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We describe cryo-electron microscopic studies of the interaction between the ectodomain of the trimeric HIV-1 envelope glyco-
protein (Env) and Z13e1, a broadly neutralizing antibody that targets the membrane-proximal external region (MPER) of the
gp41 subunit. We show that Z13e1-bound Env displays an open quaternary conformation similar to the CD4-bound conforma-
tion. Our results support the idea that MPER-directed antibodies, such as Z13e1, block viral entry by interacting with Env at a
step after CD4 activation.

The HIV-1 envelope glycoprotein (Env) is a key target for neu-
tralizing antibodies that can bind to the virus and thus prevent

entry into target cells (1–3). Functional Env is a trimer, with each
protomer composed of a heterodimer of gp120 and gp41 (4). The
three protomers associate to form a “spike” on the surface of the
viral membrane (5). Cryo-electron tomographic studies have pro-
vided molecular structures of a variety of trimeric envelope glyco-
proteins, both as spikes displayed on intact viruses and as soluble
ectodomains (5–9). These studies have shown that when trimeric
HIV-1 Env is in an unliganded state or when bound to the neu-
tralizing antibody VRC01, it exists in a “closed” conformation,
with the V1/V2 loops located close to the apex of the spike. When
trimeric HIV-1 Env is bound to the neutralizing antibody b12, the
trimer displays a partially open conformation with only a slight
rearrangement of each gp120 monomer. In contrast, when bound
to soluble CD4 or to coreceptor binding site reagents, such as the
monoclonal antibody 17b, both soluble and native forms of trim-
eric HIV-1 Env display a fully open quaternary conformation. In
this open state, the three gp120 monomers display a major struc-
tural rearrangement relative to their conformation in the closed
state, involving large rotations of each gp120 monomer (5, 7).
Whether these changes in quaternary conformation to open and
partially open states are induced by antibody binding or whether
the trimeric spikes are in a dynamic equilibrium between closed,
partially open, or open states, with ligand binding shifting the
relative populations, is not yet understood.

Atomic-resolution structures are available for the complexes
formed between the monomeric gp120 subunit of Env and a va-
riety of antibodies that target the CD4 binding site region. Much
less structural information is available for complexes formed be-
tween the gp41 subunit and gp41-targeted neutralizing antibod-
ies. No atomic-resolution structural models are available for tri-
meric gp41 in the prefusion state. However, the region of the gp41
ectodomain that is closest to the viral membrane, the membrane-
proximal external region (MPER), has been identified as a key
antigenic site that is the target of a number of neutralizing anti-
bodies, such as 2F5, 4E10, 10E8, and Z13e1, with atomic struc-
tures available for the complexes formed between Fab fragments
from each of these antibodies and the relevant peptide epitopes on
gp41 (10–13). However, no structural information is available for
the complex formed between MPER-binding antibodies and gp41

either as a protomer or in the context of intact trimeric HIV-1 Env.
Here, we present cryo-electron microscopic studies of the com-
plex formed between the Fab fragment of the MPER antibody
Z13e1 and trimeric SOSIP gp140, which is a cleaved, solubilized
version of the ectodomain of trimeric HIV-1 Env (Fig. 1A) (22). In
previous studies, we demonstrated that this soluble gp140 trimer
displays the same closed and open quaternary conformations as
native trimeric Env. Moreover, because the linear gp41 epitope
recognized by Z13e1 closely overlaps the binding sites of other
broadly neutralizing MPER antibodies, such as 10E8, 4E10, and
2F5, the structural information derived from studies of the com-
plex between trimeric gp140 and Z13e1 will likely also provide
useful general insights into the interaction between Env and the
other MPER antibodies.

We prepared frozen-hydrated specimens of soluble gp140
trimers incubated with Z13e1 Fab fragments and recorded projec-
tion images in a Titan Krios electron microscope equipped for
operation at liquid nitrogen temperatures. Two-dimensional
(2D) projection micrographs (Fig. 1B and C) and class averages
(Fig. 1D and E) from individual gp140 molecular complexes dem-
onstrate the presence of additional density from bound Fab in
images recorded from the Z13e1-treated trimers compared to im-
ages from unliganded trimers. The density map of the complex, at
a resolution of 18.5 Å, shows that Z13e1 binds at the base of the
soluble Env trimer, with the bound Fab oriented roughly perpen-
dicular to the central 3-fold axis (Fig. 2). Superposition of the
structure of the Env-Z13e1 complex with that of native unligan-
ded trimeric Env provides spatial context of the bound Z13e1 Fab
relative to the viral membrane (Fig. 2K). If the location of Z13e1
binding to native Env is similar to the Z13e1 binding location on
the soluble gp140 trimer, the footprint of the bound Fab fragment
is expected to be above the plane of the viral membrane, as indi-
cated in Fig. 2K. Further, the approximately horizontal orienta-
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FIG 1 Cryo-electron microscopy of soluble gp140 trimers. (A) Schematic illustrating the arrangement, in the primary sequence of Env, of the constant
(C1-C5) and variable (V1-V5) regions of gp120 and the MPER and transmembrane domains of gp41. The soluble gp140 construct (right) used in our
studies includes gp120 and the entire ectodomain of gp41, with a size of �20 kDa. Representations of the quaternary structures of full-length and soluble
trimeric Env are shown alongside the schematic of the primary sequence, indicating the relative locations of gp120 (in red), gp41 (in blue), and the CD4
binding site (yellow). The soluble gp140 constructs include an engineered disulfide bond between residue 501 in gp120 and residue 605 in gp41. (B and
C) Representative projection cryo-EM images at 80 kV of unliganded (B) or Z13e1 Fab-bound (C) KNH1144 SOSIP gp140 trimers. Scale bars � 20 nm.
SOSIP gp140 trimers (6) were incubated on ice for 1 h with a 6-fold molar excess of Fab Z13e1 (�3.9 mg/ml), and specimens for cryo-electron microscopy
were prepared as described previously (7). Images were collected on a Titan Krios electron microscope (FEI Company, Hillsboro, OR) equipped for
operation at liquid nitrogen temperatures and operated at 80 kV. Five hundred eighty-three images were recorded using a 4,096 � 4,096 charge-coupled-
device (CCD) camera (Gatan Inc., Warrendale, PA) at a pixel size of 1.35 Å and with defocus values ranging from �1.3 to �2.9 �m, at doses ranging from
�10 to 20 e�/Å2. Micrographs were initially screened for astigmatism and/or drift, and those that showed significant problems were discarded from the
analysis. From the remaining images, 7,050 individual particles were manually picked and extracted using a box size of 184 by 184 pixels. Contrast transfer
function (CTF) parameters were estimated for each micrograph, and particle stacks were phase flipped before being subjected to 2D classification and 3D
refinement using the software program EMAN (20). (D and E) Reference-free 2D class averages calculated from unliganded (D) or Z13e1-bound (E)
gp140 trimers. The presence of the bound Z13e1 can be seen as the extra density not observed in unliganded gp140 trimers.

Harris et al.

7192 jvi.asm.org Journal of Virology

http://jvi.asm.org


tion of the Fab fragment relative to the plane of the bilayer mem-
brane allows for the possibility that the other Fab arm of the
antibody could potentially interact with the bilayer membrane,
consistent with models of MPER antibody binding to the mem-
brane prior to binding gp41 (14).

In order to obtain a molecular interpretation of the density
map of the gp140-Z13e1 complex, we fitted atomic models for the
structures of gp120 (from Protein Data Bank identifier 1GC1
[PDB ID 1GC1]) and the Z13e1 Fab-MPER peptide complex
(PDB ID 3FN0) into the map. As expected, the fitting of Z13e1
Fab localizes the MPER peptide close to the gp140 trimer base and
near the 3-fold axis of the trimer (Fig. 3). Surprisingly, the fit of
gp120 shows that the conformation of each gp120 protomer is
such that the V1/V2 loop region is pointed away from the center of
the trimer (Fig. 3 and 4). This quaternary conformation of trim-
eric gp140 closely matches the CD4-bound conformation of
both soluble gp140 and native trimeric HIV-1 Env, demon-

strating that the arrangement of the three gp120 protomers in
both soluble and membrane-bound versions of trimeric Env is
directly influenced by the presence of Z13e1 at the MPER site.
We have shown previously that trimeric Env bound to 17b,
either in the absence or in the presence of soluble CD4, displays
an open quaternary conformation similar to that seen with the
binding of soluble CD4 alone (7). At the present resolution of
these studies, the open quaternary conformations observed
when CD4, 17b, or Z13e1 is bound to Env appear to display
similar quaternary states of Env; it remains to be determined
whether there are subtle differences between these states that
reflect different stages of the entry process.

Our experiments thus show that Z13e1-bound trimeric Env
displays an “open” quaternary conformation (Fig. 3 and 4), sug-
gesting that events at the MPER domain are connected with the
quaternary conformation of trimeric Env as a whole. Since the
formation of the open quaternary conformation is associated with

FIG 2 Refinement of the structure of the Z13e1-Env complex and comparison with the 3D structure of native Env. (A to H) Starting with unstructured Gaussian
blobs as initial models, progressive steps in refinement with CTF-corrected phase-flipped images were carried out in the environment of the image-processing
program EMAN (20). Starting models are shown in panels A to D, and the corresponding final models are shown in the same sequence in panels E to H. Gaussian
blobs with different elongations in the perpendicular axis (panels A and B, with 1 and 2 times the elongation in the in-plane axes, respectively) were used as
starting models in order to study the effect of initial model bias. For these experiments, the particle stack was low-pass filtered to 20 Å and binned by a factor of
2 to speed up the computations. Despite the difference in the shape of the starting models, the two instances produced similar reconstructions at low resolution,
indicating robustness of the 3D refinement procedure. The binned particle stack was then split into two stacks: one containing the odd- and the other the
even-number particles (3,525 images in each). Each stack was independently subjected to 3D refinement using the same Gaussian blob as the initial model and
the same refinement parameters. These two independent refinements (panels C and D) also converged to the same 3D model, providing further proof of the
validity of the 3D reconstruction. The full unbinned particle stack was then used to further refine the reconstruction using EMAN1’s refine program with the
following options: “mask � 70 pad � 256 hard � 25 classkeep � 0.8 classiter � 8 sym � C3 phasecls refine.” The angular spacing for the rotational search was
initially set to 8 degrees and then lowered to 5.7 degrees in the final refinement stages. The particle stack was low pass filtered to 20 Å during the coarser angular
search stage and to 12 Å during the finer search. Refinement was stopped once the assignments of class memberships and angular orientations did not change
significantly (after a total of 136 iterations). (I) Fourier shell correlation (FSC) plot obtained using all particles, computed using EMAN1’s program eotest with
the options “hard � 25 sym � c3 mask � 70 pad � 256 classkeep � 0.8 classiter � 8 fscmp,” giving an estimated resolution of 18.5 Å as measured by the 0.5-cutoff
FSC criteria. (J) Alternating gallery of reprojections of the refined 3D model (odd columns) and corresponding class averages obtained from the refinement
procedure (even columns) is shown. (K) Superposition of the map of the Z13e1-Env complex (solid isosurface), produced using the software program UCSF
Chimera (21), with the density map for native HIV-1 BaL trimeric Env (Electron Microscopy Data Bank identifier 5019 [EMDB ID 5019]) (cyan wire-mesh) (5).
The Z13e1 Fab density is oriented roughly perpendicular to the trimeric 3-fold axis and is located above the plane of the viral membrane (gray).
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binding of ligands such as soluble CD4 and 17b, we conclude that
there is a close coupling between changes in the quaternary ar-
rangement of trimeric gp120 and the exposure of the gp41 MPER.
Another implication of these findings is that the MPER region is
accessible to Z13e1 in the activated state and not in the unliganded
state. Our results are consistent with those of a number of studies
that have suggested that binding of MPER site antibodies to virion
and cell surface Env is enhanced by the presence of soluble CD4
(11, 15, 16). Taken together, all of these findings lead to a model
for binding of MPER antibodies at a late stage in the HIV entry
process, following CD4 binding and possibly after gp120 has

bound cellular receptors such as CCR5 or CXCR4. This mode of
binding may explain why we have not yet been able to obtain
density maps that convincingly demonstrate binding of MPER
antibodies, such as Z13e1 antibodies, to functional spikes on na-
tive HIV-1 virions.

The mechanism by which MPER-binding antibodies bind Env
and block entry has remained a long-standing question in the HIV
field. Our previous studies have suggested that CD4 binding site
antibodies, such as VRC01 or b12, block entry by preventing for-
mation of the open quaternary conformation (5, 7). Antibodies
such as 17b are bound in the open quaternary conformation but

FIG 3 Molecular model for the Z13e1-Env complex. Top (A) or side (B) view of the density map (transparent isosurface), shown with docked coordinates for
gp120 (PDB ID 1GC1; in red) and Fab Z13e1 (PDB ID 3FN0; in cyan). The MPER peptide epitope bound by Z13e1 is shown as a space-filling model (in green)
and is located near the base of trimeric gp140. The asterisks mark the expected locations of the density for the V1/V2 loop region, which were truncated in the
gp120 construct crystallized to obtain the gp120 structure reported in the 1GC1 coordinates. The gp120 and Z13e1 structures were docked into the map using
automated fitting procedures implemented in the UCSF Chimera software package (21). (C to E) Selected slices through the reconstruction, with the map shown
in wire mesh. (F and G) Comparison of quaternary state of trimeric gp120 in the Z13e1-bound state with that of sCD4/17b-bound Env complex (EMDB ID 5020),
with both maps fit to the same coordinates for the gp120 trimer (PDB ID 3DNO). Top (F) or front (G) view is shown. The map of the Env/sCD4/17b complex
is in transparent green, with CD4 and 17b Fab density protrusions labeled, and the Z13el map is in blue mesh; the gp120 core is shown in dark gray, with the
stumps of the truncated V1/V2 and V3 loops shown in red and green, respectively. The Z13e1 Fab coordinates are cyan.
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appear to block entry by virtue of their location at the apex of the
spike, interfering with virus-cell contact. The action of MPER an-
tibodies is at a distance from the site of virus-cell contact, but it has
been shown (11, 16–18) that at least some antibodies, such as 2F5,
4E10, and Z13e1, are capable of binding membrane surfaces even
in the absence of Env. While it is formally possible that Z13e1 may
work by binding to the closed conformation and pretriggering the
open conformation of the spike or that Z13e1 captures a confor-
mation of trimeric Env that is sampled by thermal fluctuations
from the closed conformation, we favor the possibility that Z13e1
functions in HIV neutralization by binding to the viral membrane
surface first prior to binding Env. Prebinding would be expected
to increase the local concentration of antibodies near the base of
trimeric Env, allowing them to bind to gp41 following Env activa-
tion by CD4. HIV entry into target cells requires formation of the
entry claw by clustering of Env at the virus-cell contact zone (19)
and the subsequent fusion between virus and cell membranes (4).
The location of Z13e1 at the base of the spike, close to the viral
membrane, suggests that this site could be sterically restricted for
access to MPER-directed antibodies after formation of the entry
claw, especially given the close (�10-nm) spacing of the neighbor-
ing “teeth” of the claw. We propose that the “attach and attack”
mode of binding by Z13e1 in the immediate vicinity of the viral
membrane is thus likely to inhibit both formation of the entry
claw and the changes in membrane curvature required for fusion,
providing a mechanism for entry inhibition distinct from that
mediated by neutralizing antibodies such as VRC01 or b12, which
target the gp120 component of Env.
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