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Viral membrane fusion proteins of class | are trimers in which the
protomeric unit is a complex of a surface subunit (SU) and a fusion
active transmembrane subunit (TM). Here we have studied how the
protomeric units of Moloney murine leukemia virus envelope protein
(Env) are activated in relation to each other, sequentially or simulta-
neously. We followed the isomerization of the SU-TM disulfide and
subsequent SU release from Env with biochemical methods and found
that this early activation step occurred sequentially in the three
protomers, generating two asymmetric oligomer intermediates accord-
ing to the scheme (SU-TM); — (SU-TM),TM — (SU-TM)TM, — TMs. This
was the case both when activation was triggered in vitro by de-
pleting stabilizing Ca®* from solubilized Env and when viral Env
was receptor triggered on rat XC cells. In the latter case, the acti-
vation reaction was too fast for direct observation of the interme-
diates, but they could be caught by alkylation of the isomerization
active thiol.

viral membrane fusion | intermediate | disulfide isomerase | BN-PAGE

he viral class I membrane fusion proteins, such as those of
the influenza, retro, paramyxo, corona, and Ebola viruses,
are typically trimeric transmembrane proteins, where the pro-
tomeric unit is composed of a transmembrane subunit (TM) and
a peripheral subunit. The former carries the membrane fusion
activity, and in most viruses, the latter controls this activity, so
that it is triggered at the correct virus entry site in the target cell.
Structural analyses of the pre- and postfusion forms of several
fusion proteins have revealed a common mechanism of how TM
works (1-12). In their prefusion state, part of the polypeptide of
the three TM subunits form three central helixes, around which
the rest of the fusion protein is organized. On activation, the
helices are extended toward the N terminus of TM to form a long
coiled coil, which presents the fusion peptide to the cell mem-
brane. The membrane-proximal C-terminal parts of TM are then
zippered onto the coiled coil in an antiparallel orientation to
form a trimer of TM hairpins. As a result, the viral and the cell
membranes are forced together and fuse. TM activation is pre-
vented by its interactions with the peripheral subunit in the na-
tive form of the fusion protein. These keep the TM subunits in a
metastable conformation, ready to seek their stable trimer-of-
hairpin conformation as soon as the peripheral proteins are
dissociated by receptor binding and/or low pH (13). An in-
teresting question about the viral fusion protein activation
mechanism that has remained unanswered is how much the ac-
tivation of the three protomeric units depends on each other.
Although the coiled coil formation of the TM subunits should be
a simultaneous coordinated event, the other steps of the viral
fusion protein activation process, before and after coil forma-
tion, could be sequential, occurring independently in the three
protomeric units. Here we have studied this question using the
Moloney murine leukemia retrovirus (Mo-MLV) as a model.
The Mo-MLYV fusion protein is called Env (envelope protein).
It binds to its receptor (murine cationic amino acid transporter 1)
on the cell surface by the N-terminal domain (the receptor
binding domain, RBD) of the peripheral or surface subunit (SU)
(14-16). The RBD then transmits an activation signal to the TM
via the C-terminal SU domain (17, 18). Interestingly, in all type C
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retroviruses, such as Mo-MLYV, the C-terminal domain of SU is
linked to TM by a disulfide bond that is rearranged during acti-
vation (19-21). The SU Cys residue of the disulfide is part of a
disulfide isomerization motif, CXXC, where the other Cys is free.
This becomes deprotonated during Env activation and rearranges
the intersubunit disulfide to a disulfide isomer within the motif
instead. As a result, the SU dissociates, and TM is activated for
membrane fusion. If a membrane-impermeable alkylator such as
4-(N-maleimido)benzyl-a-trimethylammonium iodide (MBTA) is
present during activation, it will block the free thiol of the CXXC
motif before this can attack the intersubunit disulfide and halt the
Env activation process in an isomerization-arrested state (21).
However, activation can be resumed and the fusion rescued by
cleaving the intersubunit disulfide artificially with DTT. It has also
been shown that Ca®* stabilizes the native form of Env, and that its
depletion facilitates Env activation on cells. Indeed, it is possible to
activate Env in vitro, without the receptor, by Ca>* depletion, and
to generate the alkylation-arrested form (21). These unique fea-
tures of Env promoted the elucidation of the initial stages of the
Env activation process structurally by cryo-EM (22). Analysis of
Triton X-100-solubilized native Env showed that the protomeric
unit was made up of three protrusions. At the top, there was a bent
finger-like protrusion, the tip of which was directed toward the
threefold axis, forming interactions with the other protomers. This
protrusion corresponded to the RBD, the atomic structure of
which had been solved earlier (23). The C-terminal domain of SU,
harboring the CXXC motif, formed a lateral protrusion, and the
TM a separated Env leg. On activation in vitro to the alkylation-
arrested form, there was a clockwise rotation of the RBDs, moving
the tips outward. This opened the roof of an apparent central cavity
of Env. Most likely, however, the cavity was not real, but the space
contained the central triple helix with the fusion peptide, which is
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typical for class I viral membrane fusion proteins. These structures
were probably not resolved in the 18-A cryo-EM map (22, 24).

In the present study, we have analyzed how the isomerization
of the intersubunit disulfide and the subsequent SU release
proceed in the protomers of Env: simultaneously in all three,
or seqzuentially in one after the other. Env was triggered both
by Ca** depletion in vitro and by the receptor on rat XC cells.
The dissociation of the Env trimer into free SU and TM tri-
mers was monitored by blue native (BN) PAGE and by ultra-
centrifugation in 3-(1-pyridinio)-1-propanesulfonate (NDSB-
201) density gradients. Using both triggering conditions, we
found that this early step of Env activation occurred sequen-
tially in the Env protomers, generating two asymmetric
oligomer intermediates.

Results

Env Activation in Vitro. We first used BN-PAGE analyses to study
the time course of Env protomer activation in vitro by Ca®*
depletion from viral Envs during solubilization. If the protomers
were activated in a sequential fashion, one would expect a
stepwise reduction in the size of the Env oligomer. If, in contrast,
the protomers were simultaneously activated, intermediate forms
were not expected to appear, only SU monomers and TM tri-
mers. To this end, [*°S] Cys-labeled Mo-MLV was solubilized
with TX-100 in the presence of 10 mM EDTA and incubated for
0-30 min at 29 °C before analyses by 3-14% (wt/vol) BN-PAGE,
as well as 13% (wt/vol) nonreducing SDS/PAGE. At the end of
each incubation, before PAGE analyses, 10 mM N-ethyl mal-
eimide (NEM) was added. This effectively prevented any disul-
fide isomerization after the 29 °C incubation. The SDS/PAGE
revealed the isomerization status of the intersubunit disulfide
of the SU-TM protomers (Fig. 14), and the BN-PAGE their
oligomeric form or forms (Fig. 1B). In the nonincubated sample,
almost all protomeric subunits were covalently linked as SU-TM
complexes that were associated into Env trimers, (SU-TM);
[molecular weight (MW) was about 240 kDa; Fig. 1 4 and B, lane
1 and lane 1]. A minor amount of apparently dissociated trimers
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Fig. 1. Activation of the Mo-MLV Env in vitro. [>*S] Cys-labeled Mo-MLV
was solubilized with TX-100 in the presence of 10 mM EDTA, incubated for
0-30 min at 29 °C, and after addition of 10 mM NEM, analyzed by non-
reducing SDS/PAGE (A) and BN-PAGE (B). Shown are phosphorimages of the
dried gels. The viral proteins or protein complexes are indicated to the right
and the migration of standard proteins to the left in each panel. (C and C')
show the quantifications of Env-related proteins and protein complexes in B
(after normalization to internal proteins in the front band), with C' to
highlight the less abundant forms. Note the sequential appearance and
disappearance of Env trimers, I-1, -2, SU, and TMs.
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was also seen as Env monomers, (SU-TM) (Fig. 1B, lane 1).
After 30-min incubation, most of the Env subunits had been
released by disulfide isomerization into free SU and TM trimers,
TM; (Fig. 1 4 and B, lane 7 and lane 7). Most interestingly, the
intermediate incubation times showed that the gradual increase
of SU-TM disulfide isomerization (Fig. 14, lanes 2-6) was cor-
related with a stepwise reduction of the size of the Env complex
(Fig. 1B, lanes 2-6) forming two intermediates, I-1 and I-2, be-
fore reaching the completely isomerized stage. The precursor/
product relationships were confirmed by quantification of the
Env-related bands after normalization to the amounts of internal
viral proteins (capsid, CA; matrix, MA; and nucleocapsid, NC) in
the front band (Fig. 1 C and C"). This result was consistent with a
sequential protomer activation model in which the protomers are
isomerized and lose their SU one after each other, according to
the scheme (SU-TM);, — (SU-TM),TM — (SU-TM)TM, —
TM;. However, to demonstrate it, we had to determine the
subunit compositions of the intermediate complexes. In partic-
ular, we had to show that the intermediates contain non-
covalently linked TM.

To this end, we separated the intermediates by ultracentrifu-
gation and analyzed their content of SU-TM complexes and
possible noncovalently associated TM by nonreducing SDS/
PAGE. To increase the TM signal, we switched to [>°S] Met/Cys-
labeled Mo-MLV instead of purely [*°S] Cys-labeled virus (Fig.
S1). Thus, the double-labeled virus was activated for 15 min at
29 °C during solubilization or left unactivated and then subjected
to ultracentrifugation in a 0.4-1.2-M NDSB-201 gradient. BN-
PAGE analyses of the fractionated gradient with the activated
sample showed that the Env trimers, the I-1 and the I-2 com-
plexes, were partially separated from each other, and that the
free SU migrated only slightly slower than the I-2 in the gradient
(Fig. 2C). The nonreducing SDS/PAGE indicated that the Env
trimers contained only SU-TM complexes, whereas the I-1 and
I-2 complexes clearly also contained TM that was noncovalently
associated (Fig. 2D, fractions 8-14). Additional TM subunits
were present in the upper part of the gradient, apparently as
trimers and monomers derived from completely isomerized Env.
A quantification of the TM in Fig. 2D and the I-1 and I-2
complexes in Fig. 2C is shown in Fig. 2E. The BN-PAGE anal-
yses of the gradient fractions with the nonactivated sample
showed Env mostly as trimers with a minor amount of Env
monomers (Fig. 24). The latter migrated between the I-2 com-
plex and the SU in the activated sample (Fig. S2). Faint bands
corresponding to I-1 were also present in the nonactivated
sample (Fig. 24). Corresponding SDS/PAGE analyses showed
the SU-TM content of the nonactivated Env trimers, but the
absence of noncovalently associated TM (Fig. 2B). Among the
internal viral proteins, the CA was found in the upper half of
the gradients, apparently as oligomers, whereas the p12 protein
migrated with the NC protein only slightly into the gradient,
possibly as monomers (Fig. 2 B and D). Interestingly, p12 oli-
gomerized at BN-PAGE conditions and migrated as a diffuse
band close to I-2 and SU (Figs. 2 4 and C and 3A4).

Another way to analyze the composition of the I-1 and I-2
complexes was by 2D BN/SDS/PAGE. In this PAGE system, the
solubilized virus sample is first run on a 3-14% (wt/vol) BN-
PAGE, the corresponding gel slice cut out, and the contained
proteins run in a second dimension in an orthogonal direction on
a 13% (wt/vol) nonreducing SDS/PAGE. The SDS/PAGE will
dissociate any noncovalent protein—protein interactions of the
complexes present in the protein bands of the BN-PAGE gel
slice and then separate the proteins. These will arrange as faster
and slower migrating spots to the left of a curved front of protein
molecules, which have not dissociated. The curved nature of the
front is a consequence of the acrylamide gradient in the BN-
PAGE gel. Importantly, proteins of dissociated complexes will
form spots below each other. Thus, if TM is noncovalently
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Fig. 2. Separation of in vitro activated Env intermediates by velocity sedi-

mentation and analyses of their composition. [**S] Met/Cys-labeled Mo-MLV
was activated during solubilization for 15 min at 29 °C or left nonactivated
and then subjected to ultracentrifugation in a 0.4-1.2-M NDSB-201 gradient.
Gradient fractions were analyzed for viral proteins by BN-PAGE (A and C)
and nonreducing SDS/PAGE (B and D). A and B show the nonactivated and
C and D the activated sample. E shows quantifications of the I-1 and I-2 in C
and the TM in D. Note the noncovalent association of TM with the in-
termediate complexes (fractions 8-14) in addition to TM in apparent trimers
(fractions 16-18) and as monomers.

associated with I-1 or I-2, each of these will appear as a spot of
SU-TM with a spot of TM straight below (but at the bottom part
of the gel) in the 2D analysis. Therefore, a [>>S] Met/Cys-labeled
virus sample was activated for 15 min at 29 °C and then analyzed
by 2D BN/SDS/PAGE (Fig. 34). A direct SDS/PAGE analysis of
the sample was run next to the 2D analysis to provide markers
for the viral proteins and their covalent complexes in the 2D gel.
The Env trimers, the I-1 and the I-2 complexes, and the Env
monomers generated a row of four SU-TM spots from left to
right when they moved out from the BN-PAGE into the upper
part of the SDS/PAGE in the 2D analysis. Some of the SU-TM
complexes of the Env trimers had apparently not become com-
pletely dissociated and were left behind as a top spot. Below and
to the right of the row of SU-TM spots was the SU spot of
completely isomerized protomers. Further down and to the right
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we identified the CA spot, which smeared considerably to the
left, indicating oligomerization. The TM subunits, still lower
down in the 2D analysis, formed a row of four spots. The two
spots on the right side must represent TM subunits from TM
trimer and monomer populations, respectively, of completely
isomerized Env (25). In contrast, the two spots on the left side
must have a different origin. Remarkably, they can be aligned
with the I-1 and I-2 complexes (Fig. 3 4 and B). This showed that
the intermediate complexes contained noncovalently associated
TM, and thus confirmed the results from the gradient analyses
described earlier. The possibility that these TM spots were
formed by homo oligomerization of TM trimers was ruled out by
the absence of these TM spots in 2D analyses of cell receptor-
activated Envs that had been completely isomerized (see Fig. 54,
bottom cut out). Below the row of TM spots in Fig. 34, we found
the spots of apparent MA monomers, pl2 oligomers, and
NC monomers.

The concentration of the protein radioactivity to defined spots
in the 2D analysis facilitated calculation of the stoichiometric
ratio of noncovalently associated TM to the SU-TM complexes
in the two Env intermediates. We found that I-2 contained about
2 noncovalently associated TM per one SU-TM, and that I-1
contained less than one such TM per two SU-TM (Fig. 3C). The
lower-than-expected noncovalent TM content of I-1, according
to the sequential activation model, can at least partly be a result
of contamination of the I-1 SU-TM spot with that of intact tri-
mers (Fig. 3 4 and B). Thus, these results showed that during an
in vitro activation of Env, the intersubunit disulfide is isomerized
and SU released sequentially from one protomer after the other.
An important question was then whether this was also the case
during receptor-mediated activation on cells.

Receptor-Triggered Env Activation. We analyzed Env activation of
[*>S] Cys-labeled Mo-MLV bound to receptor-positive XC cells
in a time course experiment. The virus was spinoculated onto the
cells in the cold and incubated for 0-60 min at 24 °C before
NEM was added and the samples were solubilized and analyzed
by SDS/PAGE and BN-PAGE. Although the nonreducing SDS/
PAGE showed that most of the Env protomers had been acti-
vated by receptor binding and had isomerized their intersubunit
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Fig. 3. 2D BN/SDS/PAGE analysis of the compositions of the in vitro acti-
vated Env intermediates. [>°S] Met/Cys-labeled Mo-MLV was activated as
described in Fig. 2 and subjected to BN-PAGE in a first dimension and then to
nonreducing SDS/PAGE in a second dimension (A). In the marker lane, to the
left, a portion of the sample has been analyzed directly by SDS/PAGE (1D).
This provides markers for the migration of the viral proteins in the 2D
analysis. The migrations of the viral proteins are indicated to the right, and
those of the Env related oligomers in the first dimension BN-PAGE are in-
dicated at the top. The directions of the 2D electrophoreses are indicated.
(B) Enlarged cutouts of the SU-TM and TM regions (dotted rectangles) of the 2D
gel, at higher contrast. Note the alignment of the two leftmost TM spots with
the SU-TM spots of I-1 and I-2. (C) Quantification of the stoichiometric ratio
between SU-TM complexes and noncovalently associated TM in I-1 and I-2.
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disulfide during the course of the incubation, we could not detect
any clear indication of intermediate Env bands in the BN-PAGE,
only a gradual increase of uncoupled SU and TM (Fig. S3 4 and
B). We also tried incubations at 18 °C, 29 °C, and 37 °C, but with
the same result. The reason could be that the receptor-activated
Envs spent a much shorter time at their intermediate stages than
when activated by Ca** depletion. Alternatively, the receptor
induced all three protomers of Env to isomerize their inter-
subunit disulfide and release their SU simultaneously, in contrast
to what was found in vitro.

To find out, we tried to capture the potential Env activation
intermediates on XC cells by alkylation during the incubation
(21). This should be possible if the alkylation of the isomeriza-
tion active thiol in the Env protomers was performed at unsa-
turating conditions that still allowed partial Env activation and
intermediate formation. In this experiment, [*°S] Met/Cys-
labeled Mo-MLYV was bound to XC cells and incubated at 29 °C
for 0-13 min in the presence of 0.4 mM of the membrane-
impermeable alkylation agent MBTA. This alkylator we used
before at higher concentrations to block disulfide isomerization
in Env and subsequent membrane fusion (21). The cell samples
were then solubilized in the presence of 10 mM EDTA and
10 mM NEM,; that is, at conditions where all nonactivated Env
protomers, whether in receptor-induced intermediates or untrig-
gered intact Envs, were efficiently isomerization arrested by alkyl-
ation. The nonreducing SDS/PAGE analyses showed that
isomerization of the SU-TM complexes into SU and TM still
took place in the presence of 0.4 mM MBTA (Fig. 44, lanes
1-5), but less efficiently compared with a sample without the
alkylator (Fig. 44, lane 6). Extending the incubation beyond
13 min did not increase the efficiency. Importantly, the BN-
PAGE analysis showed that at these conditions, it was possible to
catch apparent I-1 and I-2 intermediates (Fig. 4B). Corre-
sponding bands were clearly identifiable in increasing strength
with the incubation. Their ratio appeared constant, which was
expected if the Envs are occasionally triggered by the receptor to
undergo sequential, but rapid, protomer activation. The SU and
the TM trimers also accumulated during the incubation, whereas
the Env trimers decreased (Fig. 4 4 and B). It should be noted
that the Env trimer band contained both the receptor-triggered
Env that was alkylation-arrested by MBTA during the incubation
and the nontriggered Env, which was NEM-alkylated during
solubilization. When different concentrations of MBTA were
tested, 0.4 mM was found to be optimal to get a good yield of
both intermediates (Fig. 6). Alkylation done at 37 °C also
revealed the intermediates. However, for subsequent experi-
ments, we chose 29 °C because samples were easier to process at
these conditions.
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Fig. 4. Alkylation capture of receptor-activated Mo-MLV Env intermediates.
XC cells were spinoculated with [3°s] Met/Cys-labeled Mo-MLYV in the cold,
incubated with 0.4 mM MBTA for 0-13 min at 29 °C, and solubilized with TX-
100 in the presence of EDTA and NEM. The virus/cell samples were analyzed
by nonreducing SDS/PAGE (A) and BN-PAGE (B).
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The identities of the putative intermediates were confirmed by
velocity sedimentation in an NDSB-201 gradient and 2D SDS/
BN-PAGE analyses of receptor-activated but alkylation-arrested
virus samples. The BN-PAGE analyses of the gradient fractions
showed that the sedimentation separated I-1 and I-2 similar to
what was found for the in vitro-activated virus (Fig. S4C), and
the corresponding nonreducing SDS/PAGE analyses they con-
tained noncovalently associated TM (Fig. S4D), as opposed to
the nonactivated virus (Fig. S4 4 and B). The 2D gel analyses
also showed a noncovalent association of TM with I-1 and I-2
(Fig. S5). The possibility that the I-1 and I-2 were generated
nonspecifically was tested by comparing the effect of incubating
virus bound to the XC cells in the presence of alkylator to that of
virus bound to the receptor-negative chicken DF-1 cells. BN-PAGE
analyses revealed the I-1 and I-2 in the virus/XC cell sample, but not
in the virus/DF-1 cell sample (Fig. 6). Thus, these results also were
consistent with the appearance of the intermediates during the cell
receptor—triggered activation process.

However, an incomplete alkylation of Env undergoing a si-
multaneous protomer-activation could also yield I-1 and I-2. To
investigate this possibility, we followed the formation of the
alkylated intermediate Env forms by giving MBTA pulses at
different times during an activation incubation of virus with XC
cells. We anticipated that a sequential protomer activation pro-
cess should yield more I-1 relative to I-2 at early points of the
incubation than at later ones. This difference could be un-
detectable with a continuous alkylation protocol, as used earlier,
but revealed with MBTA pulses. In contrast, no such shift in
intermediate ratio was expected if the protomers were simulta-
neously activated. To this end, cell-bound virus samples were
shifted to 29 °C and either incubated directly for 5 min with
MBTA or first incubated without alkylator for 2, 4, 6, or 8 min
and then pulsed for 5 min with MBTA. All samples were solu-
bilized in the presence of EDTA and NEM and checked by BN-
PAGE. Rather than trying to relate the weak BN-PAGE bands
of intermediates that had been alkylated for only 5 min, we used
the 2D BN/SDS/PAGE analyses for this purpose. In these gels,
the spots of TM that were noncovalently associated in I-1 or I-2
were clearly identified and gave an indication of the intermediate
ratio (Fig. 54). The ratio of I-1- and I-2-derived TM changed
from about equal amounts in the early alkylation-pulsed samples
to predominantly I-2-derived TM in the later pulsed ones, sug-
gesting a sequential protomer activation. To confirm this, we
performed several experiments with 5-min alkylation pulses at
the early, middle, or late phase, respectively, of the activation
incubation. The mean relative amount of I-2 was calculated from
the TM spots in the 2D gels, considering that I-1 contained one
and I-2 two noncovalently associated TM subunits. The amount
of I-2 was given as percentage of I-1 + I-2 (+SD) and found to
increase from 32%, when pulsed early (after 0 min); to 44%,
when pulsed in the middle (after 4 min); and to 52%, when
pulsed late (after 8 min) (Fig. 5B). The early and late values were
compared in a paired one-tailed ¢ test with unequal variance, and
the result suggested the increase was significant (P = 0.01).

It remained to be demonstrated that I-1 and I-2 were neces-
sary intermediates in the activation process of the Env. We
showed before that the alkylated and isomerization-arrested Env
is fusion inhibited, but that the activity could be rescued by re-
ducing the intersubunit disulfide with DTT (21). If the fusion
activity was mediated by the I-1 and I-2, we expected that the
rescued activity in the above experiment should be linked to a
reduction of the intersubunit disulfide bond in the alkylated Env
intermediates. To study this possibility, we bound virus to XC
cells and incubated them at 29 °C for 13 min in the presence of 0,
0.4, 0.8, or 1.6 mM MBTA before a second incubation for 10 min
with or without 20 mM DTT. Corresponding incubations were
done with DF-1 cells as controls. All samples were solubilized in
the presence of NEM and analyzed by nonreducing SDS/PAGE
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Fig. 5. Time-resolved ratio of receptor-activated and MBTA-alkylated Env
intermediates. XC cells were spinoculated with [°s] Met/Cys-labeled virus in
the cold, shifted to 29 °C, and first incubated for 0-13 min without alkylator
(—~MBTA) and then in the presence of 0.4 mM MBTA for 0 or 5 min (+MBTA)
as indicated, solubilized in the presence of EDTA and NEM, and the virus/cell
samples analyzed on 2D BN/SDS/PAGE. (A) Stack of horizontal cutouts from
the 2D gels, covering the entire TM region. The positions of I-1, I-2, and TM3,
in the first dimension BN-PAGE are indicated at the top. In the cutouts, the
noncovalently associated TM of I-1 and I-2 are seen as separate spots to the
left of the TM trimer spot. Note the shift in their relative amounts with time
of incubation before the alkylation pulse. To the left of the 2D analyses (2D)
is TM from samples analyzed by direct SDS/PAGE in the marker lane (1D).
(B) Mean relative amount of alkylated I-2, as percentage of the sum of
alkylated I-1 and I-2, in samples that have been alkylation pulsed for 5 min at
the beginning (after 0 min), in the middle (after 4 min), and at the end (after
8 min) of an activation incubation (+ SD; n = 5).

and BN-PAGE, as before. In the virus/XC cell samples without
DTT, we observed the alkylated Env trimers, alkylated I-1 and
I-2, free SU, and TM trimers (Fig. 6B, lanes 5, 9, and 13). This
ladder of Env-related bands shifted to predominantly I-1 and
Env trimers at higher MBTA concentrations. On the receptor-
negative DF-1 cells, there was no Env activation, and hence
neither I-1 nor I-2 SU or TM trimers were formed (Fig. 6 A and
B, lanes 3, 7, 11, and 15). Significantly, the DTT treatment
changed the Env band ladders of the XC cell-activated virus,
which was obtained at all MBTA concentrations, to that of more
I-2 and free TM trimers (Fig. 6B, lanes 6, 10, and 14). The in-
crease of free TM was also seen in the nonreducing SDS/PAGE
analyses (Fig. 64, lanes 5, 6, 9, 10, 13, and 14). This suggested
that the DTT treatment reduced the intersubunit disulfide in the
alkylation-arrested forms of I-1, I-2, and trimeric Env generating
new, later-stage intermediates and TM trimers. It has been
shown earlier that DTT treatment does not reduce Envs without
receptor triggering (21). This is also shown by the lack of effect
of the DTT treatment of Env in virus incubated with DF-1 cells
(Fig. 6 A and B, lanes 3, 4, 7, 8, 11, 12, 15, and 16) and of the
nontriggered Env fraction of virus incubated without MBTA on
XC cells (Fig. 6 A and B, lanes 1 and 2). Thus, these results
support the notion that the I-1 and I-2 represent true interme-
diates of the spike activation process.

Discussion

Here we have studied how an early activation step of Mo-MLV
Env proceeds in its three protomeric units: simultaneously in all
of them or sequentially in one after the other. We followed the
isomerization of the intersubunit disulfide and the subsequent
SU release in Env that was triggered in vitro by Ca®" depletion
or in vivo by the receptor on rat XC cells. Our results suggested a
sequential activation of the protomers according to the scheme
(SU-TM); — (SU-TM),TM — (SU-TM)TM, — TMj;. Thus, in
this reaction, the protomers of Env release their SU one after the
other, forming asymmetric oligomer intermediates (I-1 and I-2).
In contrast, the TM subunits of the isomerized protomers stay
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noncovalently associated with the partially activated Env. At
present, we cannot conclude what controls the sequential pro-
tomer activation. One possibility is that it is controlled through
sequential receptor interactions. However, a single receptor—
protomer interaction might also be sufficient. According to this
model, Mo-MLV Env has dynamic features, reversibly exposing
structures that are normally hidden in its inactivated form (e.g.,
the fusion peptide). This has been shown to be the case with the
influenza hemagglutinin and the HIV Env (26, 27). The fusion
peptide of Mo-MLYV could flicker between a hidden and an exposed
position, in an uncoordinated manner, in the three Env protomers.
When this happens in a protomer that has bound to a receptor, the
fusion peptide of this protomer could interact with the cell mem-
brane and become locked in the membrane-embedded position.
This might induce isomerization of the intersubunit disulfide and
the subsequent release of SU and its bound receptor from Env.
However, the resulting Env intermediate will remain membrane
bound by virtue of the activated TM subunit, which stays non-
covalently associated with Env. This provides the opportunity for
the TM subunit of the second protomer to insert its fusion peptide
in the cell membrane, isomerize its intersubunit disulfide, and re-
lease its SU. Finally, the TM of the third protomer will complete
this sequential activation step and initiate coil formation, together
with the other TM subunits. Thus, in this model, the sequential
feature of the activation process is determined by the independent,
uncoordinated, and reversible exposure dynamics of the fusion
peptides in the three protomeric units of Env.

This model could also explain why the activation reaction was
so much slower in vitro than in vivo. In the in vitro reaction, the
fusion peptide cannot be locked in the target membrane and
facilitate Env activation in that way. Instead, activation is in-
duced by Ca** depletion. It is possible the Ca** stabilizes an Env
conformation with hidden fusion peptide, and its removal allows
fusion peptide exposure and Env activation, but less efficiently.
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Fig. 6. Reduction of the intersubunit disulfide in alkylation-arrested Env
intermediates. [3°S] Met/Cys-labeled Mo-MLV was spinoculated in the cold
onto XC and DF-1 cells and incubated for 13 min at 29 °C without or with
MBTA at the indicated concentrations. A second incubation was done in PBS
without or with 20 mM DTT. The virus/cell samples were solubilized with TX-
100 in the presence of EDTA and NEM and analyzed by SDS/PAGE (A) and
BN-PAGE (B).

PNAS | March7,2017 | vol. 114 | no.10 | 2727

MICROBIOLOGY



Earlier, we used single-particle cryo-EM to solve the struc-
tures of solubilized native Mo-MLV Env and its Ca** depletion-
activated, but alkylation-arrested, trimeric form, both at 18 A
resolution (22). We found that the bent finger-like RBD pro-
trusions at the top of Env rotated outward on activation, opening
the complex up suggestively for fusion peptide exposure. In view
of the present results about sequential protomer activation, the
RBD rotation might in an unperturbed situation still control
fusion peptide exposure, but occur reversibly in an uncoordi-
nated fashion in the three protomeric units. However, when a
fusion peptide has been locked in the cell membrane, the cor-
responding RBD will remain in the open position, and this
protomer will proceed along its activation path. Thus, the all-
RBD-open Env that we studied earlier would be generated only
by alkylation arrest of the activation in all three protomers.

In this study, we focused on an early step of the Mo-MLV Env
activation process. However, the sequential model might not be
restricted to early activation steps only. It is possible that the
zippering of the C-terminal TM helical and flanking regions onto
the central coil also proceeds, if not sequentially, then at least in
a less coordinated fashion. This is supported by energy and ki-
netics measurements of single HIV-1 gp41 trimer-of-hairpins
using high-resolution optical tweezers and also by structural
dynamics simulations of the conformational transitions occurring
during activation of the influenza HA (28, 29).

In contrast, we have shown that the binding of single antigen
binding fragment (Fab) of the broadly neutralizing Abs PG9 and
PG16 to HIV-1 Env blocked the binding of sCD4 to all three
protomers (30). Furthermore, the binding of one sCD4 or one
CD#4 binding site Ab, b12, Fab to one protomer facilitated the
binding of the ligands to the other protomers (30). Clearly, these
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results support a coordinated, simultaneous activation model of
the HIV-1 Env protomers. However, HIV-1 Env activation dif-
fers from that of Mo-MLV by initiating the activation process
with a primary receptor step, (i.e., CD4 binding) and completing
it with a coreceptor step (i.e., binding to CCRS5 or CXCR4). It is
possible that only the CD4 induced conformational changes (i.e.,
the bridging sheet formation and the relocations of the V1-V2
and V3 loops in gp120) are coordinated, not the changes mediated
by the coreceptor before TM coil formation. These are possibly
initiated by insertion of the fusion peptide of one protomer into the
cell membrane and could proceed sequentially in the three proto-
mers, equal to the process we here suggest for the Mo-MLV Env.

Materials and Methods

Metabolically labeled Mo-MLV was produced in 293T cells transfected with
proviral DNA and isolated by sucrose gradient centrifugation (25, 31). Env
was either activated in vitro by Ca%* depletion during solubilization (10 mM
EDTA and 0.3% Triton X-100) for 0-30 min at 29 °C or in vivo by receptor
interaction on rat XC cells at 18 °C, 24 °C, 29 °C, or 37 °C for the indicated
times. The activation was terminated by addition of NEM, which efficiently
alkylated the isomerization active thiol close to the intersubunit disulfide. In
some in vivo experiments, the membrane-impermeable alkylator MBTA was
included during the activation incubation to capture intermediates, and in
some, this was followed by DTT treatment to release intermediates before
addition of NEM and Triton X-100. Samples were analyzed by velocity cen-
trifugation in NDSB-201 gradients, nonreducing SDS/PAGE, BN-PAGE, or 2D
BN/SDS/PAGE, as indicated. Methodological details are given in S/ Materials
and Methods.
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