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ABSTRACT Retroviral envelope glycoprotein (Env) is essential for the specific recog-
nition of the host cell and the initial phase of infection. As reported for human im-
munodeficiency virus (HIV), the recruitment of Env into a retroviral membrane enve-
lope is mediated through its interaction with a Gag polyprotein precursor of
structural proteins. This interaction, occurring between the matrix domain (MA) of
Gag and the cytoplasmic tail (CT) of the transmembrane domain of Env, takes place
at the host cell plasma membrane. To determine whether the MA of Mason-Pfizer
monkey virus (M-PMV) also interacts directly with the CT of Env, we mimicked the in
vivo conditions in an in vitro experiment by using a CT in its physiological trimeric
conformation mediated by the trimerization motif of the GCN4 yeast transcription
factor. The MA protein was used at the concentration shifting the equilibrium to its
trimeric form. The direct interaction between MA and CT was confirmed by a pull-
down assay. Through the combination of nuclear magnetic resonance (NMR) spec-
troscopy and protein cross-linking followed by mass spectrometry analysis, the resi-
dues involved in mutual interactions were determined. NMR has shown that the C
terminus of the CT is bound to the C-terminal part of MA. In addition, protein cross-
linking confirmed the close proximity of the N-terminal part of CT and the N termi-
nus of MA, which is enabled in vivo by their location at the membrane. These results
are in agreement with the previously determined orientation of MA on the mem-
brane and support the already observed mechanisms of M-PMV virus-like particle
transport and budding.

IMPORTANCE By a combination of nuclear magnetic resonance (NMR) and mass
spectroscopy of cross-linked peptides, we show that in contrast to human immu-
nodeficiency virus type 1 (HIV-1), the C-terminal residues of the unstructured cy-
toplasmic tail of Mason-Pfizer monkey virus (M-PMV) Env interact with the matrix
domain (MA). Based on biochemical data and molecular modeling, we propose
that individual cytoplasmic tail (CT) monomers of a trimeric complex bind MA
molecules belonging to different neighboring trimers, which may stabilize the
MA orientation at the membrane by the formation of a membrane-bound net of
interlinked Gag and CT trimers. This also corresponds with the concept that the
membrane-bound MA of Gag recruits Env through interaction with the full-
length CT, while CT truncation during maturation attenuates the interaction to
facilitate uncoating. We propose a model suggesting different arrangements of
MA-CT complexes between a D-type and C-type retroviruses with short and long
CTs, respectively.
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Mason-Pfizer monkey virus (M-PMV) is a D-type retrovirus that has been considered
a favorable model for the study of immature particle assembly and trafficking

because it preassembles in the cytoplasm of infected cells (1, 2). Due to both temporally
and spatially separated processes of assembly and budding, M-PMV has been utilized
to study individual steps of the retroviral life cycle. It has been repeatedly shown that
M-PMV experiments have a great potential for generalization to complex retroviruses
(3). This mainly applies to the assembly and intracellular targeting of viral proteins and
particles. By using a set of Rab GTPase-based endosomal markers, we have recently
shown that M-PMV Env localizes at intracellular vesicles. Based on biochemical and live
imaging data, we have proposed a model of Env-mediated intracellular trafficking of
M-PMV Gag immature particles (4). However, little is known about the interaction
between Env and retroviral structural proteins. It was previously shown that the
cytoplasmic tail (CT) of Env plays an important role in the trafficking of immature
M-PMV particles to the site of retroviral budding (2, 5), and it was well documented that
a tyrosine motif in the CT controls the incorporation of M-PMV Env into virions (6). It has
also been suggested that Env interacts directly with Gag, which is crucial for the specific
incorporation of Env into the virus envelope in human immunodeficiency virus (HIV) (7)
and simian immunodeficiency virus (SIV) (8).

Even for HIV-1, the most-studied retrovirus, the site of the primary contact of Env
with Gag in the host cell and a detailed mechanism of Env incorporation into the virus
envelope have not been satisfactorily explained. In contrast to cytoplasmically synthe-
sized Gag, the Env precursor is formed at the endoplasmic reticulum (ER), which is the
site of the removal of signal peptide, folding, initial glycosylation, and trimerization (9).
Upon translocation into the Golgi apparatus, the Env precursor is fully glycosylated and
processed by furin-like protease into surface (SU) and transmembrane (TM) moieties,
which remain membrane associated in the form of a trimer composed of SU-TM
heterodimers. It has recently been shown that the cleavage of HIV-1 Env (gp160) is
required for the proper functioning of HIV-1 Env complex and makes HIV-1 resistant to
neutralizing antibodies (10). In contrast, the uncleaved HIV-1 gp160 is degraded in
lysosomes (9). In the mature virion, the Env trimeric complex mediates specific attach-
ment of the virus to the surface of the targeted host cell and virus entry by promoting
TM-induced fusion of viral and cell membranes (11, 12).

As mentioned above, there is evidence that in D-type retroviruses, the matrix
domain (MA) of Gag interacts with Env at the membranes of intracytoplasmic vesicles,
and this interaction regulates the transport of preassembled immature M-PMV particles
to the plasma membrane (2, 4, 5). The Env-mediated transport of M-PMV Gag is
apparently connected with endocytic trafficking of Env (2, 4). In addition, it has recently
been well documented that endosomal recycling of HIV-1 Env is essential for its
interaction with Gag at distinct microdomains of the plasma membrane and recruit-
ment into the budding particles (13).

HIV-1 CT is apparently the part of Env responsible for the interaction with the MA
ensuring the recruitment of the Env complex into the virus membrane (14, 15). It has
been clearly demonstrated that the mutation of HIV-1 CT prevents Env incorporation,
but it may be compensated for by some mutations in the MA (16). Other mutations in
the HIV-1 MA have also been reported to block the incorporation of native Env (17, 18).
Furthermore, there is evidence that the MA trimers in lentiviruses effectively interact
with the trimeric CT. Investigation of HIV-1 MA mutants with impaired trimerization
showed that the MA trimeric interface is required for efficient incorporation of Env into
the virus envelope (19, 20). Interestingly, the truncation of the HIV-1 CT restores the
recruitment of Env into the envelope of the virus with impaired MA trimerization, which
also leads to the restoration of the infectivity of such mutated virus (20). This indicates
that the central cavity within the trimeric lattice of HIV-1 MA is essential for efficient
incorporation of extremely long CTs (�100 amino acids) shared among lentiviruses,
except for feline immunodeficiency virus (13, 20). However, most retroviruses, including
M-PMV, have a relatively short CT, ranging from 25 to 38 amino acids (21). The question
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remains whether MA trimerization is required also for the accommodation of these
short CTs.

In some retroviruses, the C-terminal part of a short CT is further processed by
virus-encoded protease, as shown for murine leukemia virus (MLV) and M-PMV (22, 23).
This event may modulate a mutual affinity of the SU and TM Env subunits, as shown in
MLV (24). Analysis of MLV and HIV-1 mutants indicated that these viruses contain
virus-specific sequences in the CT that are responsible for different Env-mediated
membrane fusogenicity. The different membrane fusogenicity is thus attributable to
the processing of the CT and possibly the different compositions of the HIV-1 and MLV
membranes (25).

Crystal structures of the fusion domains of M-PMV and Xenotropic murine leukemia
virus-related virus suggest the presence of electrostatic interactions within extramem-
brane regions of the TMs that stabilize the Env conformation to overcome the energy
barrier required for fusion (26). Only recently, the structural organization of HIV-1 TM
has been published, and the results indicate that in contrast to the unstructured
N-terminal extramembrane part, the C-terminal moiety consists of three membrane-
bound amphipathic �-helices (27).

RESULTS
Protein preparation. We employed several techniques and different forms of

M-PMV MA or CT to investigate the interaction between the MA and CT.
We expressed both nonmyristoylated and myristoylated versions of M-PMV MA

proteins in Escherichia coli. We also produced in E. coli a nonmyristoylated version of MA
with a C-terminal extension with 18 residues from phosphoprotein (PP; which naturally
follows the MA in Gag) and a His tag (MAPPHis) or glutathione transferase (GST)
(MAPPGST). The myristoylated MA was also produced in E. coli by using a two-plasmid
system ensuring the production of both an MA and yeast myristoyltransferase. Both MA
proteins were purified using a hexahistidine anchor. The presence of PP allowed us to
use M-PMV protease to produce nonmyristoylated MA without the affinity tag and to
separate the nonmyristoylated from myristoylated MA, since the myristoylated MAP-
PHis is not cleaved by M-PMV protease as described by Prchal et al. (28). We did not
treat MAPPGST with the protease, because we used the affinity tag for the pulldown.

It is well known that retroviral Env glycoproteins occur as trimers where the trimerization
is mediated by membrane-spanning TM domains. We induced membrane-independent
trimerization in vitro by flanking M-PMV TM with the trimerization leucine-zipper motif
of the GCN4 yeast transcription factor. As mentioned above, M-PMV protease truncates
the cytotail consisting of 38 amino acids (CT38) during maturation. This cleavage occurs
between residues H21 and Y22 (6), corresponding to residues H54 an Y55 in GCN4-
CT38. To test whether this truncation has an influence on the interaction with MA, we
prepared the truncated CT construct consisting of 21 amino acids in fusion with GCN4
(GCN4-CT21). Since the M-PMV GCN4-CT38 lacks any affinity tag, it was purified by
ammonium sulfate precipitation followed by size exclusion chromatography. SDS-
PAGE, reporting the whole purification process (see Fig. 1A), shows sufficient purity of
the final GCN4-CT38 sample obtained by size exclusion chromatography. Additionally,
the size exclusion chromatography confirmed the presence of a major product of
molecular size corresponding to the expected size of a trimer (see Fig. 1B). However,
despite the presence of protease inhibitors, part of GCN4-CT38 was shortened to
GCN4-CT21 during the purification process, and the signals of both forms are visible in
the final sample of GCN4-CT. To perform the pulldown assay with GCN4-CT, we also
prepared both naturally occurring versions of M-PMV CT (CT38 and CT21) with
N-terminal fusions with a hemagglutinin (HA) tag and GCN4 (HA-GCN4-CT38 and
HA-GCN4-CT21, respectively).

The interaction between nonmyristoylated MAPPGST and HA-GCN4-CT38 was ex-
amined by the pulldown assay, where also HA-GCN4-CT21 and GST were used as
controls. In addition, we used nuclear magnetic resonance (NMR) for the determination
of the interaction interface between the nonmyristoylated MA and GCN4-CT38. The
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differences between the interactions of nonmyristoylated and myristoylated versions of
MA with GCN4-CT38 and GCN4-CT21 were also studied. Finally, we used protein
cross-linking for the further description of the MA-CT complex, to detect the
residues occurring in close proximity of nonmyristoylated MAPPHis and GCN4-CT38
or GCN4-CT21.

Pulldown assay showing interaction of GCN4-CT38 and MA. To determine the
occurrence of a specific interaction of the MA with the CT, we used HA-GCN4-CT38 and
MAPPGST. The proteins were incubated together for 5 days and then loaded onto
GST-binding resin (Merck). After the unbound proteins were washed out, the bound
proteins were visualized by immunoblot with anti-HA antibody. GST and HA-GCN4-
CT21 were used as negative controls. The results of the pulldown assay (Fig. 2) clearly
show that the CT has an affinity to the MA, because HA-GCN4-CT38 was pulled down

FIG 1 Purification of GCN4-CT38. (A) Electrophoreogram illustrating the purification of GCN4-CT38. (B) Chromatogram illustrating the
separation of the protein standard mix (Sigma-Aldrich; red) and the GCN4-CT38 sample (the same as in lane S3 panel A; blue). PL,
Thermo Scientific PageRuler Plus prestained protein ladder; P1 and S1, the pellet and supernatant, respectively, of the centrifuged
lysate of E. coli BL21(DE3) producing GCN4-CT38; P2 and S2, the pellet and supernatant, respectively, obtained after the precipitation
by 33% ammonium sulfate; P3 and S3, the pellet and supernatant, respectively, obtained after the overnight resuspension of GCN4-CT
precipitated in P2; F, the final GCN4-CT purified from S3 by size exclusion chromatography and concentrated using microfiltration.
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on GST-binding resin only after its incubation with MAPPGST. Furthermore, HA-GCN4-
CT21 did not interact with the MA, proving that neither the HA, the GCN4, nor the CT21
sequence has an affinity to MAPPGST. Nonspecific interactions were not observed
between HA-GCN4-CT38 or HA-GCN4-CT21 and GST either. Unfortunately, HA-GCN4-
CT38 was already cleaved to HA-GCN4-CT21 during the protein preparation (as shown
in Fig. 1A) and was further processed during the incubation of the samples, despite the
presence of protease inhibitors. Approximately 90% of HA-GCN4-CT38 was processed
to HA-GCN4-CT21 during the incubation before the results of the pulldown assays were
visualized. The protein was cleaved between residues V53 and H54, which was con-
firmed by matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass
spectrometry (data not shown). The presence of HA-GCN4-CT21 bound to the GST-
binding resin through MAPPGST along with the full-length HA-GCN4-CT38 can be
explained by the gradual formation of the heterologous protein complexes of HA-
GCN4-CT38 with HA-GCN4-CT21 in the incubated sample of HA-GCN4-CT38. Therefore,
most of HA-GCN4-CT38 was cleaved to HA-GCN4-CT21, and the initial HA-GCN4-CT38
trimers likely contained one or two shortened HA-GCN4-CT21 chains. In addition,
HA-GCN4-CT21 was thus detected in the fraction of HA-GCN4-CT38 interacting with
MA. Importantly, the HA-GCN4-CT38 was significantly enriched upon binding to the MA
protein (Fig. 2, cf. lanes 1 and 5, i.e., HA-GCN4-CT38 and MAPPGST�HA-GCN4-CT38,
respectively).

NMR spectroscopic analysis of M-PMV GCN4-CT38 and MA interaction. To study
the interaction between GCN4-CT38 and MA using NMR spectroscopy, we prepared
GCN4-CT38 uniformly labeled with carbon (13C) and nitrogen (15N). Although the
signals of the protein backbone were assigned, the signals of the atoms from the GCN4
and N-terminal part of the CT were not visible, probably due to the fast relaxation of
the nuclei caused by the size and rigidity of the GCN4 domain (see Fig. 3A for detailed
information). Since we detected signals of fewer than one-half of the residues and the
data from the visible ones implied that the peptide was intrinsically disordered, we did
not attempt to determine the structure of GCN4-CT38.

When the excess of nonlabeled nonmyristoylated MA was added to labeled GCN4-
CT38 and the protein mixture was equilibrated for at least 3 days, we observed signals
splitting of several residues (Fig. 3A). Most of the CT38 signals in the HN spectrum split
into two or three peaks, indicating that the trimer had lost its symmetry due to the
interaction. We also found new signals of several CT38 residues that were not observed
in the absence of the MA. This was likely caused by their interaction-mediated shifts
from positions overlapping with signals of other residues. GCN4-CT38 interacted with
both myristoylated and nonmyristoylated MAs, but the interaction with the nonmyr-

FIG 2 Pulldown assay showing the interaction between MA and CT. For the visualization of the pulldown
by immunoblot, the anti-HA monoclonal antibody was used. The controls, HA-GCN4-CT38 and HA-GCN4-
CT21, show the positions of purified proteins in the gel. Despite the fact that HA-GCN4-CT38 was
truncated during the incubation with HA-GCN4-CT21, the remaining portion of intact full-length HA-
GCN4-CT38 within the resulting heterotrimers was sufficient for the interaction with MAPPGST. GST-
binding resin lines show the affinity of the HA-GCN4-CT38 to immobilized MAPPGST.
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FIG 3 NMR analysis of the interaction interface between GCN4-CT38 and MA. (A) Overlaid HN-HSQC spectra of
free 15N-labeled GCN4-CT38 (red) and 15N-labeled GCN4-CT38 with 10-fold molar excess of the nonmyristoylated

(Continued on next page)
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istoylated one was stronger. The interaction was slow on the NMR timescale, i.e., the
complex remained stable for more than 1 s. During the experiment with labeled
GCN4-CT38, the formation of its stable complex with the MA took several days. This can
be explained by slow MA oligomerization, which is in agreement with our previous data
showing that it takes a similar time to achieve the MA monomer-dimer-trimer equilib-
rium.

To determine the CT38 interaction interface on the MA, we prepared both myris-
toylated and nonmyristoylated MA uniformly labeled with nitrogen (15N). The results
were similar for both proteins: the interaction with GCN4-CT38 was slow on the NMR
timescale, although the nonmyristoylated MA showed stronger interaction than the
myristoylated one. We observed intensive signal broadening of backbone HN group
signals of residues K54, W56, R57, Y67, K74, V77, A79, K87, D91, E94, and V95. The
interacting residues are located in the patch formed by helices III and IV (Fig. 3B). To
determine whether the M-PMV CT cleavage during the maturation affects the affinity of
Gag to Env in the mature virus, we also tested the interaction of the MA with this
truncated CT21 N-terminally extended with GCN4. We observed no interaction with the
CT21 (Fig. 4).

Interacting interface of GCN4-CT38 and MA revealed by protein cross-linking.
We also used a cross-linking mass spectrometry (XL-MS) approach as an independent
method enabling the mapping of the interaction interfaces in protein complexes. We
used homobifunctional bis(sulfosuccinimidyl)suberate (BS3) to cross-link mainly the
residues containing primary amines (lysines or N-terminal residues), which are in close
proximity (29). Through XL-MS analysis of the complex of nonmyristoylated MAPPHis
with GCN4-CT38, we identified five cross-links between MA and GCN4-CT38 (Fig. 5),
suggesting that the cross-linked residues of both proteins are in close proximity. This
provided additional data of the MA-CT complex topology, especially for the N-terminal
part of the CT, which had not been visible in the NMR experiment. All the identified

FIG 3 Legend (Continued)
MA 3 days after mixing (blue), (B) Overlaid HN-HSQC spectra of the free 15N-labeled nonmyristoylated MA (red)
and the 15N-labeled nonmyristoylated MA with 10-fold molar excess of GCN4-CT38 3 days after mixing (blue). The
NMR signals that changed upon the interaction with MA (labeled in red) indicate the residues of CT38 or MA,
which are involved in the interaction. The NMR signals that remained unchanged upon the interaction are labeled
in black. In the schematic view of the MA sequence, the noninteracting residues of the MA are colored in gray,
and the residues interacting with the CT38 are colored in blue.

FIG 4 NMR analysis of the interaction interface between the GCN4-CT21 and the MA. The overlaid
HN-HSQC spectra of the 15N-labeled GCN4-CT21 either free (red) or incubated for 3 days with 10-fold
molar excess of the nonmyristoylated MA (blue). No significant changes in signal positions or intensities
were observed. The individual signals of GCN4-CT21 were not assigned, because no interaction was
observed.
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cross-links (Table 1) joined the residues of the N-terminal part of the MA sequence (K16
and K27) with the residues located in the N-terminal part of the CT in the GCN4-CT38
(K34 and T37) and one residue located in the C-terminal part of GCN4 domain (K27).
Since the analysis was performed in three repetitions and no other cross-linked residues
of different parts of the proteins were found, the results indicate the close proximity of
the N-terminal parts of the CT and the MA in the MA-CT complex. In the complex of the
MA with GCN4-CT38, also the GCN4 residue K27 was linked with the MA residue K27,
but this result is simply based on the fact that this residue is also in close proximity to
the N-terminal part of the CT sequence.

Labeled tandem mass spectrometry (MS/MS) spectra of the identified cross-links
between the MA and GCN4-CT38 and their individual tables of all identified fragment
ions are shown in Fig. S1 to S7 and Tables S1 to S5, respectively, in the supplemental
material.

We have also used XL-MS to verify the NMR results showing lack of interaction of
nonmyristoylated MAPPHis with truncated GCN4-CT21. Indeed, we have not identified
any cross-links between these two proteins which would meet the parameters of
reliably identified cross-links, and we have detected only a few nonspecific linkages
mediated by the protein’s N-terminal amino group (data not shown).

MA-CT38 complex model. Based on the interacting residues identified by NMR, we
calculated the structure of the complex consisting of a trimeric MA (30) and a CT38
peptide without the GCN4 domain. We used aa trimeric M-PMV MA structure, because

FIG 5 Linkages identified between the MA and GCN4-CT38 by XL-MS. The schemes of the proteins are displayed
in violet (GCN4-CT38) or gray (MA) cylinders. The GCN4 part of the GCN4-CT38 is colored a dark shade of violet,
and the CT part is a light shade of violet. The MA, PP, and His tag parts of MAPPHis are colored different shades
of gray. The linkages identified in three repetitions of the analysis are depicted as lines between cylinders. The
linearized structure of the MA is presented under the MA with schematically displayed helices in the MA structure.
The sequences of identified cross-linked peptides are shown in the rectangle on the right, where the sequences
and residues of GCN4-CT38 are colored violet and the sequences and residues of the MA are colored gray. The
obtained spectra of the cross-links K34/T37-K16 and K34/T37-K27 did not allow determination of whether the
residues K16 and K27 of MAPPHis interacted with the residue K34 or T37 of GCN4-CT38.

TABLE 1 Cross-links between GCN4-CT38 and MAPPHis identified by XL-MSa

m/z
measured

Calculated
mol wt (Da)

Charge
state

Mass deviation
(ppm) GCN4-CT38 peptide MAPPHis peptide

Linked residues
(GCN4-CT38 to MAPPHis)

561.589 2,243.337 4 �0.67 KLIGEANK GVKVKYADLLK K27-K27
709.409 2,834.610 4 1.90 LIGEANKLMTFIK YVEQLKQALK K34/T37-K16
712.924 2,848.662 4 4.36 LIGEANKLMTFIK GVKVKYADLLK K34/T37-K27
715.097 2,143.275 3 0.63 LMTFIK GVKVKYADLLK T37-K27
620.367 1,859.090 3 �1.43 LMTFIK VKYADLLK T37-K27
aFor all the cross-links, the table shows the measured m/z value, the calculated molecular weight in daltons, the charge state, mass deviation, GCN4-CT38 and
MAPPHis peptides, and their residues linked by BS3. The linked residues are marked in bold in the peptide sequences.
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the N terminus of HIV-1 Gag forms trimers upon the interaction with the plasma
membrane (14, 31, 32). In the interaction interface (Fig. 6A), the C terminus of the CT38
interacts with the C-terminal part of the MA, where helices III and IV form the CT38
binding site. The CT38 chain binds in parallel with these helices. Its C terminus is located
close to the MA trimerization site, whereas its N-terminal part is oriented to the other
side of the MA molecule. Additionally, the calculated structure of the CT38 complex
with the monomeric MA provided the same results. A comparison of our proposed MA
and CT38 complex with the membrane-bound MA (33) indicated that the MA-
interacting site for CT38 is not obstructed by the interaction with the membrane.

Based on the cross-linking data, we constructed a model of the MA-CT38 complex
by adjusting backbone dihedral angles of the N-terminal part of the CT38 in the
MA-CT38 complex calculated by HADDOCK. It is evident that the CT38 can be oriented
in a position suitable for the interaction with the MA and where its N terminus can
reach the membrane (Fig. 6B).

DISCUSSION

The contact between Gag and Env polyproteins is essential for the infectivity of
retroviruses (34). Mutation studies of HIV-1 identified several residues of the MA that are
responsible for Env recruitment (16). However, the MA and CT interactions can signif-
icantly differ between M-PMV and HIV-1, with short and extremely long CTs, respec-
tively (35). The different morphogeneses of the D- and C-type retroviruses is another
reason for the possible differences in Env recruitment, which may initiate at different
cellular membranes.

The pulldown experiment confirmed that in contrast to M-PMV CT21, the CT38
directly interacted with the MA. This proves that only the immature-like M-PMV CT (i.e.,
CT38) interacts with the MA of Gag. During the experiment, the full-length CT38 was
partially truncated to its mature form despite the presence of protease inhibitors. We
believe that MA binds to the portion of CT38 molecules within the CT38 and CT21
heterotrimers bound to MAPPGST. This conclusion is supported by differential binding
of MA to the CT38 and CT21 confirmed by NMR and XL-MS.

This correlates well with existing data showing that upon its incorporation, the
M-PMV CT38 is proteolytically shortened by 16 C-terminal residues during virus mat-

FIG 6 Schematic model of the organization of MA and CT trimers at the membrane (a view from the
inner side of the membrane). MA trimers and CT38 molecules are shown in surface representation. Single
MA monomers are colored in different shades of gray, and CT38 is colored violet. Six MA molecules of
individual MA trimers form a hexameric structure, with three MA trimers in complex with three individual
CT38 domains of the M-PMV TM Env trimer anchored in the plasma membrane.
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uration (22). It was shown that the truncation of the CT is essential for membrane fusion
during the early phase of the M-PMV life cycle (36). Nevertheless, the newly formed
particles are defective in the recruitment of Env if the truncation occurs prematurely
before Env reaches the membrane. Although the truncation of the last four C-terminal
residues does not affect M-PMV Env incorporation into virions, the truncation of 11
residues (i.e., the truncation after E26) leads to a significant decrease of Env incorpo-
ration, and Env with an even shorter CT is not incorporated at all (36). The importance
of MA-membrane dissociation was suggested for HIV-1, where the proteolytically
released MA becomes a part of the preintegration complex (37).

The interaction interface of the CT38 with the MA comprises residues up to S33,
which is in good agreement with the fact that the truncation after Y34 had no effect on
the incorporation of the CT into virions. Moreover, Song et al. found that the replace-
ment of residues 18 to 25 by alanines leads to a decrease of Env incorporation (6, 38).
We identified the same residues by NMR as those interacting with the MA. Therefore,
we conclude that residues 20 to 33 of the CT38 are critical for the formation of a stable
MA-CT complex.

Brody et al. reported that the M-PMV MA mutations A79V and T41I/T78I block the
cleavage of the CT during virus maturation (22). We showed that these residues located
in helices III and IV belong among those that interact with the CT. None of the MA
residues interacting with the CT are involved in the interaction of the MA with the
plasma membrane (33, 39) and all are thus available for interaction with the CT.
Changes in NMR spectra showed that some residues participating in MA oligomeriza-
tion (30) interact also with the CT38, suggesting the effect of the MA-CT interaction on
MA oligomerization. Additionally, GCN4-CT38 exhibited a stronger interaction with the
nonmyristoylated MA than the myristoylated one. We assume that upon interaction
with the membrane, the myristoyl is exposed from the MA hydrophobic pocket and the
MA molecule adopts a conformation similar to that of the nonmyristoylated MA.
Correspondingly, the nonmyristoylated M-PMV MA favors the trimeric arrangement
more than the myristoylated one (30, 39). This supports the theory that the MA with
exposed myristoyl tends to form trimers on the membrane. It also explains the stronger
interaction of the CT38 with the nonmyristoylated MA and may indicate that a virus-like
particle recruits the CT after interaction with the membrane. This is in agreement with
the data showing that the CT trimers are recruited into assembling the HIV-1 Gag lattice
by binding to MA trimers (40, 41).

In addition to NMR, we used mass spectroscopy of peptides cross-linked by BS3
covalently joining lysine residues in a distance of up to 26 to 30 Å (29). Also, tyrosine,
threonine, or serine residues may form stable cross-linking products (42–45). The
identified cross-links proved the close proximity of the N-terminal parts of both MA and
GCN4-CT38. This interaction interface does not interfere with the M-PMV MA trimeriza-
tion region occurring on the other side of the MA molecule (30). However, the
cross-linked K27 at the N terminus of M-PMV MA mediates the interaction with the
plasma membrane (33), suggesting that also the N-terminal part of CT38 points toward
the membrane. This is in good agreement with the fact that the GCN4 domain in our
construct substitutes for the transmembrane domain of Env.

In our XL-MS experiment, we did not detect the same region as observed by NMR.
This can be due to the absence of lysines in the C-terminal part of the CT38. Although
several serines, tyrosines, and threonines (enabling also BS3 cross-linking) are located
in this region, their reactivity with BS3 is significantly lower. Using NMR, we identified
several lysine residues (K54, K74, K87, K92, and K93) in the region of the MA interacting
with the CT38, but probably the steric hindrance at the tight interaction interface
prevented BS3 from cross-linking the interacting residues.

In summary, our approach provides initial information about the MA-CT38 complex
at the plasma membrane, where the MA as the N-terminal domain of Gag first binds to
the membrane and then uses the CT to recruit Env into the viral particle. Then, CT
truncation during the maturation step disturbs the interaction and enables the matured
viral particle to infect a new host cell and facilitates the release of the capsid into the
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cytoplasm of the host cell (36, 46, 47). We propose a model where individual CT
molecules in a trimeric complex bind MA monomers belonging to different neighbor-
ing trimers, which may stabilize the MA orientation at the membrane through the
formation of the membrane-bound net of interlinked Gag and CT trimers (Fig. 7). The
model differs from that proposed for HIV-1, where each CT trimer is positioned above
a single MA trimer protruding to different hexamer holes (41). This seems to be another
difference between HIV-1 and M-PMV, with extremely long and rather short CTs,
respectively. The HIV-1 CT interacts with the MA through its N-terminal �-helical
domains within LLP-3 and LLP-1 (41). In contrast, our data along with previous
mutagenesis studies (36) suggest that the short M-PMV CT is unstructured and its
C-terminal moiety is responsible for the interaction with the MA. Both models share the
principle where the trimerization of the MA and the CT supports mutual interactions of
these proteins, but because the M-PMV CT is much shorter and the M-PMV MA trimer
is organized differently from the HIV-1 MA trimer (30), the organization of the complex
must be different.

MATERIALS AND METHODS
Protein production and isolation. Myristoylated and nonmyristoylated M-PMV MAs and MAPPHis

(a version of the MA extended with 18 amino acid residues of the polyprotein Gag structure on the C
terminus of the MA and hexahistidine tag) were prepared as previously described (28). A similar
procedure was used to prepare MAPPGST. The only differences were the use of GST-binding agarose

FIG 7 Model of the CT complex with a trimeric MA. (A) MA-CT38 complex calculated in HADDOCK based on NMR
results. (B) Model of the MA-CT complex created based on HADDOCK calculation (the C-terminal part of the CT38)
and the results of XL-MS (the N-terminal part of the CT), where the N-terminal part of the CT sequence was twisted
around the MA to meet the restrains determined by identified cross-links. Trimeric MA (30) is shown in the surface
representation (A) or in the cartoon representation with a transparent surface (B), and single MA monomers are
colored in different shades of gray. The MA residues identified by NMR spectroscopy as interacting with the CT38
are colored blue, and the MA residues forming cross-links with the CT38 residues are colored red. CT38 is shown
in ribbon with mesh surface representation colored violet. The CT38 residues identified by NMR as interacting with
the MA are colored, cyan and the CT38 residues forming cross-links with MA residues are colored black. The
cross-links are displayed as dashed lines. The plasma membrane is depicted as a full line to express the orientation
of the MA-CT38 complex on the membrane.
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(Sigma) instead of Ni-nitrilotriacetic acid (NTA) agarose, the elution using 20 mM glutathione, and the
absence of M-PMV protease in the purification procedure.

For the expression of M-PMV CT, plasmid encoding CT38 N-terminally extended with a gene
encoding a leucine-zipper motif of GCN4 yeast transcription factor (GCN4-CT38) was used for the
transformation of E. coli BL21(DE3). Cells were disrupted using One-Shot cell disrupter (Constant
Systems). The protein was precipitated by 33% ammonium sulfate. After solubilization, the protein was
further purified using size exclusion chromatography on a HiLoad 26/60 Superdex 75PG column
(Amersham) and concentrated using microfiltration. The interaction studies were performed in a buffer
containing 100 mM phosphate (pH 6), 100 mM NaCl, and 0.02% �-mercaptoethanol.

GCN4-CT21 was expressed and purified similarly to GCN4-CT38, with the only difference being the
use of a supernatant from 50% ammonium sulfate precipitation.

For the pulldown assay, a full-length version of GCN4-CT38 was prepared with the HA tag sequence
on its N terminus (HA-GCN4-CT38). The shortened version (HA-GCN4-CT21) was prepared by cleaving the
full-length version with M-PMV protease.

For the NMR experiments, the proteins were uniformly labeled with nitrogen (15N) or were double
labeled with carbon (13C) and nitrogen (15N).

Pulldown assay. HA-GCN4-CT21 or HA-GCN4-CT38 at 0.18 mM concentration was mixed in 3.6-fold
molar excess with GST or MAPPGST, and the final mixture was incubated at room temperature for 5 days.
Afterward, the mixtures were alkalized by 5 M NaOH to pH 8 to ensure the conditions for the binding
of GST to GST-binding resin. Then, 200 �l of GST-binding resin suspension (Novagen) was added to each
mixture, and the suspensions were incubated at room temperature for 1 h. The GST-binding resin was
then separated from the solution and washed with 500 �l of pulldown buffer (100 mM NaCl, 100 mM
phosphate, 0.02% �-mercaptoethanol [vol/vol], pH 8). The washing step was repeated three times, and
a sample of the GST-binding resin was collected after each wash. The samples of the GST-binding resin
were analyzed by SDS-PAGE with subsequent immunoblot detection by the primary mouse monoclonal
antibody against the HA tag (Sigma-Aldrich).

NMR spectroscopy. All NMR data were measured on a Bruker Avance III 600�MHz NMR spectrometer
equipped with a cryoprobe. The spectra were processed using Topspin 3.5 software (Bruker BioSpin,
GmbH) and further analyzed by Sparky (48) and CcpNmr analysis software (49). MA backbone atom
assignments were taken from the BMRB database entry 34029 (39). The backbone atoms of CT38 were
assigned using the standard test of triple-resonance experiments. The interactions were observed by
monitoring chemical-shift changes in 1H/15N heteronuclear single quantum coherence (HN-HSQC)
spectra. For these experiments, only one of the interaction partners was uniformly labeled by nitrogen
(15N). The proteins were mixed in the ratios of 1:1 to 1:5 for 3 days before the measurement.

Protein cross-linking and digestion. The 1 mM MAPPHis and GCN4-CT38 or GCN4-CT21 protein
solutions were mixed in equimolar ratios, and the mixture was incubated at room temperature for 3 days
to stabilize the interactions prior to protein cross-linking. The protein mixture was then treated by 5-fold
molar excess of BS3 (Thermo Fisher Scientific) for 30 min. The reaction was quenched by the addition of
1 M Tris-HCl to such a volume as to achieve 50-fold molar excess of Tris-HCl to the concentration of BS3.
The cross-linked proteins were treated with 0.1 M dithiothreitol at 56°C for 45 min and subsequently with
0.5 M iodoacetamide at room temperature in the dark for 30 min. Afterwards, the cross-linked proteins
were digested at 37°C for 2 h with Pierce MS-grade trypsin (Thermo Scientific), using the trypsin-to-
substrate ratio of 1:20 (wt/wt). The digestion was terminated by the addition of trifluoroacetic acid (TFA)
to a final concentration of 0.5% (vol/vol). The obtained peptide mixture was then desalted by ZipTip C18

microtips (Millipore) according to the manufacturer’s instructions.
Nano-HPLC/Nano-ESI-Orbitrap mass spectrometry. The analysis of the cross-linked peptide mix-

tures obtained was carried out on an Ultimate 3000 rapid-separation liquid chromatography (RSLC)
nano-high pressure liquid chromatography (HPLC) system (Dionex) coupled to the EASY-Spray NG
nano-electrospray ionization (ESI) source of an Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher Scientific). The peptides were dissolved in 0.1% formic acid (FA) and separated using
reversed-phase C18 columns (�-precolumn, Acclaim PepMap 100 C18, 300 �m by 5 mm, 5 �m; separation
column, Acclaim PepMap RSLC C18, 75 �m by 250 mm, 2 �m [Thermo Fisher Scientific]). The peptides
were eluted and separated using gradients from 5% to 12% B (varied between 0 and 3 min), 12% to 35%
(varied between 3 and 52 min), 35% to 90% B (1 min), 90% B (53 to 57 min), 90% to 5% B (1 min), and
5% B (58 to 65 min) with a constant flow rate of 300 nl/min, where solvent A was 0.1% FA and solvent
B was 100% acetonitrile containing 0.1% FA.

MS data were acquired in the data-dependent MS/MS mode with the high-energy collisional
dissociation (HCD) fragmentation technique. Each high-resolution full scan (m/z 350 to 2,000 Da,
R � 60,000) in the Orbitrap was followed by product ion scans (R � 30,000) also in the Orbitrap, starting
with the most intense signal in the full-scan mass spectrum (an isolation window of 1.6 Th). The
automatic gain control (AGC) value was set to 400,000 (MS) and 50,000 (MS/MS), while the maximum
accumulation time was set to 50 ms (MS and MS/MS). Precursor ions with charge states from 2� to 6�
were selected for the fragmentation. Dynamic exclusion (exclusion duration, 10 s; exclusion window,
10 ppm) was enabled.

Identification of cross-linked products. The measured spectra were analyzed with the StavroX
(version 3.6.6) (50) search engine for the identification of cross-linked peptides. The input data Mascot
generic format (MGF) obtained from raw data by MSConvert (ProteoWizard) was used, and the search
parameters were set as follows: three potential missed cleavage sites on the C terminus of K and R; the
cleavage site on the C terminus of K blocked when it forms a cross-link; carbamidomethylation of
cysteines as static modification; oxidation of methionines as variable modification (maximum, three); the
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minimum peptide length, 2; disuccinimidyl suberate (DSS)/BS3 as cross-linker with the K and the
N-terminal amine group as the first linkable site; the N-terminal amine group, K, S, T, or Y as the second
linkable site; 5 ppm as MS mass tolerance; 10 ppm as MS/MS mass tolerance; the lower mass limit of
200 Da; the upper mass limit of 6,000 Da; the signal-to-noise (S/N) ratio of 2.0; the possible ion types a,
b, and y, with the maximum of three neutral losses per cross-link; and the application of the prescore
with a value of �10% intensity as the minimum fraction of signal intensity identified compared to the
total ion current. The results were filtered with the false-discovery rate cutoff of 5%, only taking into
account the candidate scans providing ions of cross-linked fragmented peptides as well as the minimum
cross-link sequence coverage of 40%.

Calculation of the MA-CT complex model. The structure of the MA-CT complex was calculated by
the HADDOCK 2.2 webserver (51). As an input for docking, we used the structure of nonmyristoylated MA
trimer (30) and an extended structure of CT peptide without the GCN4 domain generated in the X-PLOR
NIH 2.2 program (52). The residues determined by NMR spectroscopy were used as active. Passive
residues were determined automatically. Docking was performed according to the standard protocol
provided by the webserver. The resulting structures were clustered by structural similarity based on root
mean square deviation (RSMD), and the cluster with the lowest overall energy was selected. The structure
was visualized using PyMOL 0.99 software (https://pymol.org/2/).
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