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Enfuvirtide (ENF), the first approved fusion inhibitor (FI) for HIV, is
a 36-aa peptide that acts by binding to the heptad repeat 1 (HR1)
region of gp41 and preventing the interaction of the HR1 and HR2
domains, which is required for virus–cell fusion. Treatment-
acquired resistance to ENF highlights the need to create FI thera-
peutics with activity against ENF-resistant viruses and improved
durability. Using rational design, we have made a series of oligo-
meric HR2 peptides with increased helical structure and with
exceptionally high HR1/HR2 bundle stability. The engineered pep-
tides are found to be as much as 3,600-fold more active than ENF
against viruses that are resistant to the HR2 peptides ENF, T-1249,
or T-651. Passaging experiments using one of these peptides could
not generate virus with decreased sensitivity, even after >70 days
in culture, suggesting superior durability as compared with ENF. In
addition, the pharmacokinetic properties of the engineered pep-
tides were improved up to 100-fold. The potent antiviral activity
against resistant viruses, the difficulty in generating resistant virus,
and the extended half-life in vivo make this class of fusion inhibitor
peptide attractive for further development.

coiled coil � gp41 HIV-1 � viral entry � drug design

HIV type 1 (HIV-1) fusion is mediated by a complex set of
interactions involving cellular receptors and viral glycopro-

teins (1, 2). The precise nature of these interactions remains
unclear, but in the current model, viral attachment occurs via an
interaction between gp120 and CD4, along with chemokine recep-
tors (such as CCR5 or CXCR4) that act as viral coreceptors for
HIV-1. A conformational change in the gp41/gp120 oligomer
allows the fusion peptide sequence, located on the N terminus of
gp41, to insert into the membrane of the target cell (3). The gp41
ectodomain is then thought to undergo a series of conformational
changes to form the fusion-active state, which is believed to bring
the viral and cellular membranes into closer proximity to facilitate
membrane fusion (2, 3). Crystallographic studies provide support
for a model where gp41 adopts a six-helix bundle structure late in
the fusion process (4–6), and this structure is likely involved in the
final steps before fusion.

In peptide models of gp41, the heptad repeat 1 (HR1) region
forms a trimeric inner coiled-coil core, which creates the binding
interface for peptides from the HR2 region. A highly conserved
portion of this groove, termed the ‘‘deep pocket,’’ has been shown
to be an attractive target for blocking the viral fusion process (7–9).
Peptides derived from the HR2 region of gp41 have been shown to
have potent antiviral activity (7, 10) and enfuvirtide (ENF, also
known as T-20 or DP-178), the first approved fusion inhibitor (FI)
for HIV, is a 36-aa peptide derived from this region (11). Although
ENF has demonstrated excellent efficacy in clinical trials (11), novel
fusion inhibitors that are active against ENF-resistant viruses and
exhibit a higher genetic barrier to resistance could be important
drug candidates.

Biophysical and structural analysis has shown that HR2 peptides
are typically unstructured in solution but adopt an �-helical con-

formation upon binding (5, 12, 13). Furthermore, several groups
have demonstrated increased antiviral activity of peptides contain-
ing motifs that stabilize helical structure (9, 10, 14, 15). Various
covalent strategies have been used to stabilize helical structure in
peptides derived from gp41 (10, 16); however, these synthetic
approaches may not be amenable for large-scale manufacturing of
peptide therapeutics. Several strategies exist for increasing helical
structure through protein engineering. The rules that govern the
stability of the �-helix have been extensively studied, and a variety
of methods have been used to estimate the helical propensity of
amino acids (17–20). Introducing ion pair interactions, or ‘‘salt
bridges,’’ has also been suggested to increase helical structure in
peptides and stabilize coiled coils (21–24). Some of these nonco-
valent methods have been successful in enhancing antiviral activity
of monomeric HR2 peptides (15, 25).

Using rational design, we have designed a series of HR2 peptides
with greatly enhanced helical structure that self-associate into
stable oligomeric structures. The peptides are shown to have high
affinity to HR1 targets, potent antiviral activity against HR2-
resistant viruses, and improved pharmacokinetics in cynomolgus
monkeys. Interestingly, viruses appear to require more mutations to
decrease sensitivity to the engineered peptides, and the impact of
these mutations on activity is significantly less than that observed
for ENF. Taken together, these peptides are attractive for further
clinical development.

Results
Helix Stabilization of HR2 Peptides. Peptide design began with T-651
and T-2410, peptides that are derived from a gp41 HR2 region
slightly N-terminal to that from which ENF is derived (Fig. 1).
T-651 and T-2410 each have potent antiviral activity against IIIB (8
ng/ml) and the primary isolate 098 (�33 ng/ml), as well as viruses
that are resistant to ENF and T-1249 (39–151 ng/ml) (Table 1).
Although the antiviral results for T-2410 are virtually identical to
those of T-651 (Table 1), the stability results for the HR1-HR2
bundles (74°C for T-2410 and 68°C for T-651) highlight a potential
advantage for T-2410. Therefore, T-2410 was chosen as the starting
point for the current design strategy. T-2410 includes two additional
residues (EL) on the C-terminal end of T-651 so that the C-terminal
residue is at an ‘‘a’’ position in the heptad repeat. The heptad
repeat, present in most coiled-coil structures, is characterized by a
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preference for hydrophobic amino acids within the core ‘‘a’’ and ‘‘d’’
positions of the heptad, and hydrophilic residues at the outside ‘‘b,’’
‘‘c,’’ ‘‘e,’’ ‘‘f,’’ and ‘‘g’’ positions. This pattern places hydrophobic
side chains along one face of the �-helix, which interact with other
helicies to form the coiled-coil structural motif.

Several amino acid substitutions were used to increase the helical
structure of T-2410 (Fig. 1). Residues for replacement were selected
based on results from alanine scanning of T-651, which highlighted
the contribution of each amino acid to six-helix bundle stability and
antiviral activity (J.J.D., K.L.W., D.K.D., M.L.G., and M.K.D.,
unpublished data). Amino acids that were important for activity or
bundle stability were not considered for replacement. Charged
glutamic acid and arginine residues were introduced into non-core
positions so that the spacing (i, i � 4) favored the formation of an
ion pair in the helical conformation. Orientation of the ion pairs
placed the basic side chain on the C-terminal side of the ion pair
(Fig. 1). This spacing and orientation has been shown to be more
stabilizing in peptide models, presumably due to favorable inter-
actions with the helix dipole (21). These substitutions created at
least five additional potential ion pairs. Roughly equal numbers of
acidic and basic amino acids were added so that the isoelectric point
and net charge of the peptide at pH 7 was similar to T-2410. The
N-terminal methionine was changed to threonine to eliminate
potential complications caused by oxidation. Measurement of the
helicity of the resulting peptide, T-2429, indicated that the intro-
duction of ion pairs increased the helicity from 7% to 19%. The
antiviral results for T-2429 indicate that potency against the wild-
type strains IIIB and 098, and the virus resistant to ENF (098-T20)
has been maintained relative to the starting peptide T-2410. How-
ever, there is a significant increase in potency against the viruses
resistant to T-1249 and T-651 (37 and 167 ng/ml for T-2429 vs. 137
and 4,975 ng/ml for T-2410).

Alanine has been shown to promote helix formation in peptides
and has one of the highest helix propensities, as determined from
host–guest experiments (24, 26–30). Based on the alanine scan
data, eight noncritical residues that were not part of an ion pair were
substituted with alanine (Fig. 1). The resulting peptide, T-290676,
was found to be significantly more helical than the parent peptide
T-2410 (47% vs. 7%). T-290676 maintained activity against IIIB,
098, 098-T20, and 098-T1249 relative to T-2410, and showed
increased potency against 098-T651 (1,314 ng/ml) relative to T-2410
(4,975 ng/ml). T-2638, a peptide with the alanine substitutions but
no ion pairs, was 51% helical (Table 1), suggesting that the
helix-promoting alanine residues are sufficient for increased struc-
ture. However, the antiviral activity of T-290676 against IIIB (6
ng/ml) is superior to that of T-2638 (61 ng/ml), making the former
a better candidate for further design.

Fig. 1. Design of helix-stabilized, oligomeric, HR2 peptides. Starting with the
T-651 analog, T-2410, charged residues, alanines, and hydrophobic residues
were added to generate self-associating, helical HR2 peptides. Residues that
are underlined indicate a change from the previous peptide. The percent
helicity as determined by circular dichroism is indicated for each design.
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Design of HR2 Oligomeric Peptides. Alanine substitution at S649 and
E659, which are residues located at the a and d positions in
T-290676 and make contact with the HR1 groove, were found via
alanine scanning to increase the stability of the six-helix bundle,
even though antiviral activity against IIIB was unchanged (J.J.D.,
K.L.W., D.K.D., M.L.G., and M.K.D., unpublished data). Increas-
ing hydrophobic contact at protein–protein interfaces is often
associated with enhanced binding affinity (31). T2635 had potent
antiviral activity against all viruses tested and was 10- to 200-fold
more potent than T2410 against the resistant isolates 098-T1249
and 098-T651. Remarkably, T-2635 is �3,600-fold more potent
than ENF against 098-T1249 and nearly 2,300-fold more active
against 098-T651.

To more fully characterize the activity of the peptides against
primary cells, several peptides were selected for testing against a
primary isolate in peripheral blood mononuclear cells (PBMCs).
T-2635 was found to have an IC50 of 0.214 �g/ml as compared with
22.96 �g/ml for ENF. T-267221 and T-267227 had IC50 values of
0.387 and 0.572 �g/ml, respectively (data not shown).

T-2635 Self-Associates Into a Trimer. The peptide T-2635 was found
to be 75% helical by circular dichroism. The thermal unfolding
transition (Tm) for T-2635 was determined to be 42°C at a peptide
concentration of 10 �M (Fig. 2). The Tm was found to depend on
peptide concentration (data not shown), which is indicative of a
self-associating species. The cooperative transition observed in the
thermal unfolding experiments suggested that T-2635 self-

associates. Analytical ultracentrifugation was used to examine the
association behavior at several concentrations. Fig. 3a shows an
example of a radial scan for a solution of T-2635 at a concentration
of 200 �M. Fitting this data to the single ideal species model and
averaging data from several experiments, a molecular mass (MW)
of 14,190 (�382) Da was obtained, which is consistent with a trimer
(expected MW of 13950). As indicated in Fig. 3b, a trimer is
observed over the concentration range 50–1,000 �M. Below 50 �M,
the weight-averaged MW decreases, suggesting that T-2635 exists in
both monomeric and trimeric states in this concentration range. In
accordance with the CD data, T-651 and T-2410 were found to be
monomeric, as was T-290676 in this concentration range (data not
shown).

Additional substitutions were made at other a and d positions of
T-2635, which resulted in a family of HR2 oligomers with Tm values
ranging from �25°C to �100°C (Fig. 2, Table 1). Several of these
HR2 oligomers were analyzed by sedimentation equilibrium, and
the MWs of these peptides were also generally consistent with a
trimeric species (data not shown). Peptides with thermal stabilities
�60°C were generally found to be fully oligomeric to the low
micromolar range (the lower limit for analytical centrifugation of
these peptides), consistent with a shift in equilibrium toward the
oligomer in these stable designs (data not shown). The antiviral
activity was found to be similar to T-2635 until the stability exceeded
70°C (Fig. 4). Peptides with Tm values �100°C were found to have
significantly reduced antiviral activity.

Relationship Between Activity and Six-Helix Bundle Stability. Antivi-
ral activity of peptides is presumed to be related to the stability of

Fig. 2. Thermal stability of HR2 oligomers. Thermal unfolding transitions
of engineered peptides as determined by CD at a peptide concentration of 10
�M in PBS (pH 7.0). (From top to bottom) T-2410 (filled squares), T-290676
(filled circles), T-2635 (open diamonds), T-267209 (open circles), T-267226
(open triangles), T-267221 (open squares), T-267227 (filled circles), T-290822
[multiplication symbols (�)], T-267228 (thick line), T-267229 (dashed line).

Fig. 3. Sedimentation equilibrium of
T-2635. (Left) Radial scan of 200 �M T-2635 in
PBS pH 7 spun at 22,000 rpm at 4°C. The data
are fit to the single ideal species model and
yielded a weight-averaged molecular
weight (MW) of 14088. (Right) The observed
MW as a function of T-2635 concentration.
Each point is an average of at least three
determinations and the error in the MW is
�10%.

Fig. 4. Impact of HR2 thermal stability on antiviral activity against the virus IIIB.
Themidpointofthethermalunfoldingtransition(Tm)oftheengineeredpeptides
was determined from the data in Fig. 2 and also includes data for T-651. The Tm

values for267228and267229aregraphedwithaTm valueof100°C,althoughFig.
2 indicates that this is an underestimate. Antiviral activity is from Table 1.

12774 � www.pnas.org�cgi�doi�10.1073�pnas.0701478104 Dwyer et al.



the HR1/HR2 bundle (8, 16) although more recent results have
demonstrated that this relationship may be complex (32, 33). Using
circular dichroism, the stability of the engineered HR2 peptides was
determined in complex with the 51-aa HR1 target, T-865 (13). The
midpoint of the thermal unfolding transition (Tm) was found to
greatly exceed 100°C in PBS (data not shown), so CD thermal
melting experiments were performed in the presence of 8 M urea.
Under these conditions, the HR1 oligomer (in the absence of HR2)
is completely unfolded (Fig. 5), so that the thermal transition more
accurately reflects the stability of the HR1/HR2 complex (13). Even
in 8 M urea, the engineered peptide T-2635 forms a remarkably
stable bundle (Tm of 86°C, Fig. 5 and Table 1). Fig. 5 also shows the
thermal unfolding of T865/T2410 and T865/T290676. For T865/
T2635, the Tm is 12°C higher than T865/T2410 and 18°C higher than
T865/T651 (Table 1). For comparison, ENF does not form a stable
complex with any HR1 target under these conditions (Table 1),
demonstrating the greatly enhanced stability of the helix stabilized
series. Interestingly, the Tm of the T865/HR2 bundle was similar for
peptides engineered to have higher HR2 stability (Table 1), includ-
ing T-290821 and T-267228, which were found to have reduced
antiviral activity.

We have attempted to determine the kinetic on- and off-rates of
binding for these analogs by using surface plasmon resonance. Due
to the extremely high affinity of the peptides, rate constants are
difficult to measure accurately because of mass transport limita-
tions and rebinding artifacts; however, the increased binding affin-
ity seems to come primarily from a slower off-rate (not shown).

Improved Genetic Barrier to Resistance. Given the impressive anti-
viral properties of T-2635 and its analogs, a series of passaging
experiments were initiated to generate virus that was resistant to
these peptides. As shown in Table 2, the durability of T-2544 (a
precursor to T-2635 where the N-terminal residue is Met) is
captured by several quantitative measures. At these conditions,
culturing in the presence of increasing concentrations of peptides
over a period of several weeks is sufficient to generate virus resistant

to ENF. In contrast, T-651 and T-2544 require longer culturing to
generate resistant virus. In addition, the maximum T-2544 peptide
concentration for which virus will replicate is �50-fold lower than
ENF and over 20-fold lower than T-651. Despite repeated efforts,
virus could not be cultured in the presence of greater than 2 �g/ml
T-2544.

ENF-resistant viruses generated by in vitro selection contained an
average of 1.6 mutations and showed an 82-fold increase in the
geometric mean IC50. In contrast, virus selected by using T-651 and
T-2544 and carried out substantially longer are found to have an
average of 4.9 and 3.7 mutations, respectively. Despite extensive
passaging in vitro and the appearance of an average of 3.7 muta-
tions, the geometric mean IC50 of T-2544 is increased by only
3.3-fold.

Effects of HR2 Design on Pharmacokinetics in Cynomolgus Monkeys.
Although T-651 itself has excellent activity against ENF- and
T-1249-resistant virus, the observed half-life of this peptide in
cynomolgus monkeys is �20 min (Table 1). To determine whether
the helix-stabilization strategy resulted in peptides with altered in
vivo clearance, we measured the pharmacokinetics after IV admin-
istration to cynomolgus monkeys. Unexpectedly, the engineered
peptides were generally found to have significantly extended half-
lives and reduced clearance values relative to T-2410. For example,
T-2635 has an �10-fold lower clearance than T-651 and the family
of HR2 oligomers maintain or exceed the improvement seen in
T-2635. The most improvement in pharmacokinetic paramenters
was seen in T-267229, with a clearance value of 0.003 liter/h/kg and
a half-life of 35 h, which represents a �100-fold improvement in
clearance and a 100-fold increase in half-life over T-651. Another
characteristic of the improved pharmacokinetics is the observation
that enhanced oligomer stability is associated with longer half-
lives (Fig. 6) and lower clearance, suggesting that the substitutions
used to stabilize the oligomeric structure were also affecting
pharmacokinetics.

Discussion
ENF, the first fusion inhibitor approved for the treatment of HIV
in treatment-experienced patients, has shown excellent efficacy in
clinical use. When resistance to ENF does occur, it typically renders
the virus less fit (34). Therefore, peptides with a higher genetic
barrier to resistance may result in virus with limited ability for
replication and pathogenesis, and may provide sustained viral
suppression in vivo. We have designed a series of HR2 peptides with
helix stabilization motifs that bind to HR1 targets with markedly
higher affinity in vitro and that show potent activity against virus
resistant to HR2 peptides such as ENF and T-1249. In vitro
passaging experiments suggest that it takes a longer period to
generate virus with significantly reduced sensitivity to the engi-
neered peptides. In addition, based on data with a T-2635 precur-
sor, more than three mutations are required to alter the activity of
these peptides, with a resulting 3.3-fold increase in the geometric
mean IC50. Compared with the 150-fold loss of sensitivity for T-651,
this finding suggests that the potency of the engineered peptides
may be significantly less impacted by viral mutations.

Fig. 5. Stability of HR1/HR2 bundles. Thermal unfolding transitions by
circular dichroism for HR2 peptides in complex with the HR1 peptide, T-865.
Transitions were measured at a peptide concentration of 1 mM each in PBS (pH
7) in the presence of 8M urea. Data are shown for T-865 alone (filled squares),
T-865 � T-2410 (open squares), T-865 � T290676 (open circles), and T-865 �
T-2635 (filled circles), and the Tm values for these and other HR1/HR2 bundles
are listed in Table 1.

Table 2. In vitro passaging results for ENF, T-651, and T-2544.

Peptide N*
Max. ending

concentration, �g/ml†
Avg. no. of
passages‡

Avg. days in
culture

Avg. no. of
mutations

Fold-decrease in
susceptibility (Geo-mean)

ENF 12 50 6 (17) 38 1.6 81
T-651 7 20 13 (74) 106 4.9 164
T-2544 3 3.0 16 (129) 227 3.0 8.3

*N is the number of independent in vitro selections.
†Highest concentration tested under which virus would replicate.
‡A passage is defined as when virus is harvested and put on fresh cells with a different peptide concentration. The number in parentheses
is the average number of times the cell culture was split to maintain cell concentration within the linear growth phase.
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The helix stabilization motifs have significantly increased the
thermal stability of the six-helix bundle relative to ENF and T-651,
demonstrating that these peptides bind with higher affinity to the
HR1 target. A similar design strategy was very recently described
in a series of HR2 peptides from SARS coronavirus (25). Some of
these analogs were found to stabilize bundle formation; however,
the impact of the changes on the inhibitory action against SARS
virus was not reported. Although the antiviral activity against IIIB
is not improved in our design, the peptides show up to a 250-fold
improvement in activity as compared with T-2410 and as much as
a 3,600-fold increase as compared with ENF. We speculate that the
enhanced activity against resistant isolates and the higher genetic
barrier are due to the greatly enhanced affinity of these peptides.
One mechanism by which resistance mutations reduce sensitivity to
ENF is by decreasing the affinity of HR2 peptide fusion inhibitors
to the viral HR1 target (35). Engineering the HR2 peptide to
recover this lost affinity should act to restore the antiviral activity.
Similarly, generating a virus with resistance to a high affinity
peptide may be difficult, because more than one or two mutations
may be required to reduce the affinity of the peptide and/or alter
fusion kinetics to escape the action of the peptide. We propose that
the enhanced genetic barrier is related to the inability of the virus
to find solutions that permit multiple mutations while maintaining
a high degree of replicative fitness.

Although the engineered HR2 peptides significantly enhance
bundle stability, the antiviral activity of these peptides against both
the lab-adapted strain IIIB and the primary isolate 098 is generally
similar to ENF and T-2410. A correlation between bundle stability
and IC50 has been demonstrated for HXB2 in both a viral entry and
cell–cell fusion assay (8). At a bundle Tm of �65°C, the reported
antiviral activity was �1 nM, suggesting that the peptides described
here (with Tm values well over 100°C under similar conditions)
might show greatly enhanced activity. However, our experiments
highlight potency improvements against resistant strains but not in
fully sensitive strains, suggesting that these peptides may have
reached an affinity threshold for maximum activity in sensitive
strains. During our analysis of the alanine scan data for T-651 and
related peptides, we also noted that antiviral activity against IIIB
appears to plateau over a broad range of bundle stability. This
phenomena has also been observed in other studies, where a
nonlinear relationship between binding affinity and activity has
been described (33) or a complete lack of correlation (32). The
reason for the complex relationship between binding and activity is
not clear, although it may be related to the relative kinetics of
binding of the peptide to the viral target versus the kinetics of
fusion. For example, if a high-affinity peptide has a sufficiently slow
off-rate from the viral HR1 so that it remained bound throughout
the kinetic window of gp41 fusion, enhancing the affinity of the

peptide may offer no further activity advantage. It is likely that the
modest change in activity observed for the engineered peptides
against the fully sensitive strains IIIB and 098 reflects this affinity
‘‘threshold.’’

The design of oligomeric HR2 peptides is a unique approach to
stabilizing helical structure in HIV fusion inhibitor peptides. Two
substitutions in the a and d core of the T289676 (S649A and E659A)
were sufficient to direct oligomer formation of T2635. Interestingly,
one of the two substitutions used in T-2635, S649A, has been
postulated to be a compensatory mutation in response to ENF
resistance in patients (36). The S649A and E659A substitutions in
the T-2410 background do not form oligomers (data not shown),
but polar residues in core positions of the HR2 region of gp41 could
be required by the virus to modulate bundle stability during the
fusion process.

An interesting finding with the engineered peptides presented
here was the relationship between oligomerization of the HR2
peptides, driven by the changes to the a, d core positions, and the
antiviral activity. Enhanced bundle stability, ranging from a Tm of
78–92°C, is observed for the helix-stabilized class. However, the
stability of the HR2 oligomer ranges from �5°C to �100°C.
Although substitutions within the a, d core are likely responsible for
the enhanced bundle stability and HR2 oligomer formation, it is
apparent that macromolecular recognition of the HR1 trimer
requires a distinct set of interactions as compared with HR2
self-association. For extremely stable oligomers, the amount of
monomeric peptide present in the antiviral assay is likely to be very
low. As the Tm increases, the loss in antiviral activity is likely related
to the diminishing concentration of monomeric peptide present at
peptide concentrations near the IC50. The antiviral experiments are
done in the presence of FCS and so it is also possible that changes
in the extent of binding to serum proteins may contribute to the loss
of activity. A full thermodynamic analysis of these peptides is
underway to directly test these hypotheses.

A surprising and highly desirable finding was the enhanced
pharmacokinetics observed in the designed HR2 peptides. The
increase in half-life and decreased clearance in cynomolgus mon-
keys was striking, although the mechanism for the enhanced PK is
not clear from these data. We have not measured the hydropho-
bicity of these peptides directly, but it is likely that the changes that
were made to the a, d core, which resulted in enhanced HR2
oligomer stability, also increased the hydrophobicity of these pep-
tides. The improved PK could be due to decreased renal clearance
or decreased metabolism by proteases as a result of altered inter-
actions between the peptide and serum proteins or by the enhanced
structural stability. We also cannot exclude the possibility that
serum proteins alter the equilibrium between monomer and oli-
gomer. Understanding the complex equilibria that likely exists in
the presence of serum will be necessary before a complete under-
standing of the pharmacokinetic properties of these self-associating
peptides can be fully described.

The designed FI peptides presented here have potent antiviral
activity against the lab-adapted IIIB strain as well as the primary
isolate 098. Viruses that are resistant to other FI peptides, such as
ENF, T-1249, and T-651 are fully sensitive to several peptides in the
helix-stabilized series. Moreover, the durability of these peptides, as
measured by passaging experiments, suggest that viruses may have
more difficultly developing resistance to this class. Although alter-
native resistance mechanisms could eventually be observed, our
results suggest that these peptides have a high genetic barrier to
resistance. The superior antiviral properties coupled with the
enhanced pharmacokinetics of these peptides make them attractive
for further development.

Materials and Methods
Peptide Synthesis. Peptides were synthesized on a Rainin Symphony
multiplex peptide synthesizer using 9-fluorenylmethoxycarbonyl
chemistry protocols. Peptides were prepared with blocked ends by

Fig. 6. Correlation between HR2 thermal stability and half-life in cynomol-
gus monkeys. The Tm values were obtained from Fig. 2. The Tm values for
267228 and 267229 are indicated a value of 100°C, although Fig. 2 indicates
that this is an underestimate. The R2 value of the fit was 0.71 (267228 and
267229 are excluded from the fit).
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using rink amide myxobacterial hemagglutinin resin for C-terminal
amides, and acetylation on the N terminus using acetic anhydride
and N-methyl maleimide in dimethylformamide. They were puri-
fied to �90% purity and peptide identity was confirmed by mass
using mass spectrometry.

Circular Dichroism. Lyophilized peptides were resuspended in PBS
(pH 7) at �1 mg/ml. Concentrations were determined by using the
method of Edelhoch (37). Thermal unfolding of HR2 oligomers
was determined at 10 �M in PBS at 222 nm with 2°C increments
from 25°C to 97°C with a 16-s averaging time on an AVIV 202-01
circular dichroism spectrophotometer. Tm values for HR1/HR2
complexes were obtained by combining each HR2 peptide with the
HR1 peptide T-865 at equal 1 �M concentrations into a solution of
PBS plus 8 M urea. The Tm was determined to be the value that
corresponded to the maximum value of the first derivative of the
thermal transition (13).

Analytical Ultracentrifugation. Sedimentation equilibrium experi-
ments were performed on a Beckman Optima XL-A analytical
ultracentrifuge at 4°C as described (13). For reported MWs, there
was no significant decrease in absorbance due to the sedimentation
of very high MW aggregates. T-2635 was diluted by using 50 mM
KH2PO4/100 mM KCl (pH 7.0) to final concentrations ranging
from 1 to 1,000 �M. Data were collected at 18,000 and 22,000 rpm
at wavelengths of 225–308 nm (depending on peptide concentra-
tion) and at 4°C. Weight-averaged molecular weights were obtained
by fitting each data file individually using a single ideal species
model in the Beckman Origin software (version 3.78 for Windows).
The solvent density of the phosphate buffer (1.00894) and the
partial specific volume of T-2635 (0.7291) was calculated by using
the program SEDNTERP (38).

Antiviral Activity. The antiviral activity for each HR2 peptide was
determined by using a MAGI/cMAGI infectivity assay (39, 40).
Peptides were resuspended at �1 mg/ml in PBS and serially diluted
to final concentrations. The assay is based on a single cycle of
infection. To ensure that secondary rounds of infection did not
complicate the analysis, an active HR2 peptide was added at high
concentration to all wells 24 h after infection. Seventy-two hours
after infection, cells were fixed with formaldehyde and glutaralde-
hyde and stained with X-Gal. Infected nuclei were counted by using
a charge-coupled device detector. The IC50 was determined by
using the concentration required to inhibit viral replication by 50%.

Primary clinical virus isolates were obtained through coculture of
CD8� T cell-depleted PBMC with patient PBMC. Virus isolate

stocks were subsequently generated by a single virus passage in
either PBMC or MT-2 cells, and stored with 30% FBS at �80°C
until use. CD8-depleted activated PBMCs (target cells) are infected
at high MOI by spinoculation (41). Serially diluted test compounds
and uninfected target cells are incubated with infected cells at 2 �
105 cells per well for 9 days. Samples are taken and fresh compound
is added every 2–3 days. Viral replication in these samples is
determined by reverse transcriptase (RT) assay (42), and IC50
estimates are calculated as decreases in RT signals in treated wells
from RT production in infected but untreated control wells.

In Vitro Passaging. CEM4, MT2, or MT4 cells were infected with the
clinical isolate 098 and cultured in the presence of increasing
concentrations of HR2 peptide (beginning at twice the IC50) to
select for resistance, as described (40). When in vitro selections
reached 20 or 50 �g/ml, virus stocks were expanded in the presence
of 20 or 50 �g/ml of peptide and peptide-free harvests were
collected. Phenotypic susceptibility was determined by using a
MAGI/cMAGI infectivity assay (40).

Pharmacokinetic Studies in Cynomolgus Monkeys. Male cynomolgus
monkeys (Macaca fascicularis), were administered a single i.v. dose
of each test peptide in isotonic phosphate-mannitol vehicle. Pep-
tides were delivered in cassettes (typically n � 8) at a dose of �1–2
mg of peptide per kg of body weight and administered at 1 ml/kg
body weight. Pharmacokinetic parameters were calculated from the
plasma peptide concentration versus time data using either mono-
or biexponential mathematical models. Samples of whole blood
were collected and processed for plasma. Before analysis, plasma
samples were treated with 3 volumes of 0.5% (vol/vol) formic acid
in acetonitrile to precipitate proteins. High-performance liquid
chromatography was performed on an Agilent 1100 system (Palo
Alto, CA) by means of reversed-phase gradient elution from
Phenomenex (Torrance, CA) Luna (C8 or C18 50 � 2 mm i.d., 3
�m) or Synergi RP Hydro (C18, 75 � 2 mm i.d., 4 �m) columns.
The mobile phase used to generate gradients consisted of 10 mM
ammonium acetate (pH 6.8) (A), and 100% acetonitrile (B).
Peptide quantification was performed by mass spectrometry on an
Applied BioSystems API4000 QTrap, operated in the selected ion
monitoring (SIM) mode with electrospray ionization.
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