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ABSTRACT: Two synthetic peptides corresponding to sequences in HIV-1LAI gp41, T21 (aa 558-595) and
T20 (aa 643-678), are strong inhibitors of HIV-1 viral fusion, having EC50 values of 1µg/mL and 1
ng/mL, respectively. Previous work suggested that T21 forms a coiled-coil structure in PBS solution,
while T20 is primarily nonhelical, and that the inhibitory action of these peptides occurs after the interaction
between the viral gp120 protein and the cellular CD4 receptor [Wild, C. T., Shugars, D. C., Greenwell,
T. K., McDanal, C. B., Matthews, T. J. (1994)Proc. Natl. Acad. Sci. U.S.A. 91, 9770 and references
therein]. The current study uses sedimentation equilibrium (SE), circular dichroism (CD), and viral-
fusion assays to quantitatively investigate peptide structure and peptide-peptide interactions. SE analyses
of T21 (1-100µM) indicate that the peptide self-associates via a monomer/dimer/tetramer equilibrium;
in addition, T20 is monomeric in the range of 1-10 µM and exhibits a complicated monomer/tetramer
equilibrium between 20 and 100µM. Singular value decomposition analyses of the CD spectra of T21
and T20 indicate that the helical content of these peptides in PBS solution is 90% and 20%, respectively.
A structural interaction between the two peptides is detected by CD at several concentration ratios of
T20:T21. These experiments emphasize that T20 interacts specifically with the tetrameric form of T21.
Truncated forms of T20 also exhibit structural interactions with T21 at varying concentration ratios. The
ability of T20 and the truncated peptides to interact structurally with tetrameric T21 correlates with antiviral
activity. Implications of these findings are discussed in terms of proposed mechanisms of membrane
fusion inhibition and the structural changes which occur in gp41 during membrane fusion.

Membrane attachment and fusion are the first steps in the
cellular infection process by many enveloped viruses (Wiley
& Skehel, 1990). The membrane fusion events leading to
human immunodeficiency virus type 1 (HIV-1) infection are
initiated by recognition of the T-cell host by HIV-1, occurring
via binding of the outer surface viral glycoprotein gp120 to
the T-cell receptor CD-4 (Dalgleish et al., 1984). The HIV-1
transmembrane fusion protein gp41, noncovalently associated
with gp120, is exposed after this binding (Hart et al., 1991;
Kirsh et al., 1990). Subsequent structural changes in gp41
(Sattentau & Moore, 1991) facilitate the insertion of the
fusion peptide (located at the gp41 N-terminus) into the host
cell membrane. This event is followed by fusion of the two
membranes and mixing of the cellular and viral contents.
The best understood mechanism of viral fusion is that of

the influenza virus (Bullough et al., 1994; Carr & Kim, 1993;
Wilson et al., 1981). In this system, the fusion event is
initiated by uptake of the virion into a cellular endosome,
resulting in structural changes in the fusion protein hemag-
glutinin (HA) by the resulting low pH environment. HA
consists of a trimer of dimers, and each dimer consists of a
membrane-anchored segment (HA2), forming the trimeric
coiled-coil structure responsible for the oligomerization of

the protein, and the HA1 segment which covers this inner
core. The low pH change induces the displacement of HA1

from HA2; this causes the B-loop region of HA2 to spring
into an extended coiled-coil structure, directing the hydro-
phobic fusion peptide sequence from its location inside the
protein toward the target membrane.

Although the HIV-1 fusion process is pH independent, the
comparison to influenza is potentially useful since several
regions of the HIV-1 transmembrane protein gp41 have been
shown to have high propensities to form coiled coils
(Gallaher et al., 1989). Although much information has been
gathered regarding HIV-1 induced membrane fusion, the
structural and functional role of gp41 in this process has not
been clearly defined. Data indicating structural changes
within gp41 have recently been reviewed and two models
of HIV fusion proposed (Matthews et al., 1994).

Two synthetic peptides T21 and T20 (designated DP107
and DP178 in the original publications), corresponding to
sequences from gp41, have previously been shown to block
virus-mediated cell-to-cell fusion andde noVo HIV-1 infec-
tion of T-cells with 50% effective concentration values (EC50)
of 1 µg/mL and 0.001µg/mL, respectively (Wild et al., 1992,
1994b). The regions of gp41 containing the sequences of
both peptides were predicted to form coiled coils, yet only
T21 has been shown to adopt significant helical structure in
solution, while T20 was suggested to have a primarily
random structure in solution (Gallaher et al., 1989; Wild et
al., 1992, 1994b). Figure 1 illustrates the portions of gp41
from which these peptides were derived.

Previous experiments on the regions of gp41 corresponding
to these peptides indicated that an interaction between these
two discontinuous domains must exist in the native or
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fusogenic states of the protein (Chen et al., 1995). This paper
examines the biophysical properties of these peptides and
their interactions to address the roles these peptides and the
corresponding gp41 sequences have in the mechanisms of
membrane fusion and fusion inhibition. Understanding the
process of HIV-1 membrane fusion events and the action of
these peptides in disrupting those events will aid our design
of potent antiviral compounds for HIV-1 and other viral
targets (Lambert et al., 1996).

MATERIALS AND METHODS

Peptide Synthesis and Purification.Peptides were syn-
thesized on a Rainin Symphony Multiplex multiple peptide
synthesizer using standard solid-phase synthesis techniques
and 9-fluorenylmethoxycarbonyl (Fmoc) protected amino
acids (Fields & Noble, 1990). The peptides were blocked
at the N-terminus by an acetyl group and at the C-terminus
by an amide group. Cleavage of the peptides from the resin
(Rink Amide-MBHA resin obtained from Novabiochem Inc.,
La Jolla, CA) with concomitant removal of side-chain
blocking groups was performed using trifluoroacetic acid
(TFA) in the presence of thioanisole, water, 1,2-ethanedithiol,
and phenol as carbocation scavengers (King et al., 1990).
After cleavage, the peptides were precipitated with cold
diethyl ether and the precipitate lyophilized and purified.
Peptides were purified by reverse-phase HPLC using a
Waters DeltaPak C18 column (25× 300 mm, 15µm
particles) using a water and acetonitrile gradient containing
0.1% (v/v) TFA. All peptides were>95% pure as monitored
by analytical HPLC; sample identity was confirmed with
electrospray mass spectrometry (Protein Structure Facility,
University of Michigan).
Peptide solutions were prepared with buffer containing 100

mM NaCl and 50 mM sodium phosphate (PBS) and adjusted
to pH 7 (pH 6 buffer was used for T21 to increase peptide
solubility). Peptide concentration of the stock solutions was
determined using UV absorbance (Hitachi U-2000) at three
wavelengths: 276, 280, and 288 nm (Edelhoch, 1967;
Milhalyi, 1968). Dilution of stock solutions to final con-
centrations as noted in the text were performed in pH 7 PBS.
Analytical Ultracentrifugation.Sedimentation equilibrium

experiments were performed on a Beckman Optima XL-A
analytical ultracentrifuge at 4°C (to aid in conserving peptide
secondary structure). Six-channel cells (12-mm optical path
length) were used with an An-60 Ti rotor operated at 20 000,
25 000, 30 000, 35 000, and 40 000 rpm. The cell radii were
scanned using 0.001-cm steps with 10 averages/scan (1, 2,
and 4µM spectra required 99 averages/scan); typically, 2
or 3 wavelengths were used. Data were analyzed using
standard Beckman XLA data analysis software (version 1.02
for DOS) and Beckman-Origin software (version 2.01 for
Windows). The methods described by Laue et al. (1992)
were used to calculate partial specific volumes (Vj: T21 )

0.743 mL/g; T20) 0.717 mL/g) and the solvent density (F
) 1.0051) at 4°C; the partial specific volume was held
constant for all models considered. The suitability of a
particular model (goodness of fit) was judged by the trends
observed in the residuals (Johnson et al., 1994). Residuals
are obtained by calculating at each radial position the
difference between the experimental absorbance and the
absorbance calculated by assuming a model which describes
the solution species and interactions. Residuals which are
randomly distributed about the calculated curve indicate that
the model chosen to describe the solution species is consistent
with the data. Residuals which show a systematic trend
indicate that the chosen model does not correctly describe
the solution species and associations.
Single data files were first normalized to 285-nm absor-

bance values using Beer’s law. They were then analyzed
using a single ideal species model to determine a weight-
averaged molecular weight (Mw). When systematic residuals
or aMw higher than the monomer molecular weight indicated
the presence of self-association, several different associative
models were investigated, including monomer/trimer, mono-
mer/tetramer, and monomer/dimer/tetramer. The accuracy
of SE analyses limits the consideration to a maximum of
three solution species in a given model. The single data file
analysis provides a good estimate of the choice of the
appropriate association model and values for the fitting
parameters. A simultaneous, global fitting of multiple data
files (at different concentrations and speeds) was then
performed to provide the best determination of association
constants and 95% confidence intervals. To convert the
resulting association constants from absorbance units to
concentration units, it was assumed that the absorbance of
ann-mer isn times that of a monomer.
Circular Dichroism. Circular dichroism (CD) spectra were

obtained using an AVIV Associates 62DS spectrometer
equipped with a thermoelectric temperature controller.
Spectra were obtained at 1°C with 0.5-nm steps from 200
to 260 nm, 1.5 nm bandwidth, and a typical averaging time
of 4 s/step. After the cell/buffer blank was subtracted, spectra
were smoothed using a third-order least-squares polynomial
fit with a conservative (5-10 point) window size to give
random residuals. Mixing experiments were performed by
comparing the spectrum of the two peptides mixed together
in a 1-cm path length cell at the desired concentrations
(experimental spectrum) to the sum of the individual spectra
of the peptides, each solution in a 0.5-cm cell (theoretical
noninteracting spectrum); details on the conversion to mean
residue ellipticity are contained in the legend of Figure 6.
Viral Assays.CEM and Molt-4 cells were maintained in

RPMI 1640 with 10% and 20% fetal bovine serum, respec-
tively. Virus was propagated in CEM cells and used to
establish chronically infected cells. HIV-1 syncytial assays
were performed as described by Matthews et al. (1987).

FIGURE 1: Schematic representation of HIV-1LAI gp41.

13698 Biochemistry, Vol. 35, No. 42, 1996 Lawless et al.

+ +

+ +



Briefly, uninfected Molt-4 cells (70 000/well of a 1/2 area
96-well plate) were incubated with chronically HIV-1LAI

infected CEM cells (10 000/well) for 18-24 h in the presence
or absence of peptide. Peptide concentrations were deter-
mined by UV spectroscopy as described above. Syncytia
comprised of a minimum of 5 cell widths across were
enumerated under 400× magnification. Dose response
curves were generated and EC50 (50% effective concentra-
tion) values calculated using the method described by Karber
(1931).

RESULTS

Sedimentation Equilibrium Experiments Indicate Monomer/
Dimer/Tetramer Equilibrium Established by T21.Sedi-
mentation equilibrium (SE) experiments were performed on
T21 using eight different loading concentrations (1-100µM)
and three rotor speeds, yielding 24 data files. The reported
results are consistent for two separate sample loadings. The
analysis of the data set began with an examination of the
individual data files, comparing the various results obtained
with different assumptions regarding the peptide solution
behavior. Next, a global analysis of the data was performed
using the associative model and starting parameters which
best reproduced the individual data files. The following
paragraphs describe the results obtained from this procedure.
Graphical results are presented for the weight-averaged
molecular weight vs loading concentration (Figure 2) and
the modeling results for the 10 and 100µM data (Figures 3
and 4), while the results for the global analysis of the data
are summarized in Table 1.
Data analysis began by using Beer’s law to convert each

file to 285 nm absorbance values. The weight-averaged
molecular weight (Mw) of T21 as a function of the loading
concentration, determined by assuming a single ideal species
in solution, is presented in Figure 2. For most of the 24
data files, the systematic trend observed in the residuals
indicates that this is not an appropriate model from which
to generate detailed conclusions about sample behavior.
However, several statements can be made regarding the
sample at this point. First, the dramatic rise inMw which
occurs with loading concentration indicates that a self-
associating species is an appropriate model to consider.
Second, the fact that theMw for each loading concentration
is constant over the three rotor speeds (data not shown)

suggests that the system consists of a homogeneous, self-
associating species; a heterogeneous noninteracting system
would display a marked decrease inMw with increasing rotor
speed (Laue, 1992). Third, although theMw appears to reach
a maximum corresponding to 3.5 times the monomer
molecular weight, the systematic residuals suggest that it is
premature to use this plot as indicative of nonideality in the
sample (which could decrease the apparent molecular weight
determined). Such considerations should be made only after
attempts to reproduce the data with a simpler model (such
as an ideal self-associating species) are exhausted (Johnson
et al., 1981).
An individual analysis of each data file can indicate the

most appropriate self-association equilibrium to consider for
T21. The 1µM data files (data not shown) produce random
residuals when fit with a single ideal species model. A
comparison of the resultingMw of 4400 Da [chi-squared (ø2)
) 5.31× 10-8, 6.59× 10-8, and 7.73× 10-8 for fitting to
the 20K, 25K, and 30K rpm data, respectively, here and
subsequent] to the theoretical molecular weight of T21 (4526
Da) predicts that the dominant solution species is monomeric.
The 2µM data files (data not shown) also produce random
residuals with a single ideal species model and predict aMw

of 6665 Da (ø2 ) 4.76× 10-8, 7.26× 10-8, and 7.55×
10-8), corresponding to approximately 50% monomer and
50% dimer, assuming two solution species. Due to the
signal/noise limitations of these concentration points, these
files were not analyzed further.
Analysis of the 4 and 5µm data files with a single ideal

species model produces random residuals (data not shown)
and predictions forMw of 11 500 Da (ø2 ) 4.92× 10-8,
4.40× 10-8, and 6.34× 10-8) and 10 780 Da (ø2 ) 1.95×
10-7, 3.48× 10-7, and 3.11× 10-7), respectively. Since
these values correspond to 2.5 times the monomer molecular
weight, several self-association equilibria were examined to
determine the most appropriate model. Both a monomer/
tetramer equilibrium (4µM ø2 ) 5.19× 10-8, 4.92× 10-8,
and 6.00× 10-8; 5 µM ø2 ) 1.96× 10-7, 2.24× 10-7, and
2.40× 10-7) and a monomer/dimer/tetramer equilibrium (4
µM ø2 ) 5.03× 10-8, 4.52× 10-8, and 5.88× 10-8; 5 µM
ø2 ) 1.91× 10-7, 2.76× 10-7, and 2.78× 10-7) produce
random residuals. A monomer/trimer self-association pro-
duces a fit which is adequate (4µM ø2 ) 6.04× 10-8, 4.53
× 10-8, and 5.88× 10-8; 5 µM ø2 ) 3.08× 10-7, 3.33×
10-7, and 2.99× 10-7), yet which shows systematic residuals
at the largest radius values. These calculations suggest that
the most appropriate model is one which incorporates a
tetramer species.
Figure 3 presents the results of calculations considering

several models for the 10µM data at 25K rpm. Analysis of
the data files with a single ideal species model produces
results with random residuals at 20K rpm (ø2 ) 9.78× 10-8)
and slightly systematic residuals at 25K (ø2 ) 1.88× 10-7,
Figure 3A) and 30K rpm (ø2 ) 2.5× 10-7); the averageMw

from these calculations is 12 560 Da, corresponding to 2.8
times the monomer molecular weight. A monomer/trimer
model (ø2 ) 2.1 × 10-7, 3.45× 10-7, and 1.87× 10-7)
produces systematic error in the residuals (Figure 3B). A
monomer/tetramer model (Figure 3C) also produces system-
atic residuals for all three speeds (ø2 ) 1.82× 10-7, 3.57×
10-7, and 4.77× 10-7); the pattern of these residuals suggests
that a species with a molecular weight between that of a
monomer and a tetramer could improve the fit. Indeed, when
a monomer/dimer/tetramer model is considered, the fit to

FIGURE2: Weight-averaged molecular weight for T21 as a function
of loading concentration. Data are averages of the results for 20K,
25K, and 30K rpm data.Mw was obtained by fitting the T21
sedimentation equilibrium data to a single ideal species model.
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the data in terms of the residuals is significantly improved
(ø2 ) 1.17× 10-7, 1.78× 10-7, and 1.83× 10-7). As can
be seen in Figure 3D, the residuals produce a random
distribution about the calculated curve. These data suggest
that the best self-association model to reproduce this data is
one which includes both a dimer and a tetramer.

The 20µM data files (data not shown) produce results
very similar to those at 10µM. The single ideal species
model gives systematic residuals for the 20K results (ø2 )
4.03× 10-7) and random residuals for the 25K and 30K
results (ø2 ) 1.10× 10-6 and 1.17× 10-6); theMw of 14 070
Da corresponds to 3.1 times the monomer molecular weight.
As with the 10µM data, the 20µM data produces systematic
residuals with a monomer/trimer model (ø2 ) 3.22× 10-6,
4.64 × 10-6, and 3.89× 10-6) and a monomer/tetramer
model (ø2 ) 8.36× 10-7, 1.79× 10-6, and 1.61× 10-6)
and gives random residuals when a monomer/dimer/tetramer
equilibrium is considered (ø2 ) 5.72× 10-7, 1.40× 10-6,
and 1.61× 10-6). Similar results are also obtained with
the 50µM data files (data not shown): a single ideal species
model produces systematic residuals (ø2 ) 1.22× 10-5, 1.74
× 10-5, and 2.79× 10-5), the monomer/tetramer model
produces systematic residuals (ø2 ) 2.64× 10-5, 6.95×
10-5, and 9.62× 10-5), and the monomer/dimer/tetramer
model produces the best fit with random residuals (ø2 ) 1.31
× 10-5, 1.37× 10-5, and 1.84× 10-5).

The 100µM data at 25K rpm and modeling results using
the four different models are presented in Figure 4. The
single ideal species model in Figure 4A produces random
residuals (ø2 ) 2.83× 10-5, 4.24× 10-5, and 5.78× 10-5)
and aMw of 15 890 Da, corresponding to 3.5 times the
monomer molecular weight. Given thisMw, it is not
surprising that the monomer/trimer model (Figure 4B) does
not reproduce the data well, as can be seen by the systematic
trend in the residuals (ø2 for 25K data) 7.86× 10-5). The
monomer/tetramer (ø2 ) 2.95× 10-5, 4.30× 10-5, and 8.67
× 10-5) and the monomer/dimer/tetramer (ø2 ) 2.87× 10-5,
4.28× 10-5, and 5.02× 10-5) models fit the data equally
well, as can be seen in the random residuals in Figure 4C,D.
The examination of the data files from 4 to 100µM indicates
that a monomer/dimer/tetramer equilibrium best reproduces
the entire data set. These results also provide best guesses
for the association constants from which to begin a global
analysis of the data.
A global analysis of this data was performed using a

monomer/dimer/tetramer equilibrium, starting with theA0
values for each file (the contribution of monomer absorbance
at the reference radius) and the average association constants
determined from the individual analysis described above. Due
to the Origin software limitation of 10 files for a global
analysis, we analyzed the data in two groups (group A) 4,
10, and 100µM data at 20K, 25K, and 30K rpm; group B
) 5, 20, and 100µM data at 20K, 25K, and 30K rpm). The

FIGURE3: Sedimentation equilibrium results at 25 000 rpm, 4°C, for 10µM T21. Data was obtained at 205 nm and converted to absorbance
at 285 nm for fitting procedures. The results of fitting this single file to four self-association models are superimposed on the data with
residuals displayed above. (A) Single ideal species model (ø2 ) 1.88× 10-7), Mw ) 12 560 Da. (B) Monomer/trimer (ø2 ) 3.45× 10-7),
K13 ) 1.8× 1012 M-2. (C) Monomer/tetramer (ø2 ) 3.57× 10-7), K14 ) 1.9× 1016 M-3. (D) Monomer/dimer/tetramer (ø2 ) 1.78×
10-7), K12 ) 1.5× 108 M-1, K24 ) 1.8× 105 M-1, K14 ) 4 × 1022 M-3. See Table 1 and text for final results arising from a global fit
to multiple data files.

13700 Biochemistry, Vol. 35, No. 42, 1996 Lawless et al.

+ +

+ +



initial guesses for the association constants were equal to
the averages of the individual file results; equivalent fits were
obtained when these parameters were started 2 orders of
magnitude higher and lower than these averages. The final
results are virtually identical for the two groups and produce
a random distribution of residuals for each of the files
(goodness of fit) 0.205 and 0.209 for groups A and B,
respectively). The association constants and 95% confidence
limits are as follows:K12 ) 3.42× 108 M-1 (3.37-3.45)
for both groups;K14 ) 1.64× 1022 M-3 (1.63-1.65) for
group A and 1.66× 1022 (1.65-1.67) for group B. These
results produce aK24 ) 1.40× 105 M-1 for group A and
1.42× 105 M-1 for group B. Since the ideal monomer/
dimer/tetramer self-association model reproduces the entire
T21 data set well, we did not consider adding any additional
parameters, such as nonideality, to the model.

Sedimentation Equilibrium Experiments Suggest a Slowly-
Equilibrating Tetrameric Self-Association by T20.A sedi-
mentation equilibrium analysis was also performed for the
peptide T20 from 1 to 100µM (Vj ) 0.717,F ) 1.0051,
monomer theoretical molecular weight) 4492 Da). The
results were consistent for two independent sample loadings
tested at three rotor speeds (30 000, 35 000, and 40 000 rpm).
Analyses of the data using a single ideal species model for
1 µM (ø2 ) 1.09× 10-7, 1.49× 10-7, and 0.92× 10-7 for
the 30, 35, and 40K rpm data, respectively, here and
subsequent), 2µM (ø2 ) 3.91× 10-8, 3.55× 10-8, and

3.03× 10-8), 4 µM (ø2 ) 2.74× 10-7, 2.34× 10-7, and
2.72× 10-7), 5 µM (ø2 ) 3.24× 10-6, 2.47× 10-6, and
2.05× 10-6), and 10µM data (ø2 ) 8.30× 10-7, 6.94×
10-7, and 8.37× 10-7) produce random residuals with
monomeric molecular weights. Representative data and the
fitting results for the 10µM data at 35K rpm are presented
in Figure 5A.

The data for the 20µM (ø2 ) 2.12× 10-6, 3.06× 10-6,
and 3.85× 10-6), 40 µM (ø2 ) 1.80× 10-4, 2.0× 10-4,
and 1.80× 10-4), 50 µM (ø2 ) 1.50× 10-4, 3.10,× 10-4

and 8.7× 10-4), and 100µM (ø2 ) 0.84× 10-3, 1.29×
10-3, and 1.55× 10-3) solutions are not reproduced well
using the single ideal species model. As can be seen for
the 100µM data (Figure 5B), systematic residuals result,
suggestive of a self-association. The remaining panels
present the results using two associative models to reproduce
the 100µM data: a monomer/trimer (Figure 5C) and a
monomer/tetramer model (Figure 5D). These results indicate
that the monomer/tetramer model (ø2 ) 1.50× 10-4, 1.9×
10-4, and 1.7× 10-4) is more appropriate for describing a
T20 self-association; the monomer/trimer model (ø2 ) 4.4
× 10-4, 5.2× 10-4, and 5.1× 10-4) produces a systematic
deviation in the residuals. Similar results are obtained for
the 20, 40, and 50µM data files. The association constants
for a monomer/tetramer equilibrium arising from fitting the
individual data files range from 1.80× 1011 M-3 to 1.10×
1012M-3. These association constants show no specific trend

FIGURE 4: Sedimentation equilibrium results at 25 000 rpm, 4°C, for 100µM T21. The results of fitting this single file to four self-
association models are superimposed on the data with residuals displayed above. (A) Single ideal species model (ø2 ) 4.42× 10-5), Mw
) 16 210 Da. (B) Monomer/trimer (ø2 ) 3.77× 10-5), K13 ) 1 × 1019 M-2. (C) Monomer/tetramer (ø2 ) 4.30× 10-5), K14 ) 6 × 1014
M-3. (D) Monomer/dimer/tetramer (ø2 ) 4.28× 10-5), K12 ) 6.2× 108 M-1, K24 ) 1.8× 105 M-1, K14 ) 6.8× 1022 M-3. See Table 1
and text for final results arising from a global fit to multiple data files.
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with increasing rotor speed, suggesting that a reversible self-
association is an appropriate model for this peptide (McRorie
& Voelker, 1993).
A global fit of the data files was then attempted, using a

monomer/tetramer equilibrium and starting parameters as
determined in the individual data file analysis. However,
we were unable to find a set of parameters using a monomer/
tetramer association which would produce truly random
residuals for the entire data set. The best attempt, considering
the 40 and 50µM data files at 30K, 35K, and 40K rpm,
converged to a result with an association constant equal to
3.25× 1011 M-3 [95% confidence interval) (3.01-3.51)
× 1011 M-3]. However, this calculation (goodness of fit)
5.23) produces both random residuals (30K rpm data) and
residuals with systematic trends suggestive of requiring less
(35K rpm data) and more (40K rpm data) emphasis on the
associating species. This suggests that an ideal, reversible
self-associating species may not be the appropriate model
for this peptide.
Another observation which supports this suggestion is the

fact that the weight-averaged molecular weight for T20
decreases with increasing rotor speeds; this is suggestive of
heterogeneity in the sample (Laue, 1992). Yphantis et al.
(1978) have described five sources of heterogeneity in
sedimentation equilibrium experiments: (1) the presence of
contaminating solutes with a molecular weight different than
that of the sample, (2) the presence of different chemical
forms of the self-associating solute with different association
constants, (3) the presence of irreversible aggregates of the
main component, (4) the presence of “incompetent mono-
mer” incapable of self-association, and (5) the presence of
metastable conformers of the self-associating solute that are

not in rapid equilibrium with each other over the time course
of the experiment and that exhibit differing association
behavior.

Sources 1 and 2 can be ruled out since the purity of this
sample is 98% (HPLC) and amino acid analysis and mass
spectrometry have confirmed sample identity; therefore, it
is unlikely that contaminating solutes or different chemical
forms of the peptide are the cause of this phenomenon. It is
also unlikely that irreversible aggregates are the cause of
this heterogeneity (source 3) since the 1-10 µM data are
reproduced well with a monomeric species, and the 20-
100µM data are not, while all samples were prepared from
the same stock solution. One would expect irreversible
aggregation to affect the low concentations as well as the
high concentrations. Rather, it is more likely that several
metastable conformers of the T20 peptide are present in
solution, at least one of which exhibits a self-association
equilibrium. The heterogeneity suggested by the analysis
described above could be due to a slow interconversion of a
conformer from an “incompetent monomer” structure to a
structure capable of self-association as a tetramer (sources
4 and 5). As discussed below, the CD spectrum of T20
indicates that this peptide does not adopt a well-defined
secondary structure in solution (20% helicity content),
making this explanation plausible. These observations are
suggestive of complicated solution behavior at concentrations
greater than 20µM. However, at concentrations less than
20µM, we can say with good certainty that the predominant
solution species of T20 is monomeric peptide, since these
data points were reproduced well with a single species in
solution corresponding to monomeric molecular weight.

Table 1: Sedimentation Equilibrium Results for T21

ø2 values[T21]
(µM)

T21a

predominant solution species model
Mw from single

ideal species model
pattern of
residuals 20 K rpm 25 K rpm 30 K rpm

1 monomer/dimer single ideal species 4 400 Da random 5.31× 10-8 6.59× 10-8 7.73× 10-8

2 monomer/dimer single ideal species 6 460 Da random 4.76× 10-8 7.26× 10-8 7.55× 10-8

4 monomer/dimer/tetramer single ideal species 11 100 Da random 4.92× 10-8 4.40× 10-8 6.34× 10-8

monomer/trimer systematic 6.04× 10-8 4.53× 10-8 5.88× 10-8

monomer/tetramer random 5.19× 10-8 4.92× 10-8 6.00× 10-8

monomer/dimer/ tetramer random 5.03× 10-8 4.52× 10-8 5.88× 10-8

5 monomer/dimer/tetramer single ideal species 10 780 Da random 1.95× 10-7 3.48× 10-7 3.11× 10-7

monomer/trimer systematic 3.08× 10-7 3.33× 10-7 2.99× 10-7

monomer/tetramer random 1.96× 10-7 2.24× 10-7 2.40× 10-7

monomer/dimer/ tetramer random 1.91× 10-7 2.76× 10-7 2.78× 10-7

10 dimer/tetramer single ideal species 12 560 Da systematic 9.78× 10-8 1.88× 10-7 2.50× 10-7

monomer/trimer systematic 2.10× 10-7 3.45× 10-7 1.87× 10-7

monomer/tetramer systematic 1.82× 10-7 3.57× 10-7 4.77× 10-7

monomer/dimer/ tetramer random 1.17× 10-7 1.78× 10-7 1.83× 10-7

20 dimer/tetramer single ideal species 14 070 Da systematic 4.03× 10-7 1.10× 10-6 1.17× 10-6

monomer/trimer systematic 3.22× 10-6 4.64× 10-6 3.89× 10-6

monomer/tetramer systematic 8.36× 10-6 1.79× 10-6 1.61× 10-6

monomer/dimer/ tetramer random 5.72× 10-7 1.40× 10-6 1.61× 10-6

50 dimer/tetramer single ideal species 15 340 Da systematic 1.22× 10-5 1.74× 10-5 2.79× 10-5

monomer/trimer systematic 3.51× 10-5 4.64× 10-5 8.92× 10-5

monomer/tetramer systematic 2.64× 10-5 6.95× 10-5 9.62× 10-5

monomer/dimer/ tetramer random 1.31× 10-5 1.37× 10-5 1.84× 10-5

100 tetramer single ideal species 15 890 Da random 2.83× 10-5 4.24× 10-5 5.78× 10-5

monomer/trimer systematic 4.23× 10-5 7.86× 10-5 9.57× 10-5

monomer/tetramer random 2.95× 10-5 4.30× 10-5 8.67× 10-5

monomer/dimer/ tetramer random 2.87× 10-5 4.28× 10-5 5.02× 10-5

a Sedimentation equilibrium data for T21 were analyzed using a monomer molecular weight) 4526 Da,Vj ) 0.743 mL/g, andF ) 1.0051 g/mL.
Methods of analysis are described in the text. The association constants resulting from a weighted global fit (goodness of fit) 0.207) of the data
using a monomer/dimer/tetramer equilibrium areK12 ) 3.42× 108 M-1 (95% confidence interval) (3.37-3.45)× 108 M-1), K14 ) 1.65× 1022

M-3 ((1.63-1.66)× 1022 M-3), K24 ) 1.41× 105 M-1 ((1.40-1.44)× 105 M-1). The predominant solution species arise from a global analysis
of the sedimentation equilibrium data (the association constants) and from the analysis of the individual data files (those solution species required
to reproduce the data at a given concentration).
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CD Experiments InVestigating Peptide Interactions Show
Correlation to AntiViral Results. Figure 6A presents the
individual CD spectra of the peptides T21 and T20. The
CD spectrum of T21 has minima at 222 and 208 nm,
indicating that the peptide has significant helical character,
while the T20 spectrum is indicative of significantly less
helical character (Holzwarth & Doty, 1965). Deconvolution
of these spectra using single value decomposition (SVD) with
a basis set of 33 protein spectra (Johnson, 1990) predicts
the fraction of helix of these peptides to be 90% and 20%,
respectively. Identical results are also obtained using LIN-
COMB, an algorithm which computes a linear combination
using five peptide basis spectra (Perczel et al., 1992). The
helicity content of the coiled-coil peptide T21 is expected
to be decreased by 10% from the actual value due to the
modulation of the CD signal arising from interactions
between helices (Manning, 1989).
Figure 6 also presents the results of CD mixing experi-

ments which investigate structural changes resulting from
peptide interactions. If two peptides do not interact with
each other, and therefore no structural change occurs, the
“theoretical, noninteracting” and “experimental” spectra
(defined in Materials and Methods) will be identical (for
example, panel C of Figure 6). However, if two peptides
do interact, resulting in a structural change of the compo-
nents, these CD spectra will be different. Panel B shows
the results of a CD mixing experiment of 10µM T21 and
10µM T20. A dramatic difference between the two spectra
is evident, indicating that the two peptides interact to produce

a structural change when mixed in the same solution.
Analysis of the theoretical, noninteracting spectrum yields
a prediction of 60% helicity content, corresponding to the
average of the helical content of the individual peptides. The
experimental spectrum of the mixed peptides displays a fine
precipitate suspension and produces a spectrum having a
broad well, centered at 225 nm, and a shoulder at 210 nm.
In addition to including the circular differential absorption
of the solution, this spectrum may also include contributions
from circular differential scattering arising from the fine
precipitate in solution (Bustamante, 1983). The present
experiment does not distinguish between the two phenomena,
but does serve as a qualitative indicator that significant
structural changes have occurred as a result of mixing the
two peptides in solution.

Panel C explores the specificity of this T20-T21 interac-
tion. The mixing of T20 with a peptide from the coiled-
coil sequence of GCN4 (Lumb et al., 1994) shows no
structural change indicative of an interaction between these
two peptides. Identical results are obtained (data not shown)
when T20 is mixed with T91, a coiled-coil peptide designed
by Hodges and co-workers (Monera et al., 1993). This
evidence indicates that T20 interacts in a specific fashion
with the T21 coiled-coil peptide sequence from gp41 and
requires more than a generic amphipathic coiled-coil inter-
face. This suggests that the inhibitory action of T20 against
membrane fusion may involve the specific interaction with
the T21 region of gp41 (see Discussion).

FIGURE 5: Sedimentation equilibrium results at 35 000 rpm, 4°C, for 10µM and 100µM T20. The results of fitting to three self-association
models are superimposed on the data with residuals displayed above. (A) 10µM T20; single ideal species model (ø2 ) 6.94× 10-7), Mw
) 4000 Da. (B) 100µM T20; single ideal species model (ø2 ) 1.3× 10-3), Mw ) 8400 Da. (C) 100µM T20; monomer/ trimer (ø2 ) 5.2
× 10-4), K13 ) 2 × 108 M-2. (D) 100µM T20; monomer/tetramer (ø2 ) 1.9× 10-4), K14 ) 1 × 1012 M-3.
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Table 2 presents data demonstrating the dependence of
the T20-T21 structural interaction on peptide concentration,
length, and amino acid sequence. Each of these peptides
produces a CD spectrum similar to that of T20, with the
helicity content in the range of 10-20%. The first entry
describes the concentration dependence of the T20-T21
interaction. The structural interaction occurs between the
two peptides at both a 10:10 and 10:50µM concentration
ratio (T20:T21). Little to no structural interaction occurs at
a 1:1 and 1:5µM ratio. To define what region of T20 is
necessary for this structural interaction, several peptides
corresponding to truncations of T20 were examined. Identi-
cal results are observed for the first two truncation peptides,
T715 and T716, indicating that the three N-terminal residues
(YTS) are not essential in producing this structural interac-
tion. Further truncations of the N-terminal residues LI
(T719) and HS (T712) destroy the ability of the peptide to
interact with T21 at a 10:10µM ratio, although the 10:50

µM structural interaction is preserved. Truncation of ad-
ditional N-terminal residues (LIEES, T914; QNQQEK, T102;
and NEQEL, T221) completely eliminates the ability of the
peptide to interact with T21 at any concentration ratio tested.
The C-terminal truncated peptide T700 displays no structural
interaction with T21. The T714 truncation peptide also does
not interact with T21 at any concentration ratio tested; the
only difference between this and its “parent” peptide T716
(which interacts with T21 to the same degree as T20) is the
truncation of the C-terminal residues WNWF. The lack of
interaction of T700 (truncated at the C-terminus) and T714
(truncated at both the N- and C-termini) with T21 suggests
that a full or near-full length peptide may be important for
this specific interaction to occur.
The ability of these truncation peptides to interact with

T21 shows a striking correlation to antiviral activity. Those
peptides which interact with T21 at both a 10:10 and 10:50
µM ratio (T20, T715, T716) show potent antiviral activity
when tested in fusion assays, with EC50 values of ap-
proximately 1 ng/mL. Those peptides which display high
ng/mL EC50 (T719, T712) show a structural interaction at
only a 10:50µM ratio. The remaining peptides of the
truncation series (T914, T102, T221, T700, T714) show no
structural interaction with T21 and have EC50 values greater
than 104 times higher than that of T20.
Point substitutions of the T20 sequence provide additional

information regarding the importance of specific residues in
facilitating the structural interaction and the relation of this
interaction to antiviral activity. Substitution of the C-terminal
sequence WNWF with ANAA (T229) prevents the peptide
from structurally interacting with T21 at any concentration
ratio, and the peptide is found to be inactive in viral fusion
assays. Substitutions in the C-terminal portion of the peptide
do not affect the structural interaction at any concentration
ratio, although they can affect the antiviral activity. The
single proline substitution LfP (T705) has no effect on the
structural interaction ability or viral fusion activity of the
peptide, while the single proline substitution WfP (T704)
maintains the structural interaction capability while decreas-
ing the antiviral potency by 1000-fold. These proline
substitutions are analogous to those investigated in the full
length gp41 protein (Cao et al., 1993) and show no effect
on the ability of the peptide to interact with T21, yet large
differences in activity are observed.

DISCUSSION

Peptide T21 Establishes a Monomer/Dimer/Tetramer
Equilibrium in Solution.We have shown that the peptide
T21 in solution at neutral pH follows a monomer/dimer/
tetramer self-association equilibrium. T21 forms a significant
amount of tetramer species at concentrations as low as 10
µM. This result confirms and extends earlier predictions
based on CD results that this peptide forms a coiled coil
under these conditions (Wild et al., 1992). What is surprising
is that this peptide retains 90% helicity content at 1µM,
where SE analyses suggest that both monomer and dimer
are present in solution. The results from these experiments
performed on a range of T21 concentrations (1-100 µM)
generally agree with a recent SE study on this peptide
performed at 20 and 50µM (Rabenstein & Shin, 1995). In
that study, a monomer/tetramer equilibrium was proposed,
although our results require the addition of a dimeric species
to accurately reproduce the 10, 20, and 50µM data. Our

FIGURE 6: Circular dichroism spectra. (A) Open circles (O), 10
µM T21; black triangles (2), 10 µM T20. (B) Open circles (O),
theoretical noninteracting spectrumof a mixture of 10µM T21
and 10µM T20. Black triangles (2), experimental spectrumof a
mixture of 10µM T21 and 10µM T20 in 1 cm path length cell.
(C) Open circles (O), theoretical noninteracting spectrumof a
mixture of 10µM GCN4 peptide and 10µM T20. Black triangles
(2), experimental spectrumof a mixture of 10µM GCN4 peptide
and 10µM T20 in 1-cm path length cell. To obtain thetheoretical
noninteracting spectrumfor the mixing experiments (panels B and
C), the raw CD spectra in 0.5-cm cells of 10µM T21 (or 10µM
GCN4 peptide) and 10µM T20 were summed; then, the mean
residue ellipticity conversion was performed, assuming an average
peptide length of 37 residues for T21/T20 (or 35 residues for GCN4
peptide/T20), a 10µM peptide concentration, and a 1-cm path
length. The experimental spectrum for the mixing experiments was
obtained by conversion to mean residue ellipticity using the same
multiplication factors.
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results are also consistent with two analyses of recombinant
forms of a slightly longer peptide containing the T21
sequence fused to either maltose binding protein (Shugars
et al., 1996) or a fragment of protein A (Eric Hunter, personal
communication). These studies demonstrated that the peptide
establishes a monomer/tetramer equilibrium in solution even
when fused to large proteins which are monomeric in their
native states.
The finding that the peptide T20 may also exist in a

monomer/tetramer equilibrium in solution at concentrations
greater than 20µM is novel. These results are corroborated
by CD findings which show a modest increase in helicity
content of T20 with increasing concentration, although
noncooperative heat denaturation and a constant melting
temperature over the concentration range 1-50µM suggest
a weak association (M. K. Lawless, unpublished results). The
marginal stability of this association could be due to the
breaks in the hydrophobic heptad repeat sequence which
could cause a weak association of coils (Cohen & Parry,
1986).
The oligomerization of gp41 in its native and fusogenic

states has been debated (Earl et al., 1990; Gelderblom et al.,
1987; Owens & Compans, 1990; Pinter et al., 1989;
Poumbourios et al., 1992, 1995; Schawaller et al., 1989;
Thomas et al., 1991). It has been suggested by mutational
studies of intact gp41 that the hydrophobic heptad repeat
region of this protein defined by T21 is not involved in the
gp41 oligomerization, yet the preservation of the heptad
repeat region (and thus its tendency to form coiled coils) is
an essential component of a fusion competent protein (Chen
et al., 1993; Dubay et al., 1992). It would be interesting to
see if mutations within the T20 domain of gp41 could affect
the oligomerization of this protein. The possible fusogenic
role of the tetrameric oligomerization of both peptides within
gp41 will be discussed below.
The results of our experiments appear to contrast with

those of a recent publication by Lu et al. (1995). In that

study, the authors examined a recombinant protein fragment
of gp41 which was resistant to proteolytic digestion. Puri-
fication of this fragment revealed two peptides, C-43 (5560
Da) and N-51 (5940 Da) corresponding roughly to the T20
and T21 domains presented in this study. The authors
conclude that this complex is a trimer of antiparallel
heterodimers, with the N-51 peptide (T21-like) forming a
trimeric inner core. Our study of the T21 peptide demon-
strates that, over a wide range of concentrations (1-100µM),
a monomer/dimer/tetramer equilibrium is the only model
which accounts for the SE results, and that the assumption
of a monomer/trimer equilibrium results in systematic error,
indicating that a trimer model is not appropriate for this
peptide (see Figures 3 and 4). Therefore, these data are not
consistent with the results obtained by Lu et al. Several
differences between the experimental methods should be
noted. First, the two sets of peptide sequences investigated
are not identical: N-51 contains 24 C-terminal residues not
found in T21, while C-43 contains 15 residues N-terminal
to T20 and is missing 7 C-terminal residues. Second, our
peptides are synthesized with blocked ends (Table 2), while
the digestion of a recombinant protein fragment would leave
the N-51 and C-43 peptides with unblocked ends. This
difference could have an important effect on peptide structure
and interactions in solution (Shoemaker et al., 1987). These
sequence differences are important to note when comparing
results. Evidence that the sequence differences can lead to
differences in structure is found in CD heat denaturation
experiments, in which T21 shows a cooperative heat
denaturation curve with a Tm ∼ 70 °C (Wild et al., 1992),
while N51 shows a noncooperative heat denaturation (Lu et
al., 1995).
CD Mixing Experiments Indicate a Structural Interaction

between T20 and Tetrameric T21.Evidence for the T20-
T21 structural interaction has been suggested by a variety
of experiments (Chen et al., 1995; Lu et al., 1995; Matthews
et al., 1994; Neurath et al., 1995; Wild et al., 1994b, 1995).

Table 2: Peptide Sequences, CD Mixing, and Antiviral Resultsa

aSequences of control coiled-coil peptides referred to in text include: GCN4 peptide) Ac-RMKQLEDKVEELLSKNYHLENEVARLKKLVGER-
NH2; T91 ) Ac-KLEALEGKLEALEGKLEALEGLKEALEGKLEALEGK-NH 2. b The results of CD mixing experiments are presented with the
following designations: A negative sign (-) indicates experiments in which no difference exists between the theoretically and experimentally
mixed peptides (i.e., Figure 6C). A single positive sign (+) indicates that a small difference in the CD signal was detected (slight difference in the
magnitude of the CD signal, with no change in shape). A double positive sign (++) indicates experiments in which a large difference in the CD
spectra is observed (a large difference in magnitude and shape of the CD signal, i.e., Figure 6B).c Antiviral fusion assay results are the average of
at least two separate experiments. Activity values range 2-3-fold over the values indicated.
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The results of CD mixing experiments between T20, T715,
T716, T719, T712, and T21 at 10:10µM ratios (Table 2)
agree with those of an earlier study which reported raw
ellipticity CD spectra for experiments performed at a single
concentration (Wild et al., 1995). However, we have
demonstrated that the establishment of a structural interaction
is critically dependent on the concentration of T21 chosen
for the experiment.
CD mixing results show that a structural interaction

between T20 and T21 occurs at a 10:10 and 10:50µM
concentration ratio, while little or no structural interaction
is observed at a 1:1 and 1:5µM ratio. In addition, no
structural interaction is observed at a 10:1µM ratio (data
not shown), suggesting that the interaction is not dependent
on mass action, but on structural differences present at the
different concentrations. T20 is monomeric in solution at
both 1 and 10µM; therefore, its involvement in these
experiments is constant for the four different conditions. In
contrast, T21 is present at different association states under
these conditions. The SE results (Table 1) demonstrate that
the predominant T21 solution species is a tetramer at 10 and
50 µM. However, at 1 and 5µM, only a minor amount of
tetramer (∼nM range) is present. Thus, the observation of
an interaction between T20 and T21 by CD depends
exclusively on the concentration and, accordingly, the
oligomerization state of T21.This suggests that the ability
of T20 to interact with T21 necessitates the presence of T21
in a tetrameric species.If T20 could interact with a dimeric
T21, a strong structural change would be observed at 5µM
T21. Also, the structural change resulting at 50µM T21
would be diminished from that observed at 10µM, since as
the concentration increases, fewer dimers and more tetramers
of T21 are present. The experimental observation that the
extent of structural interaction is greater at the higher
concentrations indicates that the interaction depends on the
T21 species present at the higher concentrations. The SE
results show that this species is tetrameric T21.
Correlation of Structural Interactions with AntiViral

Results. The T20 truncation results (Table 2) suggest a
requirement for a minimum peptide length necessary to
interact with the tetrameric coiled coil. The removal of 1
or 3 N-terminal residues from T20 (T715, T716) has no effect
on the peptide’s ability to interact with T21 or inhibit
membrane fusion. The removal of 5 or 7 N-terminal residues
from T20 (T719, T712) prevents the peptide from inducing
a structural interaction when mixed with 10µM T21, while
the structural change is clearly evident at 50µM. Cor-
respondingly, these peptides show diminished antiviral
activity. The loss of 12 or more N-terminal residues destroys
the structural interaction ability and antiviral activity of the
remaining peptide sequence. The structural interaction is
not observed even at high concentrations of T21, where the
tetramer species predominates. This truncation series sug-
gests a strong correlation between the observation of a
structural interaction between a particular peptide and T21
and the antiviral activity of that peptide.
Substitutions in the T20 peptide sequence provide further

information on the sequence dependence of this structural
interaction and its correlation with antiviral activity. The
peptide T229 containing the sequence ANAA in place of
WNWF is inactive in fusion assays and demonstrates no
interaction with T21 at any concentration tested. This result
suggests the importance of the bulky hydrophobic WNWF
region for interaction with the T21 sequence. This result is

also supported by results with T714, in which removal of
the same 4 residues has the same effect. The leucinef
proline substitution in T705 has no effect on the peptide’s
ability to interact with T21, nor its ability to inhibit
membrane fusion. The typical effect of proline is to
introduce “kinks” or distort the secondary structure of a
peptide chain, thus halting the propagation of a regular helical
structure; this result suggests that a regular helical structure
in this region of the peptide may not be critical for binding
or activity.
The tryptophanf proline mutation in T704 dramatically

lowers the antiviral activity of the peptide, while still
preserving its ability to interact structurally with T21.These
results suggest that the structural interaction of peptides with
T21 is necessary but not sufficient for antiViral actiVity;
amino acid side chains not inVolVed in the specific binding
to T21 are needed for the antiViral actiVity. Further studies
are underway to investigate these findings.
Correlation of Peptide and Protein Structure.Several

studies have demonstrated that simplifying protein-protein
interaction questions by examining peptides corresponding
to sequences within those proteins can give insight to the
structure and mechanism of these systems. The study of
short peptides from the influenza HA protein led to a
prediction of the trimeric coiled-coil state involving the
peptide sequences within the native protein; these predictions
were later confirmed by X-ray crystal structures (Bullough
et al., 1994; Carr & Kim, 1993; Wilson et al., 1981). A
study of a 23-residue peptide from the yeast transcription
factor GCN4, which was shown by X-ray crystallography
to form a coiled-coil structure, demonstrated that the synthetic
peptide adopts a coiled-coil structure in solution (Lumb et
al., 1994; O’Shea et al., 1991). Additional studies have
demonstrated that peptide fragments can fold into the native
complexes found in the corresponding proteins (Kim &
Baldwin, 1990; Kippen et al., 1994; Tasayco & Carey, 1992).
The ability of a T21-like peptide to form tetramers even when
fused to maltose binding protein or a protein A fragment
suggests that the results of studying the T21 peptide are
applicable to the T21-like domain of gp41 (Shugars et al.,
1996; Eric Hunter, personal communication). We therefore
describe the possible roles that the T20 and T21 sequences
of gp41 play in the native protein based on the structural
information of the peptides in solution.
Implications for the Mechanism of Membrane-Fusion

Inhibition. T21 and T20 are two peptides with sequences
taken from HIV-1 gp41 which show remarkable inhibition
of viral fusion (Wild et al., 1992, 1993, 1994a,b). It has
been proposed that the inhibitory activity of each peptide
arises from interactions with the other peptide’s sequence
within gp41 (Matthews et al., 1994). Yet it is not understood
why the EC50 value of T20 is 1000-fold less than that of
T21 in fusion assays. The results described in this study
suggest a possible explanation. These data indicate that T21
must be present in its tetrameric form to interact with T20.
The antiviral action of T20 presumably occurs through its
interacting with the tetrameric coiled-coil structure estab-
lished by the T21-like domain in the fusogenic state of gp41,
as indicated by the T21 interaction with T20. This is possible
at very low concentrations since monomeric T20 can interact
with the tetrameric structure formed by the T21 sequence.
In contrast, the T21 peptide must be present at concentrations
high enough to form sufficient tetrameric species to interact
with the T20 sequence in gp41. A predominance of T21
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tetrameric species is seen in the XLA data only at concentra-
tions equal to or higher than 10µM. The lowest T21
concentration reliably detectable with the XLA is 1µM; at
that concentration, the data indicate a T21 monomer in
solution. However, higher order oligomers from the equi-
librium could be present at concentrations up to∼10% and
not be detected by this method (McRorie & Voelker, 1993).
Since the 2µM concentration is where we begin to detect
higher order species, it is likely that the presence of a small
amount of tetrameric T21 at the EC50 concentration (0.2-1
µM) is responsible for the activity of this peptide. Previous
evidence of a 5-fold decrease in the EC50 value upon
dimerization of the T21 peptide supports this result, since
dimerization would allow the formation of tetrameric T21
at lower concentrations (Wild et al., 1992). These results
contribute to the growing understanding of the mechanism
of action of potent antiviral peptide inhibitors.
Implications for the Mechanism of Membrane Fusion.

These results support models of membrane fusion which
involve an interaction between the T20 domain of gp41 and
a tetrameric coiled coil established by the T21 domains of
tetrameric gp41. These results are not consistent with models
suggesting that the fusogenic state is a trimer of dimers (Lu
et al., 1995). Our results are consistent with one of two
models proposed by Matthews et al. for the structural changes
associated with HIV membrane fusion (Matthews et al.,
1994). These models have been adapted in Figure 7. For
clarity, a dimer of gp41/120 heterodimers is presented,
although we will discuss structural changes in terms of a
tetrameric oligomerization state. Both models include: (1)

a native state held together by noncovalent protein-protein
interactions to form the heterodimer of gp120/41, (2) gp41
interaction sites which form homooligomers of these gp120/
41 heterodimers on the virion surface, (3) the T21-like
domain of gp41 forming a coiled coil in the fusogenic state
only, and (4) the hydrophobic fusogenic peptide at the
N-terminus shielded in the native state. The distinction
between the two models is in which state the T20-T21
interaction takes place. In model A, the gp41 native state
includes antiparallel interactions between monomers corre-
sponding to the T20- and T21-like regions. In model B, it
is the fusogenic state of gp41 in which a parallel interaction
between the T20 region and a tetrameric T21 domain exists.
Our results demonstrating that the T20-T21 structural

interaction requires a tetrameric T21 support the proposal
of Matthews et al. which suggested that the T20 sequence
interacts with the T21 sequence during the fusogenic state
of gp41 (model B). It is in this state that the leucine zipper
motif present in T21 forms its tetrameric coiled-coil structure
with corresponding T21 sequences on the adjoining gp41
proteins. These data do not support the model of a T20-
T21 interaction between two monomers in the native state
(model A). We note, however, that the parallel orientation
of the T20- and T21-like domains in model B are not
supported by the results of Lu et al. which demonstrate an
antiparallel orientation (Lu et al., 1995), although other
models of membrane fusion can be described which account
for these observations as well (Eric Hunter, personal com-
munication).
It has also been proposed that the role of the T20 domain

in gp41 may be to control the availability of the T21 domain
during the fusion event (Matthews et al., 1994). The
presence of T20 tetramers at concentrations greater than 20
µM as shown here suggests that this association could be
present in the native state of gp41. Taking into account that
100 spikes composed of gp41 oligomers are present on the
surface of the virion (Gelderblom et al., 1987), a tetrameric
gp41-oligomerization state (Pinter et al., 1989), and a 50-
nm virion radius (Wong-Staal, 1990), it is possible to
calculate a concentration of gp120/41 heterodimers per virus
particle equal to 1300µM. Since these heterodimers are
confined to the surface of the virion, this corresponds to a
lower limit surface concentration of gp120/41 heterodimers.
This is well above the 20µM concentration where T20
tetramers were observed in this experiment. If T20 serves
such a role, model B requires that the tetrameric structure
spanned by T20 be easily displaced by the coiled-coil
structure of the T21 domain. As previously mentioned,
experiments have suggested that the T20 self-association is
not a tight association and could therefore be easily displaced
during a fusogenic transition such as that in model B.
In conclusion, we have used a variety of techniques to

characterize two peptides with sequences taken from the
transmembrane protein gp41 which have shown potent
antiviral activity against HIV-1 in fusion assays. The T21
peptide self-associates in a monomer/dimer/tetramer equi-
librium, with a significant concentration of tetramers ap-
pearing at 10µM. The T20 peptide is monomeric at low
concentrations and establishes a slowly equilibrating monomer/
tetramer self-association at concentrations greater than or
equal to 20µM. These peptides demonstrate a structural
interaction at concentrations where T21 is present in the
tetrameric form. Examination of truncations and mutations
of the T20 sequence has probed the relation of peptide length

FIGURE 7: Models of membrane fusion proposed by Matthews et
al. [adapted from Matthews et al. (1994)]. For clarity, a dimer of
gp41/120 is presented. In both models, the coiled-coil structure of
the gp41 domain corresponding to T21 is established in the
fusogenic state. In model A, the interaction between the T20 and
T21 domains occurs in the native state between monomers. In model
B, the interaction between the two domains occurs in the fusogenic
state after the coiled-coil structure has been established.
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and primary sequence to the observed structural interaction
and antiviral activity of the peptide. The structural interac-
tion observed is indicative of a binding event between T20
and the tetrameric structure of T21; yet binding is not the
sole requirement for antiviral activity. These results provide
important clues as to the mechanism of action of each peptide
in the inhibition of membrane fusion and to the mechanism
of the membrane fusion event itself.
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