Flexidock (Tripdé4).
binds ten times weaker than the corresponding peptidomimetic.  syntheses were carried out, as described e&#igy,amide

This shows the carboxy terminal subunit to be essential for yong formation in solid phase supported reaction cycles,
binding. We show the relationship of binding affinity and the - ¢jeayage of the alcohol from the resin while retaining the side
carboxy terminal group and analyze the correlation of calculated chain protecting groups, and subsequent carbamate bond forma-

and analytical results.

Results and Discussion

We developed analogs @fwith “carboxy terminal” hydro-
phobic cyclopropyltert-butyl, and cyclopentyl residues (com-
pounds3—5, Table 1) and the ethoxy carbonyl methyl residue
(6, Table 1). Compound3—11 (Table 1) combine subunits,
which were demonstrated to improve binding to C3Z.able

tion under Cu(l) catalysis. The solid-phase synthesi8-efl
gave yields for the unpurified primary alcohol of -335%
(equivalent to 79-81% per coupling-deprotection cycle). The
relatively low yields are due to problematic coupling reactions
connecting to the sterically demanding prolinol and valine
residues, respectively. The carbamates at Gherminus of
4—11 were formed in 66-73% yield. The preparation of the
thiocarbamat@& succeeded in only 20% yield. Deprotection and
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RP-HPLC purification resulted in overall yields of-Y% of 18]
isolated product fod—11 and about 0.3% foB, respectively. A) ] .
All intermediates and the final producgs-11 were identified 161 .
by MALDI-TOF MS. Compounds4—11 were also fully 14] . .
characterized by 2D NMR spectra (TOCSY, ROESY, HSQC). 1 . .
All compounds were tested for their binding affinity to CD4 12‘_ " .
with SPR on a Biacore 3000 instrument, following the published 10+ - -
procedurel2® CD4 was immobilized on a CM5 chip, the [RU] 6 1 RU,_ =18%14
activity of the immobilized CD4 was tested by determining the ] K,=6pM 11.6
binding affinity of gp120. Subsequently, different concentrations 61
of the ligands were passed over the surface to determine the 4
concentration-dependent maximum response units (RU). The 1"
surface was regenerated with short pulses of 100 ny?Qy. 2‘_
Only the lower concentrations (in general up to:8@) of the 0 ———
ligands resulted in data points fitting to a one-site binding model. 0 10 20 30 40 50
Higher concentrations showed a nonsaturable linear correlation Concentration [uM]
of concentration and response due to unspecific binding at higher
concentrations. We observed this kind of behavior of peptide B) 20-_
protein interactions befor&:?3 It is either due to secondary 18 .
binding sites of lower affinity on the protein or reflects the 16
aggregation of peptides or peptidomimetics, respectively, at |
higher concentrations. As the peptidomimetics have different 144 .
lipophilicity, aggregation starts at different ligand concentrations. 12+ . . "
Therefore, only data points following a one-site binding model 104 =
at low concentrations of the ligand were used for the calculations [RUI "1
of Kp values. Examples for the fit of a one-site binding model 81 " .
to the data points from the SPR experiments are shown in Figure 6 H RU =20425
1 for the compoundd and5. The concentration at Rkd«/2 is 4] KD:”15 uM 4.2
Kp. 1/
The binding affinities for3—11 range from 6uM (4) to 80 2]
uM (11; see Table 1). The incorporation of new carboxy termini 0 0o 10 20 2 o =

in 3—6 gave compounds with improved binding affinity
compared t&@. The binding affinities vary 26 times accordin
P g Y g Figure 1. Determination of the binding constants 4{A) and 5 (B)

to the carboxy terminal ”?O'ety relatlvg to the most potenk . by fitting the concentration-dependent RU values from a SPR experi-
butyl group. The comparison of the different carboxy terminal ant to a one-site binding model.

residues did not show a direct correlation between volume or

molecular mass of the terminal group and the determiied  from the determinedp values. This indicates specific interac-
However, tertiary carbamates (compourts7—9, 11) have tions rather than undefined hydrophobic interactions between
generally higher binding affinities than secondary or primary the peptidomimetics and CD4.

carbamates? 3, 5, 6, 10). The directly corresponding com- Compounds4 and 6 have been analyzed with STD NMR.
pounds4 and7 and8 and9, respectively, have varying aromatic  Figure 2 shows the correspondifl NMR spectrums of a
amino terminal groups, the-daphthyl oxycarbonyl4 and9) mixture of 4 and CD4 (top), théH NMR spectrum of4 only

and 8-quinolyl oxycarbonyl { and 8) residues, respectively.  (mjddle), and théH STD NMR spectrum o# binding to CD4
While 4 has a higher binding affinity to CD4 than 8 binds (bottom). The corresponding spectra ®fare shown in the
stronger to CD4 thar®. This seemingly contradictory result Supporting Information. ThéH STD NMR spectrum thereby
shows that the binding affinities of the peptidomimetics cannot shows only signals of the ligang] with a change in intensity
simply be calculated from a weighted contribution of each compared to the normaH NMR spectrum. The intensities of
subunit, the influence of each subunit on the binding affinity is the signals in the STD NMR spectrum correlate not only to the
not linear. This would also explain why compounds 11, number of protons, but also to the degree of saturation transfer
which combine subunits that increase the binding affinity and to the relaxation time of each individual proton. A high
compared to2, do not have a drastically improved binding ratio of the integrals of the peaks in theé STD NMR spectrum
affinity. In fact, these findings match the later discussed to the integrals in the normaH NMR spectrum correspond to
modeling results, which show an influence of the carboxy a high transfer of saturation (with disregard of the relaxation
terminus on the overall three-dimensional structure of the dockedtimes). As the saturation transfer is a dipetépole interaction,
compounds. However, all compounds are still active binders a high degree of saturation transfer must be due to a close spatial
of CDA4. In the series of compounds synthesized in this paper, contact between ligand and protein. The most prominent peaks

Concentration [uM]

the prolinol subunit gives peptidomimetics with-8 times in theH STD NMR, the protons of the aromatic ring, the Lys-
higher potency than the corresponding alaninol-containing He protons, the Val-kt protons, the Prof/y protons, the Thr-
compounds (comparing the compound pdirand9, 7 and 8, Hy protons, and parts of the carbamate (Figure 2) are, therefore,

and5 and10). This is a finding opposite to previous studiés, representative for the protons in close contact to CD4. This
but is in accordance with our hypothesis about the importance ligand epitope mapping derived from the STD NMR experi-
of free-ligand conformation. The lipophilicity of the peptido- ments of both compounds is depicted in Figure 3 by highlighting
mimetics (which is correlated to % acetonitril necessary to the respective protons in red. The ligand epitopd ahd6 is
release the peptidomimetic from the RP-HPLC) is independent similar to each other and to previous findirigg3
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Figure 3. The binding epitopes of and6 determined by STD NMR.
The protons highlighted in red are in close contact to CD4 (absolute

STD NMR intensity of> 2.3% @) and 1.7% 4), respectively).

STD NMR titration experiments provided information about
the binding affinity of4 and6 to CD4 (Figure 4 and Tables 2
and 3).1H STD NMR spectra of each compound were acquired
at different ligand concentrations. A plot of the data points
correlating the STD amplification factor and the ligand con-
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Figure 4. Determination of thép values of4 (A) and6 (B) by fitting
the concentration-dependent STD amplification factor to a one-site
binding model.

Table 2. Individual Kp Values for the Protons of Determined from
the STD NMR Experiment

individual Kp
proton value [mM]
naphthyl-H4/5/8 165
naphthyl-H6/7 136
naphthyl-H1/3 125
Lys-He 16
Pro-Hsy/Val-Hp 48
t-Bu 123
Thr-Hy 88
Val-Hy 86

centration can be fitted to a one-site binding model. This is done Table 3. Individual Kp Values for the Protons 6f Determined from

for individual protons. Thé&p values calculated by this method
vary for different protons due to variances in the distance to
CD4 and also slightly due to different relaxation times; both
factors were not considered in the calculation of the individual
Kp values. The lowest determind€h value for a group of
protons of one ligand is used for comparison with Kagvalues
determined by SPR as earlier studies showed a good agreement
for theseKp values. The reason for this is that the group of
protons with the lowest calculatéd, value is in closest contact

to CD4 and, thereby, gives the most accurate description of the
binding affinity. The binding affinities of peptidomimeticare

Ko = 6 uM determined by SPR anidp = 16 uM determined

by STD NMR, while for compound these values arkp =
37uM (STD NMR) andKp = 26 uM (SPR), respectively. This

the STD NMR Experiment

individual Kp
proton value [mM]
naphthyl-H4/5/8 140
naphthyl-H6/7 160
naphthyl-H3 176
naphthyl-H1 113
Pro-Hsy/Val-Hp 104
Thr-Hy 37
ester-CH 49
Val-Hy 45

with the determined binding constants of all ligands in the SPR
experiments is correct.

Compounds2 and 6 were tested for their resistance to

is a very good overall agreement for the determination of binding proteolysis by digesting them with pronase, adapting a method
constants by a homogeneous and heterogeneous system and ligsy Osapay et &° The samples were incubated at 37, and
well within experimental error. As both systems show compound after 5, 10, 15, 20, and 30 min, aliquots of the reaction mixture

4 to be the better binder of CD4 th&nthe ranking associated

were mixed wih 1 M acetic acid to stop the digestion and
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2 before the digestion Table 4. Hydrolysis Products Observed in the MALDI-TOF MS
Spectra after the Digestion @and6 with Pronase
100

, \ observed ions as
! ! exact mass M + H*/M + Nat/M + K+
g0 | —absorption K | cmpd [g/mol] [m/Z]

- - - -gradient : 2c 330.39 331/353/369
2d 483.61 484/506/522
2e 429.52 430/452/468

\
1
|
il
\ 2f 384.48 385/407/423
1 , ! 2h 327.42 328/350/366
40 / \
1
1
\
\
1

60 - -

6b 615.73 616/638/654
6C 330.39 331/353/369
6e 429.52 430/452/468
204 -7 6f 388.42 389/411/427

T ’ 6h 331.37 332/354/370
] JNJL A - 2The mass oba is too small to be detected in the MALDI-TOF MS.
0 . - ; ; ,

min. The hydrolysis products of the digestion Bfand 6 with
pronase are not separated in the HPLC run, however, they have
2 after 10 minutes digestion with pronase been analyzed by MALDI-TOF MS. The observed ions are
summarized in Table 4. The digestion products result from the
e hydrolysis of the amide bonds betweer+f2aphthyl)oxyacetic
! acid and lysine (only for6), lysine and valine, valine and
glycine, and glycine and threonine (Figure 7). The threonine
prolinol amide bond and the carbamate bond were not hydro-
lyzed by pronase. Figure 7 shows the compouBdsnd 6,
respectively, and the cleavage sites to produce the observed ions.
Docking experiments were performed with Flexidock (Sybyl
] 6.9 (Tripos, Inc.) software package). A congruent binding mode
| for the compounds3—11 is observed, which is also highly
' similar to the binding mode of similar compounds that has been
‘- described in detail beford:23 The highest degree of similarity
is demonstrated for the interactions of the core peptides KVGTP
and KVGTA, respectively (Figure 8). The lysine side chain has

% Acetonitril / rel. absorption

100

—— absorption !
804 | ----gradient 2 /

e

\
\
1
\
\
- \
60 4 Pre \
1
P . \
,~°  digestion \
\

404 J/ products

% Acetonitril / rel. absorption

30 40 a close contact to the carboxylic side chain of &sphe
min. isopropyl group of valine is accommodated by a hydrophobic

Figure 5. HPLC run of2 prior to digestion (top) and after 10 min of ~ Cavity formed by the side chains of T Setz, Phas, Argse,
digestion with pronase (bottom) at pH 7.5 and &7, Sego, and Sess, glycine does not exhibit any special interactions

to the surface of CD4, and the threonine side chain interacts
loosely with Sego. The docking experiment cannot explain the
contacts of the proling andy protons with CD4, which was
shown in the STD NMR experiments. The andC-termini of
the docked compounds differ in the exact positions relative to
the CD4. This is also true for compounds having the same
terminal group, as, for example, is demonstrated for the
compoundg}, 7, 8, and9 (different shades of magenta in Figure
8), which all share &-terminaltert-butyl group. This corre-
R sponds to the finding that the binding affinity of the peptido-

mimetics cannot be calculated from individual contributions of
each residue but also depends on the intramolecular interactions
of the ligands. However, in all cases, the aromatitermini

interact with Glng, Glys1, and Sesp.
0 5 10 15 20 25 30 35 The calculated binding affinity of compounds-11 was
Min clearly better than that of the original peptide lelattompare

Figure 6. Comparison between the time-dependent proteolytic diges- Table 1). The ranking of the compounds according to the
tion of 1, 2, and6. Thety, for the peptidomimetic& and6 is roughly calculated binding energies differs from the analytical findings.
4-5 times higher. In Figure 9, the calculated binding energieslofll and of
related compounds of earlier repdt$*are plotted against the
experimentally determined binding affinities.

Ideally, the logarithm of theKp values should correlate
linearly with the calculated relative binding ener§yHowever,
despite a positive correlation of the data, Rhvalue of 0.53
indicates that a direct calculation of binding affinities from the
modeling data cannot be achieved in this way. A Spearman rank
analysis of the correlation of modeling and analytical data,
which is independent of the distribution of the data points, gives

pronase digestion

[

analyzed by HPLC-MS. Figure 5 shows the HPLC trace2 of
before the digestion and 10 min after the started digestion.
The integration of the peaks of the compouidg, and6 at
different times after the start of the digestion is represented in
Figure 6 and allowed for the determinationtg$. The value of
t12 IS 6 min for 1, but is 27.3 min for2 and 23 min for6,
showing a much higher resistance to proteolytic digestion for
the peptidomimetics than for a normal peptide.
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Figure 7. Digestion of the compound3 (R = cyclohexyl) andé (R = CH,CO,Et) with pronase resulted in the hydrolysis of the amide bonds
between (2naphthyl)oxyacetic acid and lysine (only fé), lysine and valine, valine and glycine, and glycine and threonine. The observed hydrolysis
products (named, e.d6e for the carboxyl side after hydrolysis of the Val-Gly amide bond) are summarized in Table 4.

experiments, which is 1000-fold better than the decapeptide lead
1 (Kp = 6000 uM). We, furthermore, could show a good
agreement of the calculated binding energies with the experi-
mentally determined binding affinities, as well as a reasonable
agreement of the binding affinities determined by SPR and STD
NMR. The STD NMR method not only supported the develop-
ment of the peptidomimetics but was also used to prove binding
affinity and verify the suggested binding mode. The pronase
digestion showed a much higher proteolytic stability of the
peptidomimetics compared to the lead peptide. The analysis of
the digestion products furthermore underlined that the increased
stability is due to the incorporated nonpeptide bonds.

Figure 8. Overlay of the peptidomimetic8 (orange),4, 7, 8, 9 Experimental Section
(magentas) (cyan),5 and10 (yellows), andl1 (blue) docked to CD4 S - .y
: h - ynthesis:The solid-phase syntheses were performed on an ACT
E)?rrféheﬁ Snlf]rfgci)'rﬂl'le C?T:e p?%“de\,vm/ Gt:;P/ A ai?iorr)fii a T?f?lyt Sr'm::ﬁr 496 robot system. 2Chlorotrityl resin (55 mg) bearing I-prolinol
diﬁersg ode for all compounds, € the positioning ot the te (50 mmol; ACT) was shaken f® h with Fmoc-Thr(tBu)-OH (4
' equiv) and DIPEA/TBTU (5 equiv) in DMF. After washing the
resin, this procedure was repeated twice. The resin was treated twice

-2,0 with 10% AcO in DMF for 15 min. Cleavage of the Fmoc group
1 . was achieved by treatment with 20% piperidine in DMF for 10
25 min twice. The next amino acids and 2-naphthoxy acetic acid were

coupled by using the same protocol. The resin was transferred to
a glass frit and was shaken with a freshly prepared solution of
dichloromethane (1880L), TFA (20 uL), and TIPS (10QuL) for
1 h. The mixture was filtered, and the resin was then washed with
the same solution (1 equiv) three times with dichloromethane. The
combined solutions were washed three times with a 5% aqueous
sodium acetate solution. The aqueous phase was re-extracted with
dichloromethane, and the combined organic phases were shaken
with Amberlyst A-21 for 1 h. The ion-exchange resin was filtrated
and washed with dichloromethane, the organic phases were dried
over MgSQ, and the dichloromethane was evaporated to give the
crude side-chain protected alcohols. The alcohols were each
y T y 1 dissolved in dry DMF, and then a freshly prepared suspension of
-20 0 2 4 60 80 CuCl (50 mmol, 5 mg) in dry DMF (25@L) and the respective
relative calculated binding energy [kcal/mol] iso(thio)cyanate (50 mmol) were added. This mixture was shaken
Figure 9. Plot of the data points for experimentally determined log for 1 h, then diluted with a 5% aqueous (WHCO; solution, and
Kp values and the relative binding energies calculated with Flexidock. extracted three times with dichloromethane. The organic phase was
The relative binding energy of the compound with the highest binding dried over MgSQ@, and the solvents were evaporated to give the
affinity to CD4, i.e.,4, was set to 0 kcal/mol. protected carbamates. These were individually dissolved in TFA
(1.9uL), TIPS (100uL), and water (4QuL), and the solution was
aR? = 0.61. BothR? values are reasonable in comparison to shaken for 1 h. The solvents were evaporated and the product was
other docking result® In the modeling, all newly designed purified by HPLC (solvent A, water/acetonitrile (95:5); solvent B,
peptidomimetics presented here show better interaction with water/acetonitrile (5:95); both solvents contained 0.1% TFA;
CD4 thanl, and the peptidomimetics also have lowgs. The gradient, 80% A for 1 column volume (CV), then gradients of 1
results are underlining the power of combining modeling and CV 10 50% A and 5 CV to 0% A. Most products elute at two points

analytical data to direct the variation of known ligands to frorr_l a preparative C18-substituted silica column, reflecting the
increase their binding affinity elution of the protonated and the unprotonated form of the

peptidomimetic. The identity of the products was demonstrated by
MALDI-TOF and NMR spectra. The pure products were lyophilized
) o ) ] ) to yield the final product8—11

The peptidomimetics developed in this paper bind strongly
to CD4 and can, therefore, act as leads for potential HIV entry  Acknowledgment. We thank the Deutsche Forschungs-
inhibitors. The best compountihas aKp = 6 uM in the SPR gemeinschaft (DFG) who supported this work with grants
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Supporting Information Available: Purity of compounds,
chemicals, characterization of the compouféd 1, including all
NMR data and HPLC chromatograms éH NMR spectra,
respectively, o3—11, the SPR graphs & and6—11 and details

of the SPR and STD NMR experiments, the pronase digestion assay,

and the docking procedure. This material is available free of charge
via the Internet at http://pubs.acs.org.
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