
DOI: 10.1002/cmdc.200500037

Click Chemistry on Azidoproline:
High-Affinity Dual Antagonist for
HIV-1 Envelope Glycoprotein gp120

Hosahudya N. Gopi, Kalyan C. Tirupula, Sabine Baxter,
Sandya Ajith, and Irwin M. Chaiken*[a]

Recent advances in the CuI-catalyzed Huisgen 1,3-dipolar cyclo-
addition of azides and terminal alkynes afford 1,4-disubstituted
1,2,3-triazoles with superior regioselectivity, and almost quanti-
tative transformation under extremely mild conditions.[1] The
simple and robust features of this methodology have found
application in drug discovery, bioconjugation, and material sci-
ence.[2] Herein, we report the novel use of stable and chemical-
ly accessible azidoproline within an otherwise normally consti-
tuted solid-phase-synthesized polypeptide as a platform for
side-chain bioconjugation reactions through click chemistry,
and its use to introduce triazole conjugates into a dual antago-
nist of the HIV-1 envelope protein gp120. The procedure ena-
bles rapid generation of analogues at an internal side-chain
position of the antagonist. This has led to a lead inhibitor for
HIV-1 infection with affinity in the nanomolar range.

Acquired immunodeficiency syndrome (AIDS), the globally
epidemic disease caused by HIV-1, has created an urgent need
for new classes of antiviral agents.[3] Viral infection is initiated
by the binding of gp120 of HIV-1 to the CD4 antigen on the
host T cell surface.[4] The envelope glycoprotein of HIV-1 is a
trimer that consists of three gp120 exterior envelope glycopro-
teins and gp41 transmembrane glycoproteins.[5] The binding of
gp120 to CD4 promotes a conformational change in gp120
that increases its affinity for a second host-cell receptor, one of
the chemokine receptors, CCR5 and CXCR4.[6] The interaction
of gp120 with its receptors is believed to promote further con-
formational rearrangements in the HIV-1 envelope that drive
fusion of the viral and host-cell membranes. Blockage of the
interactions between gp120 and cell-surface receptors is an at-
tractive goal for the prevention of HIV-1 infection through the
inhibition of membrane fusion and viral entry. The feasibility of
therapeutic efficacy with fusion inhibitors has been demon-
strated recently.[7] A promising fusion inhibitor lead is a 12-resi-
due peptide (RINNIPWSEAMM, 1) which was discovered initially
by phage library screening.[8] Peptide 1 inhibits the interaction
between gp120 and both CD4 and 17b, an antibody that rec-
ognizes an epitope that overlaps the CCR5 binding site with
affinity in the micromolar range.[9]

Herein, we report that conjugation at proline 6 of peptide 1
through click chemistry leads to inhibitors with strikingly high
affinity for the HIV-1 envelope and which maintain the dual in-
hibition of CD4 and 17b binding to the viral Env protein. The
modification of proline with 4-phenyl-1,4-disubstituted 1,2,3-
triazole, fabricated through a [3+2] cycloaddition reaction
(Scheme 1) leads to a peptide which binds to gp120 with a KD

value of �12.7 nm and which inhibits the binding of gp120 to
CD4 and CCR5 epitope ligands, with IC50 values of 22 and
29 nm, respectively. The peptide 1 conjugate peptide 5 is
greater than two orders of magnitude more potent than un-
modified peptide 1 and therefore provides a greatly improved
starting point for the design of viral entry inhibitors.

In our study of the novel dual receptor-site entry inhibitor 1,
we were interested in replacing proline 6 with g-amino proline
(Amp). Pro 6 was chosen because of its proximity to Trp 7, the
side chain of which was found to be highly sensitive to re-
placement.[8,9] Therefore, Pro 6 is close to a possible hot-spot
for the stabilization of interactions with gp120. Peptides were
synthesized by using Fmoc chemistry on 5-(4-aminomethyl-3,5-
dimethoxyphenoxy)pentanoyl–poly(ethylene glycol)–polysty-
rene (PAL-PEG-PS) resin. Fmoc–cis-4-azidoproline was synthe-
sized starting with the commercially available methyl ester of
tert-butoxycarbonyl-4-hydroxyproline (Boc-Hyp-OMe). The
trans-4-hydroxy group was converted into trans-4-mesylate by
treatment with methanesulfonyl chloride in the presence of
triethylamine in dichloromethane, followed by azide displace-
ment with NaN3 in N,N-dimethylformamide at 70 8C. The cis-4-
azido group on proline was converted into cis-4-amine on
resin by using a mixture of trimethylphosphine, dioxane, and
water.[10]

A surface plasmon resonance (SPR) optical biosensor (Bia-
core 3000) was used to characterize the direct interactions of
peptides with gp120 from the YU2 strain of HIV-1. In the direct
binding experiments, YU2 gp120 was covalently immobilized
(5000 resonance units (RU)) on a biosensor chip (CM5, Biacore).
Real-time interactions were monitored by injecting various
concentrations of peptide analytes in phosphate-buffered
saline (PBS) at a flow rate of 5 mLmin�1 with association and
dissociation phases of 5 min each. The monoclonal antibody
2B6R Fab fragment (raised against the interleukin-5 receptor a)
was used as a control surface. Prior to analysis, the binding
data were corrected for nonspecific interactions and buffer ef-
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Scheme 1. a) Native peptide with proline and b) peptide with substituted
proline (2S,4S)-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamide.
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fects by subtracting the signals gathered from the reference
surface and buffer injections, respectively. The direct binding
analysis showed that peptide 4 (with Amp) had no appreciable
affinity for gp120 (Table 1). However, the intermediate peptides

2 and 3, with trans-4-hydroxyproline (Hyp) and cis-4-azidopro-
line (Azp), respectively, retain gp120 binding properties. Pep-
tide 3 showed a marginally increased equilibrium constant for
YU2 gp120 (KD=2.85 mm) relative to peptide 1. The KD values
for peptides 1–4, determined from direct binding analysis with
immobilized gp120, are given in Table 1. Peptide 3 formed the
starting point for [3+2] cycloadditions at residue 6.

The [3+2] cycloaddition reaction of peptidyl azidoproline
and terminal alkynes was carried out with an on-resin method
(Scheme 2). The resin was suspended in a mixture of acetoni-

trile, water, DIEA, and pyridine (4:4:2:1). The R alkyne was
added followed by a catalytic amount of CuI. After stirring
overnight, the resin was washed with HCl (5%), DMF and di-
chloromethane. The peptide was cleaved from the resin with
trifluoroacetic acid. Different peptide triazole conjugates with
aryl, alkyl, and other functional groups were constructed
(Table 2). The near quantitative conversion (>95% yield) of
azide to 4-substituted triazoles was verified for all peptides by
HPLC. The purified peptide triazoles were screened for gp120
binding with SPR.

The peptide triazole conjugates that bind gp120 with the
highest affinity have KD values in the nanomolar range and are
listed in Table 3. Peptides linked with other aromatic, aliphatic,
or alternative functional groups bind gp120 with low affinity
or nonspecifically. Peptide conjugates that bind nonspecifically
or that have low solubility were not pursued for further charac-
terization.

Among all peptide triazole conjugates shown in Table 2, the
4-phenyl-substituted triazole 5 binds to gp120 with high affini-
ty (KD=12.7 nm). Among the four peptides with highest affini-
ty, 5 had the highest on rate (ka) and lowest off rate (kd)
(Table 3). Figure 1 shows the direct binding of peptide 5 to
YU2 gp120. Solutions of increasing peptide concentration were

Table 1. Peptide sequences and equilibrium constants.[a]

Sequence Peptide KD [mm]

RINNI( P )WSEAMM 1 5.16
RINNI(Hyp)WSEAMM 2 24.8
RINNI(Azp)WSEAMM 3 2.85
RINNI(Amp)WSEAMM 4 –

[a] Determined by direct interaction with surface-immobilized YU2 gp120
in SPR.

Scheme 2. Construction of triazole and amide groups at the g position of
proline 6: a) CH3CN/H2O/DIEA/pyridine (4:4:2:1), R alkyne (5 equiv), and CuI
(1 equiv), overnight; b) P(CH3)3, dioxane, H2O, room temperature, 30 min;
c) R1 acid chloride, triethylamine in dichloromethane, 30 min. Fmoc=9-fluor-
enylmethyloxycarbonyl, DIEA=N,N-diisopropylethylamine, SPPS= solid-
phase peptide synthesis.

Table 2. Alkynes used in the [3+2] cycloaddition reaction and aryl
groups used in amide coupling.[a]

Strong Binding R Groups (12–434 nm)

Weak Binding R Groups (3–100 mm)

Nonbinding R Groups

Nonspecific Binding R Groups

Amide R1 Groups

[a] Compound numbers refer to the polypeptide conjugates produced
with these alkyne or acid chloride precursors; see Scheme 2.
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passed over a surface with the viral glycoprotein immobilized
at high density (5000 RU). The equilibrium constant KD was cal-
culated from the global fit of direct binding curves by using
the instrument software (Biaevaluation 3000). By using soluble
CD4 (sCD4) as a standard, the Rmax value of the peptide
showed that the peptide binds to gp120 with a 1:1 stoichiom-
etry.

To assess the inhibition of gp120 binding to sCD4 and 17b,
YU2 gp120 (100 nm) as the analyte was passed over immobi-
lized sCD4, 17b, and control 2B6R Fab in the absence or pres-
ence of peptide 5. The peptide 5 exhibited no direct binding
to sCD4, 17b, or control 2B6R. Figure 2 shows that increasing
the concentration of peptide 5 from 10 nm to 1 mm leads to
almost complete inhibition of gp120 binding to both sCD4-
and 17b-coated surfaces. This effect was used to generate IC50

values, which were calculated by using the fraction of the ini-
tial rate (6–20 s) of YU2 gp120 binding in the presence over
the absence of peptide 5 and plotting these against the log of
peptide concentration.

In the survey of other derivatives with modifications at posi-
tion 6 besides the high-efficacy derivatives in Table 3, we
found that most were either relatively weak binders or bound
nonspecifically. These results are summarized in Table 2. Pep-
tides 9, 16, 17, 20, and 21 bind to immobilized gp120 but in a
manner independent of concentration. With 9 as an example,
we found that this peptide fails to inhibit the interactions
binding of gp120 to CD4 and to 17b even at concentrations
up to 1 mm.

We carried out further experiments to evaluate the signifi-
cance of triazole substitution at the g position of proline by
coupling the benzoyl group to g-aminoproline (25). The puri-

fied peptide binds to immobilized YU2 gp120 with a KD value
in the same order of magnitude as that of the parent peptide
1, even though the 25 contains an additional phenyl ring. Sim-
ilar results were observed with peptide 26 (Table 2). These find-
ings confirm that the presence of the phenyl ring in the 4-sub-
stituted triazole (peptide 5) is critical in effecting high-affinity
binding. We theorize that the triazole group formed with the
configuration-constraining proline core may hold the phenyl
ring in a more rigid orientation, which requires a smaller en-
tropic penalty for gp120 binding than is the case with the
amide phenyl rings in peptide 25 and 26.

We also investigated the mode of by which the sCD4–gp120
interaction is blocked. The two most crucial residues on CD4
for gp120 binding are Phe43 and Arg59. The parent peptide 1
has been shown previously to block gp120 binding to CD4
and 17b through an allosteric noncompetitive mechanism.[9]

Nonetheless, the presence of the phenyl ring on the triazole
group in peptide 5 led us to consider the possibility that the
conjugation confers 5 with the ability to bind competitively
with CD4 in its binding pocket with Phe43. To investigate this
possibility, soluble CD4 at concentrations in the range of 0–
2 mm was passed over a gp120-primed surface in the presence
or absence of peptide 5 (1 mm). The binding capacity of sCD4
for gp120 was decreased over a wide range of sCD4 concen-
trations (data not shown), showing that the peptide binds to
gp120 by a noncompetitive allosteric mode, similar to that ob-
served with peptide 1.[9]

Overall, peptide 5 strongly inhibits the binding of gp120 to
both host cell receptors with potency close to the nanomolar

Figure 1. Direct binding of peptide 5 to immobilized YU2 gp120. The re-
sponse sensorgrams were obtained with increasing concentrations of pep-
tide 5 (10, 20, 50, 100, 250, 500 nm, and 1 mm as indicated by the arrow).

Figure 2. Inhibition of binding of YU2 gp120 to a) CD4 and b) 17b by pep-
tide 5. CD4 and 17b were immobilized on the biosensor chip surface, and
YU2 gp120 (100 nm) was passed over the surfaces in solution with increas-
ing concentrations of peptide 5 (from 10 nm to 1 mm, as indicated).

Table 3. Binding constants of triazole-modified peptides.[a]

Peptide ka [m
�1 s�1][b] kd [s

�1][c] KD [nm][d] c2

5 3.62K105 4.59K10�3 12.7 0.491
6 6.46K104 5.91K10�3 91.8 1.6
13 2.09K104 9.07K10�3 434 1.14
14 5.67K104 8.78K10�3 155 0.173

[a] Determined by direct interaction with surface-immobilized YU2 gp120
in SPR. [b] Association rate constant. [c] Dissociation rate constant.
[d] Equilibrium constant.
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range. This observation evokes the enticing possibility of its
use as a lead for the design of small-molecule antagonists of
the HIV-1 fusion process. Because gp120 is relatively flexible in
its unbound form,[11] it is likely that it is present in a range of
conformations between its unbound and activated states. Pep-
tide 5 could either stabilize a nonproductive intermediate con-
formation of gp120 or prevent its transition to an active con-
formation.

In summary, we have demonstrated that peptide 5, with
(2S,4S)-4-(4-phenyl-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxylic
acid at residue position 6, binds to gp120 with an affinity two
orders of magnitude greater than that of the parent peptide 1
and strongly inhibits the interaction of gp120 with both CD4
and 17b. These results are encouraging for the potential use of
peptide 5 as a lead tool in the drug-discovery process. Further
mutations and truncations of peptide 5, and different triazole
conjugates of peptide 3 are currently being examined. This
work establishes for the first time that azidoproline incorporat-
ed internally in a peptide sequence can be used effectively as
a tool for side-chain conjugation through click chemistry, with
consequent improvement in lead optimization.
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