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ABSTRACT: Targeting protein—protein interactions is gaining greater recognition as an
attractive approach to therapeutic development. An example of this may be found with the
human cellular protein encoded by the tumor susceptibility gene 101 (Tsgl01), where
interaction with the p6 C-terminal domain of the nascent viral Gag protein is required for
HIV-1 particle budding and release. This association of Gag with Tsg101 is highly dependent on
a “Pro-Thr-Ala-Pro” (“PTAP”) peptide sequence within the p6 protein. Although p6-derived
peptides offer potential starting points for developing Tsg101-binding inhibitors, the affinities of
canonical peptides are outside the useful range (K4 values greater than 50 #M). Reported herein
are crystal structures of TsglOl in complex with two structurally modified PTAP-derived
peptides. These data define new regions of ligand interaction not previously identified with
canonical peptide sequences. This information could be highly useful in the design of Tsg101-

binding antagonists.
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istorically, large components of therapeutic development

have been directed at cell membrane receptors or at
enzymes, in the latter case where advantage can be taken of
well-defined substrate binding clefts or catalytic mechanisms."
Recently, targeting protein—protein interactions (PPIs) has
gained greater recognition.” Because PPIs typically involve
contacts over extended and relatively flat surfaces, it may seem
counterintuitive that small molecules or peptides could function
as effective binding antagonists. However, significant compo-
nents of total binding PPI energy are often derived from a limited
number of protein residues localized in well-defined “hot spot”
regions.” This allows the possibility of effective overall PPI
inhibition by relatively small agents, which can take advantage
of high affinity interactions within these hot spot regions.* For
this reason, development of PPI inhibitors has become an
extremely active area of research that is beginning to yield
clinically relevant agents.”

Acquired immunodeficiency syndrome (AIDS) is a devastating
disease caused by the human immunodeficiency virus (HIV-1), which
after nearly 30 years of research has a total of 25 FDA-approved
drugs marketed for its treatment.” These agents are either directed
against key enzymes in the viral life cycle, such as protease, reverse
transcriptase, and integrase, or inhibit viral entry. As typified recently by
integrase, the development of drug-resistant mutant enzymes provides a
sense of urgency to the continued search for new modes of inhibiting
HIV-1 replication.®
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Because the efficient production of a new virus requires
specific interactions between viral and human proteins, pharma-
cological inhibition of appropriate PPIs represents potentially
attractive new opportunities for anti-HIV-1 therapeutic devel-
opment.” One recognized target of this sort is the human cellular
protein encoded by the tumor susceptibility gene 101 (Tsgl01),
which is a component of the host endosomal sorting pathway,
whose interaction with the p6 C-terminal domain of the nascent
viral Gag protein is required for viral assembly and budding.'*™ "
Binding of Gag to the ubiquitin E2 variant (UEV) domain of
Tsgl01 is dependent on a Pro-Thr-Ala-Pro (“P-T-A-P”) motif
with the p6 region, and blocking this interaction results in
antiviral effects.'*”'® The importance of the relatively confined
P-T-A-P sequence to the overall Tsgl01—Gag interaction in-
dicates that this might be “hot spot” in nature and amenable to
inhibitor development. Consistent with this notlon, a previous
NMR solution structure of the p6-derived peptide “P'-E*-P>-T*-
A>-P°-P”-E%-E”” bound to Tsg101 shows that the peptide binds
in a groove, with the P>-T*-A>-P° residues making the greatest
contact.'” Although this sequence could serve as an initial
starting point for inhibitor development, its affinity is outside
the useful range (Kg > SO uM), and its binding interactions as
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Figure 1. Structures of peptides discussed in the text.

indicated by the NMR solution structure are not sufficiently well-
defined to allow true “structure-based design”. Therefore, we
undertook an empirical approach to ligand development by
making structural alterations at each residue of the peptide. This
was done in an unbiased fashion using noncoded amino acid
derivatives that were synthesized by oxime-based postsolid phase
diversification. The protocol involved the insertion of aminooxy
groups at each residue of the parent peptide 1 (Figure 1). These
then served as “handles” for functional group elaboration by
oxime ligation using libraries of aldehydes."®° It was found that
while modifications within the region “T*-A>-P® adversely
affected binding, up to 20-fold enhancement of affinity could
be incurred by introduction of aromatic functionality at the P*
position.”® This was unexpected, since based on the previously
reported NMR solution structure, the P residue serves a more
minor function by interacting with a shallow pocket on the
protein surface.'”

As reported herein, to understand the structural basis for the
observed affinity enhancement, we solved the Tsgl01 cocrystal
structure of the two most potent analogues (2 and 3, Figure 1),
which compliments our recent report of the crystal structure of 1
bound to Tsgl01.>" Prior to undertaking this work, the only
structural data related to TsglOl—peptide interactions were
derived from NMR solution studies.'®'” In our current study,
we find that the peptide backbones of 2 and 3 are superimposable
on that of the parent 1.*° Peptides 2 and 3 contain 3,4-dime-
thoxybenzyl substituents on the (4R)-aminooxy handles of their
P’ pyrrolidine rings (linkage via oxime and amide bonds,
respectively). The cocrystal structures clarify the basis for the
affinity enhancement incurred by functionalization at the P>
position. The new binding interactions are clearly defined and
extend significantly beyond what would be possible from the
unmodified parent P* residue (Figure 2). The dimethoxybenzyl
group of 2 makes van der Waals contacts with nonpolar portions
of the side chains of T-56, P-71, and K-90, while the oxime
linkage contacts the side chain of T-58. The 3-methoxy group
accepts a hydrogen bond from a water molecule that s, in turn,
bound to the carbonyl oxygen of P-91. However, no direct
hydrogen bonds are formed with the TsglOl protein. The
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aminooxy linkage in 3 positions its dimethoxybenzyl group
differently than in 2, such that the benzyl rings are rotated
approximately 75° with respect to one another, and the corre-
sponding atomic positions are separated by from 2 to 10 A. The
T-56 residue is the only common point of contact shared with 2.
Unique contacts are made with the aliphatic portion of K-36 and
the Cat of G-57. The carbonyl oxygen of the aminooxy linkage
makes a hydrogen bond with a water molecule, but no direct
hydrogen bonds are made with the protein. A common theme in
these two structures is that the dimethoxybenzyl groups interact
face-on with a broad and relatively flat and nonpolar surface
formed by the exposed face of the Tsg101 system of antiparallel
[-sheets (Figure 2).

The data above suggest that the newly identified binding
surface could accommodate additional Tsg101 binding interac-
tions through the use of more extended P functionalities. To
explore this possibility, we prepared several polycyclic aryl-con-
taining oximes ($—7, Table 1) that were intended to potentially
offer greater interactions with the binding surface (Figure 3) 2
Examination of ICsy values determined using a fluorescence
anisotropy (FA) assay that measured the ability of peptides to
compete with an FITC-labeled variant of peptide 2 (see the
Supporting Information) showed that the binding affinities of
peptides $—7 were up to S-fold higher than that of the parent 2.
These results indicate that significant latitude exists in the
functionality that is compatible with binding in this region.

A more relevant indication of affinity was obtained by
measuring the ability of peptides to inhibit the binding of
Tsgl0l to p6 protein. For this purpose, surface plasmon
resonance (SPR) experiments were performed using GST glu-
tathione S-transferase (GST) or GST-p6 captured on anti-GST
antibody chips, with Tsg101 protein in solution either alone or in
the presence of increasing concentrations of peptides 2 or 6 (see
the Supporting Information). From the amount of TsglO1
protein bound to the p6 protein, ICs, values were calculated to
be 72 and 12 uM for peptides 2 and 6, respectively. Consistent
with the FA competition assays, peptide 6 exhibits an approx-
imate 5—6-fold higher TsglO1-binding affinity than parent
peptide 2.

While the interactions of P* described above are limited
primarily to the protein surface, the previous NMR solution
structure of the Tsg101-bound P-E-P-T-A-P-P-E-E nonapeptide
indicated that the P residue binds in a pocket wedged between
the aromatic rings of Y-63 and Y-68. This interaction is reminis-
cent of the recognition of polyproline sequences by WW and
SH3 domains.'” Our current cocrystals add significant new
understanding regarding this pocket and its potential utility for
exploiting more extensive binding interactions. What emerges
from our new data is that binding of the P® pyrrolidine ring
between the Y-68 and the F-142 residues shown by the NMR
structure merely defines the upper regions of a much deeper
pocket. The lower walls of this pocket form a cylindrical cavity
bounded by Y-63 and P-139. The depth of the pocket is
determined by the V-61 residue, whose side chain isopropyl
group defines its lower boundary (Figure 4). The geometry of
this pocket is consistent with structure—activity relationship
(SAR) data that we had previously observed. For example,
introduction of a variety of oxime derivatives from the 4-position
of the P° pyrrolidine ring was found to uniformly abrogate
binding affinity.”° It is now evident that in each case the added
functionality was either too wide or too long to be accommo-
dated within the pocket. In another study, we examined whether
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Figure 2. Crystal structures of peptides bound to Tsg101. (a) Superposition of wild-type peptide 1 (yellow; PDB no. 30BU), peptide 2 (cyan), and
peptide 3 (magenta). (b) Binding of peptide 2 showing key residues interacting with the 3,4-dimethoxybenzyl oxime group of Pro-3. (c) Binding of
peptide 3 showing key residues interacting with the 3,4-dimethoxybenzyoylcarboxamide group of Pro-3.

Table 1. Tsgl101 Binding Affinities of P> Polycyclic Oxime-
Containing Peptides
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“Results of FA competition assays performed as described in the
Supporting Information. © Structure as indicated in Figure 1.

N-substituted glycine (NSG) type structures could serve as
effective replacements of the P° residue.® This work was based
on the previous observation that NSGs can function as high
affinity Pro surrogates by more completely filling binding pockets
than is possible by the pyrrolidine ring of the parent Pro
residue.”**” The highest affinity achieved in our earlier stud

(approximately S-fold enhancement relative to the reference P
containing parent)>® was with the butylhydrazone analogue as
depicted in peptide 4 (Figure 1).*® By overlaying the “CH;—
CH,—CH,—C=N-—" side chain of this NSG mimetic onto the
P° pyrrolidine ring of parent peptide 2, it is now evident that the
n-butyl side chain extends nicely into the newly defined P°

Figure 3. Examples of potential oxime binding interactions in the newly
identified P* binding region of peptides 5 (cyan), 6 (red), and 7 (green)
as compared with parent 2 (yellow). Refer to refs 22 and 23.
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Figure 4. Pro-6 binding pocket from the Tsgl01—2 cocrystal structure
rendered as an electrostatic surface potential. (a) Looking down into the
pocket showing the positioning of the Pro-6 and Pro-7 residues. (b) The
same view as in a following deletion of peptide 2 highlighting the cylindr-
ical nature of the pocket. (c) Cutaway side view showing the electrostatic
surface of the pocket with contact residues indicated. For clarity, only the
Pro-6 and Pro-7 residues of the peptide are depicted (white). Shown in
cyan is the calculated interaction of the butylhydrazone side chain of
peptide 4.

binding pocket (Figure 4). Therefore, the new crystal data of
our current study both clarify previous empirically-derived bind-
ing data and provide guidance for the design of new analogues.
In conclusion, we report herein crystal data of ligands com-
plexed to the UEV domain of the human Tsgl01 protein that
identify new binding interactions originating from the critical P*
and P° residues of the canonical PTAP recognition motif. The P>
proximal region is comprised of an extensive surface topology. As
exemplified by several analogues prepared as part of the current
study, binding in this region can be exploited by the use of
aromatic or polycyclic functionalities. In contrast, the P binding
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pocket is narrow, deep, and well-defined and may provide
opportunities for enhancement of both binding affinity and
selectivity. This information could be useful in the design of
higher affinity Tsg101 binding antagonists.

B ASSOCIATED CONTENT

© Ssupporting Information.  Statistics of data collection and
crystallographic refinement and 1.8 A 2Fo-Fc electron density
maps for peptides 2 and 3 complexed to TsglOl protein;
procedures for determination of TsglOl-binding affinities of
peptides 2 and 5—7 using FA competition assays and for
peptides 2 and 6 using SPR assays and synthetic protocols for
peptides 5—7. This material is available free of charge via the
Internet at http://pubs.acs.org.

Accession Codes

The coordinates of the Tsgl101 UEV in complex with peptides 2
and 3 have been deposited with the RCSB Protein Data Bank
under the accessions codes of 3P9H (peptide 2) and 3P9G
(peptide 3).
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