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The Hydrophobic Pocket Contributes to the Structural Stability of the N-Terminal
Colled Coil of HIV gp41 but Is Not Required for Six-Helix Bundle Formation
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ABSTRACT: In models of HIV fusion, the glycoprotein gp41 is thought to form a six-helix bundle during
viral fusion with the target cell. This bundle is comprised of three helical regions (from the heptad repeat
2, or HR2, region of gp41) bound to an inner, trimeric, coiled-coil core (from the HR1 region). Although
much has been learned about the structure and thermodynamics of this complex, the energetics of the
isolated HR1 self-associated oligomer remain largely unknown. By systematically studying self-association
through a series of truncations based on a 51-mer HR1 peptide (T865), we have identified amino acid
segments which contribute significantly to the stability of the oligomeric HR1 complex. Biophysical
characterization of C-terminal truncations of T865 identifies a1®-amino acid region that is essential

for HR1 oligomerization. This region coincides with a hydrophobic pocket that provides important contacts
for the interaction of HR2 helices. Complete removal of this pocket abolishes HR1 oligomerization. Despite
the dramatic reduction in stability, the monomeric HR1 peptides are still able to form stable six-helix
bundles in the presence of HR2 peptides. Truncations on the N-terminal side of T865 have little effect on
oligomerization but significantly reduce the stability of the HR1R2 six-helix bundle. Unlike the HR2
binding site, which extends along a hydrophobic groove on the HR1 oligomer, the residues that are critical
for HR1 oligomerization are concentrated in a-b-amino acid region. These results demonstrate that
there are localizations of binding energy, or “hot spots”, in the self-association of peptides derived from
the HR1 region of gp41.

The envelope glycoprotein complex (gpt2§p41l) of the fusion-active, or fusogenic, state. Several recent crystal-
human immunodeficiency virus type 1 (HIV41has impor- lographic structures of peptides derived from regions of gp41
tant functions in the early stages of viral infectiohy ). have elucidated the proposed structure of the fusogenic state
After viral attachment to cells, this glycoprotein is thought (3, 8, 9). The structures of these complexes support the idea
to undergo a series of complex conformational rearrange-that regions on the N-terminal side of the fusion protein
ments which ultimately result in the fusion between the (HR1), near the fusion peptide, form a trimeric coiled-coil
cellular and viral membrane8)( Understanding how these core and that regions on the carboxy-terminal side (HR2),
structural changes facilitate fusion has been the subject ofcloser to the transmembrane domain, interact with grooves
intense study in recent years because this glycoproteinon the coiled-coil structure to form a six-helix bundle
appears to be an attractive target for blocking viral entry complex. Despite the wealth of structural data, little is
(4). A peptide inhibitor of viral fusion known as enfuvirtide  currently known about the structure of either HR1 or HR2
(T20), currently in Phase Ill clinical trials for the treatment in the nonfusogenic, or native, state.

of HIV, is thought to reduce viral infection by interfering  The cojled-coil nature of the N- and C-terminal domains
with conformational changes in the envelope gp41 subunit ¢ v gp4l (10, 11) and other viruses1@) had been
that is required for formation of a fusion-active stée-{). ~ predicted on the basis of the identification of heptad repeat
Mogntlng ewdenpe supports thg quel that prior to fu_5|on, (HR) regions. The heptad repeat is characterized by a
the viral gp41 fusion protein exists in a nonfusogenic or preference for hydrophobic amino acids at the “a” and “d”
native state, for which little structural information is avail- positions of the heptad, and hydrophilic residues at the “b”,
gble. The transition to a fusogenic state begins with gp;ZO “c”, and “e’—“g” positions. This pattern places hydrophobic
interacting with CD4 and cellular coreceptors and altering sjde chains along one face of arhelix upon folding which
its association with gp4 4. This allows the fusion peptide  can interact with other helicies to form the coiled-coil
sequence, located on the amino terminus of gp41, to insertsiryctural motif. Studies on other coiled-coil structures, such
into the membrane of the target cell. The gp41 ectodomain 55 GCN4. have demonstrated that the core “a’ and “d”
then undergoes a series of conformational changes to forMpesjgues are important for both the stability and oligomeric
specificity of the coiled-coil structurel8). Although it has
* To whom correspondence should be addressed. Phone: (919) 419heen noted that positions other than “a” and “d” can
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! Abbreviations: HR, heptad repeat; HIV, human immunodeficiency potentially affect oligomeric stated4), the contributions

virus; RSV, respiratory syncitial virus; CD, circular dichroism; XLA, by the§e positions in the heptad to the structural stability of
analytical ultracentrifugation; LS, light scattering. the coiled coil are not well understood.
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A prominent feature noted in the structures of the gp41 analytical ultracentrifuge at 4C. Six-channel cells (optical
six-helix bundle is a deep hydrophobic groove or “pocket” path length of 12 mm) were used with either an An-50 or
on the HR1 trimeric coiled coill5). Residues from the HR2  An-60 titanium rotor. The cells were scanned using a step
region make numerous contacts in this region, and it hassize of 0.001 cm, and data points were averaged over 10
been shown that changes in this area have a significantreplicates. Samples were initially scanned at 3000 rpm to
impact on HR2 binding to the HR1 cor&5). Although the identify appropriate wavelengths for data collection. The
fusion inhibitor T20 is not thought to interact with this area, absorbances obtained at 3000 rpm were compared to the
other peptides known to interact with the pocket exhibit absorbances at 35000 rpm to ensure that the peptides
antiviral activity (16, 17). remained in solution over the course of the experiment. For

The hydrophobic pocket clearly provides an important set reported molecular masses, there was no significant decrease
of contacts for the binding of HR2 regions to the oligomeric in absorbance due to the sedimentation of very high
HR1 core. In this report, we have demonstrated that residuesmolecular mass aggregates. Data were collected at 18 000,
in the vicinity of this pocket also contribute significantly to 22 000, and 35 000 rpm and at three wavelengths (typically
the stability of the self-associated HR1 structure while other 235, 240, and 280 nm).

areas are much less important. These results hlgh'lght the Weight-a\/eraged molecular masses were obtained by
fact that not all segments of the inner HR1 coiled coil fitting each data file individually using a single-ideal species

contribute equally to structural stability, but rather there are
“hot spots” of localized binding energy in the self-associated
complex.

The structure of the HRIHR2 complex from respiratory
syncitial virus (RSV) 18), together with the results from
our previous studyl(9), suggests that the hydrophobic pocket
may be a conserved region for stabilizing the oligomeric
inner core. Agents that prevent HR1 oligomerization may
also prove to be attractive targets for preventing viral fusion

model in the Beckman-Origin software (version 3.78 for
Windows) and averaging the molecular masses from all data
sets. The solvent density & 1.01837) and partial specific
volumes were calculated using the program SEDNTERP
(version 1.05) 23). For equal-molar peptide mixtures, the
average partial specific volume of each peptide was used.
Poor fits to the single-ideal species model (systematic
residuals) and molecular masses which varied with rotor
speed (more than 10%) were considered a diagnostic for

as they might work at an earlier stage of the fusion process aggregation or higher-order association.

than inhibitors currently under development.

EXPERIMENTAL PROCEDURES

Preparation of Peptide Sampld3eptides were synthesized
as previously reportedl®) and purified to>90% purity.
Peptide identity was confirmed by mass spectrometry.
Lyophilized peptide samples were resuspended igQdtd
a concentration of approximately 1 mg/mL except for T649
which was resuspended in phosphate buffer [50 mM KPO
and 100 mM NacCl (pH 7.0)]. Concentrations were deter-
mined using the method of Edelhoc20f except for that of

The program NONLIN (version 1.0624) was used to
simultaneously fit sedimentation data from different loading
concentrations, speeds, and wavelengths (up to 15 separate
data files) to determine the reduced molecular mass for the
self-associating peptides. Data from different wavelengths
were normalized using Beer’s law, and data from differ-
ent speeds were scaled using speed factors described in
NONLIN. The weight-averaged molecular mass was calcu-
lated from the reduced molecular mass using the program
SEDNTERP 23). Molecular masses determined by the
global fitting were consistent with the average value obtained

(Biosynthesis Inc., Lewisville, TX). Each peptide was then

models for each HR1 peptide were tested using NONLIN.

diluted to the appropriate concentration using phosphateThe simplest associative model that produced random

buffer.
Circular Dichroism Spectroscopgircular dichroism (CD)
spectra were obtained using an AVIV Associates 62DS

spectrometer equipped with a thermoelectric temperature
controller. Spectra were obtained in 0.1, 0.5, or 1.0 cm quartz

cells at 1°C with 0.5 nm steps from 200 to 260 nm, a 1.5

nm bandwidth, and an averaging time of 4 s/step. After the

spectrum of the buffer was subtracted, peptide spectra wer

with a conservative (510-point) window size to give
random residuals. Raw ellipticity values were converted to
mean residue ellipticity using standard methdly.(Percent

helicity values were calculated using single-value decom-

position with a basis set of 33 protein spec2d)( Thermal
stability measurements were performed at 222 nm with 2
°C steps from 1 to 97C, and an averaging time of 16 s/step.
The reportedly, value is the temperature corresponding to
the maximum value of the first derivative of the thermal
transition. Helicity andl,, values are the averages of at least
two independent measurements.

Analytical Ultracentrifugation Sedimentation equilibrium
experiments were performed on a Beckman Optima XL-A

residuals and had the lowest square root of the variance
(SRV) was assumed to reflect the oligomeric state of the
peptide.

Light ScatteringMultiangle light scattering measurements
were obtained using a miniDAWN instrument (Wyatt
Technology). The wavelength of the laser was 690 nm, and
all samples were tested in microbatch mode at a concentration

e .
smoothed using a third-order least-squares polynomial fit of 20uM in phosphate buffer [S0 mM KP£and 100 mM

NaCl (pH 7.0)] with buffer injections made before and after
each sample. All solutions were filtered through a Q.02
filter (Whatman Anatop) prior to injection. UV absorbance
readings of the sample were taken before and after injection
to obtain an accurate sample concentration and to monitor
for aggregation. Molecular masses were calculated using
ASTRA 4.72 software (Wyatt Technology), assumingié d

dc value of 0.19 mL/g.

RESULTS

Table 1 lists the peptide sequencEgyalues, and percent
helicity values for a series of peptides derived from the HR1
region of gp4l. Boxes are used to highlight the residues
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Table 1: Peptide Sequences, Thermal Stability, and Helicity Data

Tm (C) HR1
Peptide® Length HR1  HR1 % helicity
10 yM +T649° 10 uM

N-Terminal Truncations of HR1 region

1865 51 QE]RQLSG v aafQ[n nfL|L R Al1{E AjQfa H L|Lja L|T|v wofI|k a|L]a A R[1|L A|V]E R Y|LIK D|Q 82 91 74%
N6AT865 45 s 6|1|v a a|Q|n n|L|L R A[1]E AlQla 1 LiL|a L|T|v w |1k a|L|a A R|I|L AlV|E R Y|L|Kk D|Q 76 76 7
N10AT865 41 a alQ|n NJL|L R A[}|E AlQ|a H L|LfQ L|T|v w |1k a[L|a A R|}|L A|VIE R Y|L|K D|Q 76  63/75 78

N17AT865 34 R All|E AlQJa H L{L|a L[T|v w G|1|K a|L]a A R[I]L A|]V]E R Y[L]|K D|Q 45 35 59

N13AT865 38 N N|L|L R A|1]E AlQ|a H t]L]a L|T|v wG|I|k a|L|a A R[I|L A|V|E R Y|L|K O|Q| 75  66/75 83
C-Terminal Truncations of HR1 region

T865AC4 47 a|AlrR Q L|L|s 6
T865AC9 42 QAR @ L|L]s &

v a afa|n NfLjL R Af1]E A QHLQLVWG KOQAR LAERY 67 87 Agg
v aa|Qn N[LjL R Al1]E AlQ]a H L|L]a L|T]vwa|l]|k a[L]a A R|}]L 56 87 58
T1600 44 TLTVQRQLSG E

T1847 34 71 L{T|v q|Ajr @ L|L|s G

LQLVWGmKQcAR 48 86 48
LlLja LT

<10 49 25

HR?2 peptide
T649 36 @M Emo R EE]N NT s Lmn sr E EE]Q N@O 3 KEE QEL L s <10 - 25
Heptad repeat a d a d a d a d a d a d a d a d

aThe N-terminus and C-terminus of each peptide were acetylated and amidated, respectively. The notation to the left or right of T865 in the
peptide name indicates how many residues have been truncated from the N- or C-terminus of T865, respddtwehixture of 1Q«M HR1 and
10 uM T649. Two T, values are listed when two independent transitions could be identified.

Table 2: Weight-Averaged Molecular Mas3e$ HR1 Peptides Obtained by Sedimentation Equilibrium and Light Scattering

HR1 peptide alone HR1 complex with HR2 peptide T649

XLA, light scattering, XLA,  XLA, theoretical XLA, light scattering, XLA, theoretical

10uM 20uM 100uM globaP N°¢  (4-mer) 10+10uM  20+20uM 100+ 100uM (six-helix bundle)
T865 19423 Agb 23773 22857 3.9 23908 29466 31810 34275 31527
N6AT865 18547 22223 21577 Ad 41 20988 24744 33690 25796 29337
N10AT865 15362 18490 18583 f#d 3.8 19640 26316 24455 32487 28326
N13AT865 15484 21189 16210 19318 3.6 18104 24525 25950 9 nd 27174
N17AT865 11314 15927 13244 wd 3.3 16288 Agd 16013 Agd 25812
T865AC4* 17936 Agd 29768 nd 54 21968 Agh Agdf Agdf 30072
T1600 4875 Agh 17205 nd 3.4 20248 né 21630 19371 28782
T1847 4310 3195 4136 Ad 1.1 15528 17577 26870 22789 25242

2 Molecular masses are given in dalto”hResults from global analysis of T865 and NIB365 performed with data sets of 10, 50, and 04
18 000 and 22 000 rpm, and at least two wavelendtfie oligomeric state is determined by dividing the 100 XLA molecular mass by the
molecular mass of the peptide mononfefhe notation to the left or right of T865 in the peptide name indicates how many residues have been
truncated from the amino or carboxy terminus of T865, respectiVaig65AC9 was aggregated at M under the conditions used for light
scattering and XLA analysi$ Aggregated? Not determined” The reported molecular mass is for an-8080 uM mixture.

which are located in the “a” or “d” position of the heptad a tetramer at 10@M. This is shown graphically in Figure 1
repeat. T865 is analogous to a peptide denoted N51 in otherfor T865 and N1AT865. At >50 uM, these peptides have
studies 8) except the N- and C-terminal ends have been molecular masses within 10% of that of a tetramer. At 250
acetylated and amidated, respectively. The first set of uM, T865 begins to aggregate. At10 uM, these peptide
sequences in Table 1 represents N-terminal truncations ofcomplexes begin to fall apart, and the less stable/NI&65
T865, and the second set shows a series of C-terminalapproaches the monomer molecular massti1The only
truncations. The peptides are labeled to indicate the numberpeptide that was not tetrameric was T1847, which is
of residues truncatedA from either the N-terminal or  monomeric up to 25M and is discussed in more detail
C-terminal end of T865. Truncations on the C-terminal side below. Previous work has indicated that MIIB65 exists

of T865 often resulted in peptides with lower solubility and in a monomer-tetramer equilibrium5), so the appearance
larger amounts of aggregated material, and so adjustmentf tetramers was not surprising. The weight-averaged mo-
to the N-terminus were made to select peptides that werelecular masses of T865 and NAB865 at 10Q«M are within
amenable to study. The HR2 peptide (T649) which was used1 and 10%, respectively, of the expected molecular mass of
to form six-helix bundles with the HR1 peptides is also given. a tetramer.

The weight-averaged molecular masses for each peptide Most sedimentation data fit well to a single-ideal species
obtained by analytical ultracentrifugation and light scattering model and showed no evidence of aggregation. Molecular
are listed in Table 2. Expected molecular masses for amasses labeled as “aggregated” in Table 2 did not fit the
tetramer are also given. The oligomeric state (N) is calculated single-ideal species model well, had molecular masses that
from the ratio of the observed molecular mass (determined varied with rotor speed, could not be fit by an associative
by analytical ultracentrifugation at a peptide concentration model, or had absorbance values which declined more than
of 100 uM) to the molecular mass of a peptide monomer. 50% during the light scattering experiment.

Although some peptides, particularly those with truncations  The formation of a soluble, self-associated complex by
to the C-terminal side, had a tendency to aggregate, theHR1 peptides would appear to be in contrast to previously
molecular mass of most HR1 oligomers approaches that of published reports that N51 severely aggregates in solution
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35000 (Tm) of 82 °C (Table 1), indicates that the self-associated
¢ complex of T865 forms an ordered structure. Figure 3A
30000 shows the CD spectrum for T865, which is indicative of a
25000 * species that forms am-helix. On the basis of a deconvolution
g . ¢ of this spectrum (see Materials and Methods), this peptide
;‘“ 20000 [ was found to be 74% helical (Table 1).
= 15000 . L n u Analytical ultracentrifugation data indicate that the weight-
F. averaged molecular mass of T865 is within 1% of the
10000 expected molecular mass of a tetramer at 400 (Table
5000 - T x 2). This is in agreement with the results from studies of a
A shorter peptide derived from the HR1 region of HIV-1 that
0 . . 4 4 4 was previously found to be tetrameric (B§and N1\ T865
0 50 100 150 200 250 300 presented here).
[Peptide] uM For T865 and N1A8T865, a more detailed analysis of the

Ficure 1: Apparent molecular mass determined as a function of analytical ultracentrifugation data was performed. Using the

loading concentration for T865¢(), N13AT865 @), and T1847 program N_ONUN’ up to 15 separate d_ata files (span_ning
(a). Molecular masses were determined by fitting the data at each concentrations from 1 to 200M) were simultaneously fit
concentration to a single-ideal species model and averaging theto determine the molecular mass and the appropriate oligo-

results from different rotor speeds and wavelengths (see Materialsmeric model. The weight-averaged molecular masses (labeled
and Methods). The expected molecular mass for a tetramer is g've”‘global" in Table 2) determined by this global analysis

ilnog;oéble 2. Errors in molecular mass determinations are less than(22 857 and 19 318 Da for T865 and NABS65, respec-

tively) are consistent with the formation of tetrameric species.

(8, 26). However, peptides synthesized with blocked termini Several associative models were used to further confirm the

were found to be amenable for biophysical study. Differences oligomeric association. Table 3 contains the square root of
in HR1 sequence and sample preparation were also foundthe variance (SRV) for each model for T865 and WT865.

to affect the degree of aggregation. It is evident that a model containing a tetrameric species

T865 Self-Associates into a Stable Helical Tetramer fits these data best. For T865, models incorporating a
Figure 2A shows the thermal stability of T865. The coopera- tetrameric species (either a monomgtramer or monomer

tive thermal unfolding transition, with a melting temperature dimer—tetramer species) produced the lowest SRV values
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Ficure 2: Thermal unfolding transitions of HR1 oligomers (panels A and B, peptide concentration:d)l&nd HR1 peptides in complex
with the HR2 peptide T649 (panels C and D, peptide concentrations &f 10xM) as determined by circular dichroism at 222 nm: (A)
T865 @), N6AT865 @), N1OAT865 (a), N13AT865 (x), and N1AT865 ©), (B) T865 @), TS65AC4 (@), T865ACI (a), T1600 (x),
and T1847 ©), (C) T649 in complex with T865@), N6AT865 (), N1OAT865 (a), N13AT865 (x), and N1AT865 (©), and (D) T649
in complex with T865 @), TB65AC4 (M), T865ACY (a), T1600 (x), and T1847 ©). Data were collected in 50 mM KRGnd 100 mM
NaCl (pH 7.0).
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Ficure 3: Circular dichroism spectra of (A) T86H}, T1847 QO),

and T649 {-). Spectra were collected at a peptide concentration
of 10 uM in 50 mM KPQ, and 100 mM NacCl at pH 7.0 and°€.

(B) Observed spectra of a mixture of 101 T1847 and 1uM
T649 in 50 mM KPQ and 100 mM NaCl at pH 7.0 and*€ (®)

and theoretical spectra of a sum of the individual spectra from pane
A assuming no interaction between T1847 and T6a@9. (C)
Thermal unfolding transition of 1M T1847 (©) and a mixture

of 10uM T1847 and 1M T649 (@) measured in 50 mM KPO
and 100 mM NacCl at pH 7.0.

(6.57 x 1073 and 6.28x 1073, respectively). Models with
trimeric species did not fit the data as well (SRv10.37
x 1072 for a monomer-trimer species) or did not converge
(monomet-trimer—hexamer). Similar results were obtained
for N13AT865, as the models with tetrameric species
(monomer-tetramer and monomeidimer—tetramer) pro-
duced low SRV values (5.9& 102 and 5.76 x 1073,
respectively), while the models containing trimeric species
either did not converge (monomeirimer) or had much
higher SRV values (12.& 1072 for a monomettrimer—
hexamer species).

The formation of HR1 tetramers is in contrast to the trimer
observed in the crystallographic structure of the HRIR2

Biochemistry, Vol. 42, No. 17, 20031949

Table 3: Comparison of Fits for Several Associative Models Using
NONLIN

molecular SRV
peptide modél mass (Da) (x1073)P
T865 single 22857 7.19
1-3 10.37
1-4 6.57
1-3-6 NC®
1-2-4 6.28
N13AT865 single 19318 15.91
1-3 NC®
1-4 5.98
1-3-6 12.6
1-2—-4 5.76

a Details of the global analysis are contained in the footnotes of Table
2.P SRV is the square root of the variance of the fiNC denotes a
calculation that did not converge.

complex. However, little is known about the structure of gp41
in the nonfusogenic state, specifically the structure of the
HR1 region in the absence of HR2. Previous studies have
suggested the possibility of tetrameric gp4p120 oligo-
mers @7—29), and chimeras of HR1 peptides with maltose
binding protein 80) and protein A 81) were shown to form
tetramers. However, it is unclear what role, if any, a
tetrameric HR1 might have in the viral fusion process. It
may also be that peptides derived from the HR1 region
exhibit different behavior in isolation from that which exists
in the context of gp41.

Self-Association of T865 Is Insenséito N-Terminal
Truncation N-Terminal truncations of T865 were made to
evaluate the contribution of this region to the oligomerization
of T865. Figure 2A shows the thermal unfolding transitions
for these peptide oligomers. Surprisingly, truncation of up
to 13 residues from the amino-terminal end of T865
(N13AT865) has little effect on the stability or helicity of
the self-associated complex. The truncation of QARQLL has
the greatest effect (6C), while the additional loss of
SGIVQQQ has no further effect on HR1 complex stability
(Table 1). These truncations include four “a” or “d” residues
from the heptad repeat which are part of the hydrophobic
core of the oligomer. However, truncation of four additional
N-terminal residues (NIXT865) is more deleterious, as
indicated by ar, of 45 °C. The loss of these four residues

| (NNLL) results in a decrease of 3€ in the thermal stability

and 24% less helicity than in the NA3865 oligomer.

All of the peptides in the set of N-terminal truncations
had molecular masses approaching that of a tetramer at 100
uM and helicity values consistent with the formation of an
ordered, helical structure. The observation that the level of
the oligomerization state (N) at 100M declines as the
N-terminus is truncated is likely a result of the loss of
stability of the oligomeric complex, resulting in a monomer
tetramer equilibrium for the shorter peptides.

Self-Association of T865 Is Very Sengtto Changes near
the Hydrophobic Pocketn contrast to the minimal impact
of N-terminal truncation on T865 self-association, modifica-
tion on the carboxy end has a profound effect on stability
(Figure 2B and Table 1). Truncation of the last four amino
acids on the carboxy side of T865 (T8864) reduces the
Tm of the self-associated complex by 2&, and further
truncation (AVERYLKDQ) results in a peptide (T88&9)
that is by 26°C less stable than T865. These data agree with
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Ficure 4: Sedimentation equilibrium results for (A) 1@d T1847 (35 000 rpm) and (B) a mixture of 8M T1847 and 8QuM T649
(22 000 rpm). Lines through the data represent fits using a single-ideal species model. The weight-averaged molecular masses resulting
from these analyses are 4136 Da for 10 T1847 and 22 789 Da for the mixture of 30 T1847 with 80uM T649.

previous work showing that a 34-residue HR1 peptide (N34), truncation of 10 residues in the pocket region (VWGIK-
which corresponds to the truncation of 11 C-terminal residues QLQAR) results in a more than 30C drop in thermal
from N6AT865, has aT, of approximately 40°C (32) stability. Loss of the pocket region and the last 11 residues
compared to al, of 75 °C for N6AT865. At <50 °C, (ILAVERYLKDQ) reduces the thermal stability by more
T865AC4 and T86ACY have unusual thermal transitions; than 70°C.
in particular, it appears these peptides exhibit an increase in - HR1—-HR2 Peptides Form Six-Helix Bundlédastic light
helicity prior to the unfolding transition. This is likely aresult  scattering and analytical ultracentrifugation were used to
of soluble aggregates which go fully into solution prior to determine the weight-average molecular masses of the
unfolding. Sedimentation equilibrium and light scattering complex resulting from an equimolar mixture of each HR1
clearly indicate aggregation for these peptides belo#@25  peptide and the HR2 peptide T649. Table 2 lists the observed
Despite the presence of aggregates, the thermal unfoldingmolecular masses for the complex, along with the theoretical
transitions for these peptides were quite reproducible. molecular mass of a six-helix bundle. The molecular masses
Further truncation of the C-terminus consistently yielded of these species are consistent with the formation of a six-
insoluble peptides. In the course of these studies, it was foundhelix bundle of three HR1 peptides and three HR2 peptides.
that extension of the amino terminus by four residues (TLTV) Light scattering experiments performed at varying molar
substantially improved the solubility of these C-terminal ratios of HR2 to HR1 confirm this stoichiometry (data not
truncations. Following this strategy, it was possible to study shown).
the behavior of an HR1 peptide (T1600) with 11 residues  N-Terminal Truncation Reduces the Stability of HRIR2
truncated (ILAVERYLKDQ) from the C-terminus. T1600 ComplexesPeptide T649 is derived from the HR2 region
is significantly less stable than T865,(= 48°C) and only ~ of gp41 (Table 1) and has been shown by X-ray crystal-
48% helical, suggesting a substantial destabilization of helical lography to make contacts within the hydrophobic pocket
structure. and with the amino-terminal side of the HR1 oligom8r (
Truncation of the Deep Pocket Abolishes Self-Association 9). Panels C and D of Figure 2 show the thermal unfolding
Further truncation from the carboxy end of T865 results in transitions for the truncated HR1 peptides in complex with
a peptide (T1847) that has no discernible unfolding transition T649 at 10uM each. The thermal stability of T865 in
(Figure 2B). Sedimentation equilibrium experiments indi- complex with T649 is 92C or 9°C higher than that of the
cated that this peptide is monomeric up to 280 (Table 2 self-associated T865 oligomer (Table 1). As the N-terminus
and Figure 1), and the CD spectrum indicates the peptide isof T865 is truncated, the stability of the HRHR2 complex
25% helical (Figure 3A and Table 1). A representative decreases significantly, as shown in Figure 2C. Truncation
sedimentation equilibrium trace for 100/ T1847 at 35 000 of the first six residues (QARQLL) from the amino terminus
rpm is shown in Figure 4A. The single-ideal species model (N6AT865) reduces the stability of the complex by U5.
fit the data well, and the weight-averaged molecular mass, Further truncation (N1A8T865) results in CD thermal melts
4136 Da, corresponds closely to the monomer molecular with two discernible transitions revealed by the derivative
mass (Table 2). Since T1847 is missing most of the residuesof the transition curve (Figure 5). The transition in the lower
that constitute the hydrophobic pocket [identified by the 60 °C range is likely the dissociation of the HR2 peptide,
crystallographic structure of the six-helix bundles)] and while the other transition (near 78C) most likely corre-
does not self-associate, the pocket region of the HR1 domainsponds to the unfolding of the self-associated HR1 complex
seems particularly important for forming the self-associated in the absence of HR2. Similar results are obtained for the
complex. Comparison of T1847 with T1600 shows that the N13AT865 peptide (Table 1). Therefore, N-terminal trunca-
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0 25 DISCUSSION
000 | G {2 Models of gp41 oligomerization have proven to be useful
& tools for structure function analysis of viral fusion. However,
g_mm I 1% many of these models consist of either chimeras of HR1 and
"E \ sf fusion proteins 0, 31) or trimeric proteins such as GCN4
15000 | 5 (33), or single-chain constructs with the HR1 and HR2
K {os domains separated by a flexible link&4( 35). Therefore,
52“00 I . the contributions by specific residues toward HR1 self-
| _.---" 10 assembly cannot be parsed out easily. In the work presented
bl here, we have used truncated versions of an HR1-derived
O e 3% a0 s s 10w o v o peptide, T865, to systematically study HR1 oligomerization
Temperature (C) and to identify regions that stabilize the HR1 self-associated
FiGURE 5: Determination ofT,, for oligomeric complexes. The ~ Complex.
thermal unfolding transitiorll{) for a mixture of 10uM N10AT865 Although T865 has the highest, (82 °C) of the peptides

and 10uM T649 is plotted on the left axis, and the derivative of  syydied, it is only 7°C more stable than N¥8T865 and is

this curve (#/dT) is shown on the right axisa(). In this example, 0 . . . .
two distinct maxima are observed. One is at®3 which likely nearly 10% less helical. Evidently, these 13 residues, which

represents the dissociation of T649, and the other is 8&€7&hich ~ include four core “a” and “d” positions, do not contribute

is identical to theT,, for the HR1 tetramer. greatly to the stability of the HR1 self-associated complex.
In the peptide model used here, these residues may be less

tion of up to 13 residues of T865 results in an HRAR2 structured than residues in the vicinity of the deep pocket

complex that has a melting transition up toDlower than ~ and may only form the coiled-coil core in the presence of
that of the T865 T649 complex. The binding of T649 to  @n HR2 peptide. This notion is supported by the monomeric
N17AT865 is very weak (th@y is 56°C lower than that of behavior of T1847, which contains the putative disordered

the T865-T649 complex), presumably because the majority region but lacks most (_)f the_ deep pocket. The ability of
of the HR2 binding epitope has been removed. T1847 to form a stable six-helix bundle was unexpected and

] i demonstrates that the HR2 peptide can induce the formation
C-Terminal Truncations Form Stable HRHR2 Com- of the HR1 core.

plexes.The HR2 peptide T649 forms stable complexes with  Gjyen the relative insensitivity to truncation on the
C-terminal truncations of T865, despite the marked reduction N-terminal side of T865, the loss of stability observed in
in the structural stability of the HR1 oligomer. Figure 2D T1847 is rather striking. These data suggest that the last 15
presents the thermal unfolding transitions, and Table 1 lists 20 amino acids of T865 are the central binding domain or
the correspondingm, values for these complexes. These data “trigger sequence” for the self-association of peptides derived
reveal complex stabilities comparable to those obtained for from the HR1 region of gp41. Such trigger sequences have
the T865-T649 complex. For example, the T8869—-T649 been identified in other coiled coils and have been shown to
complex has &, of 87 °C, compared to d,, of 91 °C for be essential for proper oligomerizatiod6( 37).

the T865-T649 complex. Even in the case of T1847, which  T1847 was one of the most interesting peptides in this
is monomeric and nonhelical, a stable six-helix bundlg (  series since this monomeric peptide retained the ability to
= 49 °C) was still formed with T649. bind to T649. T1847 lacks nearly all of the deep pocket

Interaction between T1847 and T64Ehe CD spectra of residues and was found to be monomeric in solution up to
T1847 and T649 (Figure 3A) demonstrate that these peptidesconC.er‘(tjr""ft'c’”S rﬂore thap t.lo t'mfsthh'ghﬁ: (,Z!S'i?Rtrl\an th?g
have little intrinsica-helical structure by themselves. The required for seti-association ot the other peptides.

: . However, T1847 can still form a relatively stablg,(= 49
_CD_sp(_a_ctrum of the mlxt_ure 0f T1847 and T649 ('.:'gl.”? 3B) °C) six-helix bundle structure with T649. This suggests that
is significantly more helical than the sum of the individual

. I ) . HR2 regions may have the ability to direct six-helix bundle
spectra, suggesting that the addition of T649 induces hel'calassemgly in theyabsence of a [))/reformed HR1 oligomeric
structure in both peptides. Helicity calculations on the

. o complex. The interaction with the monomeric T1847 is
T1847-T649 complex reveal that the peptides are 70% o5 maply because nearly all HR2 contacts are present, and
helical. The thermal unfolding transitions of T1847 and the

A so it becomes energetically favorable to form the complex.
T1847-T649 complex are shown in Figure 3C. T1847 has Eyen though stable six-helix bundles can be formed without

a nearly featureless mglt, demonstrgting that this pept?dg doesne deep pocket, this region seems to be uniquely important
not form a cooperative oligomeric complex. A similar in stabilizing the HR1 self-associated complex and for the
temperature dependence is also observed for the HR2 peptidgormation of a high-affinity HR+HR2 complex. Since the
T649 (data not shown). Addition of stoichiometric amounts deep pocket region is highly conserved in HI88(39) and

of T649 to T1847 results in a CD melt with a sharp transition s very sensitive to mutation4(, 41), it is tempting to
and a midpoint of 49C. Figure 4B shows the sedimentation speculate that the contributions by the deep pocket region
equilibrium analysis for a mixture of T1847 and T649 (80 to HR1 self-association may have significance in the process
uM each) at 22 000 rpm. The single-ideal species model of viral fusion.

indicates a molecular mass of 22 789 Da, which approaches Analogous Contributions in the HR1 Domain of the RSV
that expected for a six-helix bundle (Table 2). To our F-Protein.It has been shown in our lab that portions of HR1
knowledge, this is the first observation of a monomer to six- peptides derived from the respiratory syncitial virus (RSV)
helix bundle transition in models of HIV gp41. F1 subunit preferentially affect the stability of the self-
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associated HR1 complet9). The crystallographic structure  be incorporated into the virion. These data support the notion
of the RSV HRT-HR2 complex has been subsequently that structural elements have an important role in the strong
determined 18), and a hydrophobic pocket, analogous to conservation of the HR1 regio&, 39). Although some of
the pocket in gp41, was identified. Therefore, the contribution this conservation is due to other factors, such as interactions
by this groove to the structural stability of the HR1 with cell surface receptors or other cofactors, it has been
oligomeric complex can be made for RSV. In the HR1 demonstrated that there is a relationship between the
peptides from RSVX9), the hydrophobic pocket was again  structural stability of the gp41 complex and the ability of
located on the C-terminal end of the peptide. It is striking the intact glycoprotein to undergo membrane fusif 45).
that removal of just four residues on the C-terminal end of This report demonstrates the structural importance of a small
the RSV HR1 peptide (Figure 1B of rdf9) results in a (~15-amino acid) region around the hydrophobic pocket for
greater than 60C drop in the thermal stability of the HR1  HR1 self-association in HIV gp41. The unusual behavior of
self-associated complex (a trimeric species in the case ofT1847, exhibiting a monomer to hexamer transition in the
RSV). These residues are located precisely in the hydro-presence of the HR2 peptide T649, even offers the possibility
phobic pocket and suggest that in both RSV and HIV, that the HR1 region of gp41 need not oligomerize prior to
residues in this region can significantly stabilize the self- the interaction of the HR2 domain. It is also interesting that
associated complex. As for HIV, truncation on the N-terminal the N-terminal region of T865, where the stability of the
side of the pocket was less deleterious. For example, HR1 complex is less sensitive to truncation, is also the region
truncation of seven residues reduces the transition temper-of the virus that mutates in the developmentiofzitro
ature by only 1+13 °C (19). Similar results are also resistance to HR2-derived peptide therapeutid. (These
observed for the analogous HR1 region of human para- results seem complementary, and suggest that there may be
influenza virus 11l (M. K. Delmedico, unpublished experi- a higher degree of structural plasticity in this region of gp41.
ments). For each of these viruses, there appears to be a haturther structurefunction studies in this region will be
spot of binding energy in the coiled-coil HR1 oligomer that required to understand the structural transition from the native
is located in a region forming a hydrophobic groove known to the fusogenic state.
to be important for the binding of HR2 peptides. It may be  applicability to Other Coiled-Coil StructuresSeveral
that this region is part of a conserved mechanism for g dies of coiled coils in general3), and gp41 in particular
stabilizing the oligomeric inner core of viral fusion proteins. (46), have demonstrated the importance of core “a” and “d”
The localization of binding energy observed in HIV.gp41  yositions to structural stability. It has also been shown that
and the RSV F1 protein is reminiscent of energetic hot Spots po|ar residues in the “a” or “d” positions can influence the
found in many proteifrprotein interfaces42). In human  gjze of cavities within the trimeric coiled-coil core of GCN4
growth hormone (hGH), for example, it was found that (47 Furthermore, short trigger sequences in coiled-coil
despite extensive contacts between the hormone and the hG eptides have been shown to be critical for proper oligo-
_re(_:eptor, the majority of the interaction energy was contained erization 87) in much the same way the deep pocket region
in just a few key residuesig, 44). These contacts notonly s required for HR1 oligomerization. Taken together, it is
produce high affinity between binding partners but also may pecoming clear that the coiled-coil motif can exhibit an
introduce structural specificity. Therefore, the energetic exquisite degree of specificity. In this work, we have
importance of the deep pocket may also be reflecting a yemonstrated that specific regions of the HR1 domain of
specific requirement for proper gp41 oligomerization in the gn41 make significant contributions to the stability of the
virus. self-associated complex while others, possessing similar core
Interestingly, the crystal structure of the RSV HRAR2 residues, do not. These results suggest that coiled-coil
complex also resolves the unusual importance of the C-jnteractions may not have a homogeneous distribution of
terminal leucine in our previous stud;tQ).. The stuttering contact in the “az“d” core, but rather consist of energetic
of the 3-4 repeat observed at the C-terminal end of the HR1 not spots. These regions may represent structural elements
peptide in the crystal structure makes this leucine a core that could be targeted by small molecule inhibitors in the
residue,_ prO\_/iding close_ packing_ contacts within the_center same way that the hydrophobic pocket has been shown to
of the trimeric coiled coil much like an “a” or “d” residue e an attractive antiviral target$, 17, 48). With the results
would. Therefore, some portion of the 213 °C drop in presented here, a region of gp41 has been identified that may
the transition temperature upon the removal of this single pe an attractive target for preventing HR1 oligomerization,
leucine reflects the loss of these packing contacts. It is alsoyypich is thought to represent an earlier step in the viral fusion
mterestlng_that this re5|_due is in the region _that forms the process. Since coiled-coil motifs appear in many critical
hydrophobic pocket, which may further explain the unusual ig|ogical systems, such as in gene regulation, vesicle fusion,
importance of this residue. _ and apoptosis4@, 50), identifying hot spots in coiled-coil
Implications for Viral FusionIn the current model of viral proteins should help in the understanding of the structural

fusion, itis thought that the HR1 domain oligomerizes first, geterminants of oligomerization and may prove to be a useful
followed by the interaction of HR2 just prior to fusion. gyyg design strategy.

Stabilization of the HR1 core by the deep pocket may serve

to better orient the HR2 binding epitope on the HR1 ACKNOWLEDGMENT
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