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Figure 2. Species-specific residues define a Crm1 dimerization surface that enhances Rev-RRE binding. (A) A dimer
of human Crm1 extracted from a unit cell of a Crm1-Snurportin1 complex that lacks Ran®™ (PDB 3GB8) was fit into
the EM reconstruction (grey envelope) of Crm1 and Ran®™ bound to Rev-RRE (Figure 2—figure supplement 2).
Residues that differ between murine and human Crm1 that enhance Rev-RRE activity (Sherer et al., 2011; Elinav
et al., 2012) are shown in gold and form an interface between two Crm1 monomers (detailed in panel B and
Figure 2—figure supplement 3). Two NES binding sites poised to engage two Rev NES peptides are shown in
cyan. (C-D) Human Crm1 recognizes Rev-RRE with higher affinity and increased cooperativity compared to its
murine ortholog, shown by gel mobility shift assays with radiolabeled RRE, a molar excess of Rev, and increasing
concentrations of Crm1-Ran®™. The Hill equation or a version of the McGhee-von Hippel model (Epstein, 1978)
was fit to the quantified data from three independent experiments (R? > 0.99 for all models compared to average
values) as shown in (D) and described in ‘Materials and methods’. Asterisks denote *p < 0.05 and **p < 0.01 from
one-tailed t-tests. A schematic model of the complex is shown to highlight the physical meaning of the McGhee-
von Hippel parameters. (E) Size-exclusion chromatograms of Rev-RRE complexes assembled with murine Crm1 or
human Crm1 show that murine Crm1 elutes with a larger apparent mass, presumably due to a larger hydrodynamic
radius in the absence of Crm1-Crm1 interactions. (F) Class averages of Rev-RRE complexes bound to a dimer of
human (426 particles) or murine (617 particles) Crm1 from negatively-stained micrographs of particles from (E).
Murine Crm1 particles showed a wider range of sizes than the human particles, with most being larger, and the
murine particles showed different features, such as an hourglass shape with fewer details in the center of the
particle than human Crm1 particles. Scale bars show 10 nm.
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Figure 2. Continued on next page
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Figure 2. Continued

The following figure supplements are available for figure 2:

Figure supplement 1. Random conical tilt reconstruction and refinement.

DOI: 10.7554/eLife.04121.006

Figure supplement 2. Comparison of fitting murine Crm1 or human Crm1 crystal structures in the EM
reconstruction.

DOI: 10.7554/elLife.04121.007

Figure supplement 3. A comparison of species-specific residues at the interface of the Crm1 dimer.
DOI: 10.7554/eLife.04121.008

structure (Nagai-Fukataki et al., 2011; Sherer et al., 2011; Elinav et al., 2012). Based on steric con-
siderations from the structure of a Rev oligomer, our lab previously proposed a ‘jellyfish” model in
which a Rev hexamer with dangling unstructured NES peptides could accommodate no more than two
Crm1 subunits (Daugherty et al., 2010b). As described below, our data now suggest that Crm1 forms
an intimate dimer with Rev-RRE bridging across the interface, permitting us to propose a more com-
prehensive model of the export complex.

A detailed examination of the Crm1 dimer reveals an extensive interface that buries a total surface
area of 2170 A2 in the crystal structure (Figure 2B) and corresponds to functionally important residues
(Figure 2—figure supplement 3). Central to the interface are symmetric hydrogen bonds between
Arg474 and Glu478 across the dimer (2.9 A donor to acceptor; Figure 2B) and, indeed, substituting
these residues decreases Rev function (Elinav et al., 2012). The surrounding interactions are largely
hydrophobic: Phe414 fills a cavity between Glu478 and His481 from the opposite subunit while Pro411,
Met412, and Met 348 interact with the apposing Val484. Consistently, swapping murine residues for
Pro411, Met412, and Phe414 results in the largest reduction in activity (Sherer et al., 2011; Elinav
et al., 2012). The ends of the interface near Thr346 utilize Glu345 to form a salt bridge with Lys531
(2.8 A) and hydrogen bond with GIn530 (2.8 A) on the other monomer. The sum of these interactions
enables human Crm1 to form an ordered dimer interface upon Rev-RRE binding.

The Crm1 dimer interface facilitates cooperative assembly with the
Rev-RRE complex
To assess the importance of this interface for Rev-RRE recognition, we compared the binding of
murine and human Crm1 to Rev-RRE complexes using gel mobility shift assays (Figure 2C), which
were quantified and fit with a standard Hill binding model (Figure 2D). The apparent binding con-
stant for human Crm1 to Rev-RRE was slightly, yet significantly (p < 0.01), higher than for murine
Crm1 (K2 = 297 = 30 nM vs 450 + 43 nM), and the human protein achieved higher maximal saturation
(M =0.96 £0.010 vs 0.90 = 0.016, p < 0.01). An interesting but puzzling difference also was observed
in the cooperativity term, as measured by the Hill coefficient (h = 2.49 + 0.02 vs 1.96 + 0.40, p < 0.05).
For human Crm1, the Hill coefficient exceeded the dimeric stoichiometry of the complex, which—
while unusual—is not unprecedented (Atkinson, 1966). As an initial interpretation, we considered
that the Hill coefficient of two with murine Crm1 reflected the stoichiometry of the complex while the
higher value with human Crm1 might also include an additional component of cooperativity result-
ing from the arrangement of the Crm1 dimer. Overall, the result of these small differences between
the human and murine proteins is comparable to the fourfold enhancement in nuclear export activity
seen when human Crm1 is expressed in murine cells (Sherer et al., 2011, Elinav et al., 2012).
Because fitting to the Hill model yielded somewhat atypical parameters, we explored whether an
alternative model, which describes how large ligands bind to a linear array of sites (McGhee and von
Hippel, 1974), might better explain the data. This model has typically been used to analyze protein
binding to DNA sites, which may resemble how Crm1 binds to the array of NES peptides in the Rev-RRE
complex. According to this model, the affinity between the ligand and each binding site (Ky) would
describe Crm1 binding to one Rev NES, the number of binding sites that a large ligand occludes (n)
would reflect the number of Rev sites Crm1 obscures due to its large size, and cooperativity between
ligands (w) would be reflected by w > 1, indicating an interaction between Crm1 monomers (Figure 2D).
In this model, human and murine Crm1 both have similar affinities for an individual NES (K4 ~ 6-8 pM)
but human Crm1 shows more than 2-fold higher cooperativity (w = 27.8 + 3.4 vs 12.1 + 3.8, p < 0.01).
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It is common for w values to be quite large if complexes have extensive protein—protein interfaces,
such as the binding of RecA filaments to DNA, with w ~ 50 (Menetski and Kowalczykowski, 1985).
The relative w values for Crm1 suggest a tighter interaction between the human Crm1 monomers, but
the absolute value of w > 1 for murine Crm1 still suggests some interaction between monomers.
Indeed, murine Crm1 complexes with Rev-RRE elute from size-exclusion columns with an even larger
apparent size than with human Crm1 (Figure 2E) and display a different, elongated, hour-glass shape
in class averages of negatively-stained particles (Figure 2F), suggesting that these differences in the
dimer complexes may reflect observed differences in Rev-RRE binding and export activities. Both
human and murine Crm1 occlude three binding sites (Figure 2D), consistent with the stoichiometry of
a Rev hexamer harboring six NESs binding to only a dimer of Crm1 (Daugherty et al., 2010b). These
binding analyses also suggest that the Crm1 dimer interface helps promote cooperative assembly of
the complex. The stabilization of the Rev-RRE export complex imparted by the human Crm1 dimer
interface may explain how human Crm1 enhances oligomerization of a Rev-like protein from Human
T-cell Leukemia Virus-1 (Hakata et al., 2003) or why it enhances the nuclear export activity of Rev for
other lentiviruses, such as feline immunodeficiency virus (Elinav et al., 2012).

The micromolar affinities for Crm1 binding to an individual NES calculated with the McGhee-von
Hippel model are consistent with previous reports (Paraskeva et al., 1999; Giittler et al., 2010) and
underscore the importance of the RRE for scaffolding the Rev oligomer to promote the interaction
with Crm1. For example, murine Crm1, with apparently weak or no interaction between Crm1 mono-
mers, still binds the Rev-RRE complex with an order of magnitude greater affinity than to a single NES
(Ki/2 = 450 nM vs K4 = 5910 nM). This result may indicate that the increased local concentration of NESs
in the Rev-RRE complex enhances Crm1 binding and is consistent with our observations in Figure 1B
where the RRE was required for Rev to strongly bind Crm1. Furthermore, a recent study has shown that
increasing the local concentration of NESs in the Rev-RRE complex by appending additional NESs to
Rev overcomes the defect in murine Crm1 (Aligeti et al., 2014). Overall, the combined contributions
from the RRE scaffolding the Rev oligomer and the interaction between Crm1 monomers coopera-
tively assemble the whole complex for nuclear export and may strongly influence the disassembly of
the particle in the cytoplasm to regulate downstream steps for translating viral proteins and virion
assembly (Yedavalli et al., 2004; Nagai-Fukataki et al., 2011; Elinav et al., 2012).

Rev-RRE binds between NES binding sites on one side of the Crm1
dimer

To reveal how the Rev-RRE particle docks onto the export complex, we fit a dimer of Crm1 with bound
Ran®™ (Figure 2—figure supplement 2) into the EM map and then searched for extra density.
Such extra density, which sits on one side of the Crm1 dimer between the two NES binding sites, is
expected to correspond to bound Rev-RRE (Figure 3A,B). The location of this density sharply con-
trasts with how a host cargo, Snurportin1, binds to monomeric Crm1, where the main docking surface
is on the opposite side of Crm1 (Figure 3C). Yet, the observed density is too small to fully accommo-
date a Rev hexamer bound to RNA, likely reflecting the poor visualization of RNA in uranyl-stained
images as well as conformational heterogeneity (Figure 3—figure supplement 1) arising from the
disordered carboxy-terminus of Rev where the NES is located (Daugherty et al., 2010).

To be certain of the locations of Rev and the RRE in the particle, we compared class averages
of the complex to those formed either with GB1-tagged Rev or with streptavidin-tagged RRE
(Figure 3D). Despite heterogeneity arising from flexible linkers to the tags and from different confor-
mations within each class, additional density was plainly visible in both tagged complexes (Figure 3—
figure supplement 2) with Rev and the RRE unambiguously positioned on one side of the Crm1
dimer. Class averages from cryo-electron micrographs, where RNA staining is not an issue, also show
extra density in the same location (Figure 3D). Together these data indicate that the positioning
of NES sites constrains Rev-RRE to flexibly dock on one side of the Crm1 dimer.

Discussion

This work provides the first glimpse of an assembled HIV nuclear export complex, involving an essential
HIV-host interaction between the Rev-RRE complex and Crm1. Most surprisingly, we revealed the exist-
ence of a Crm1 dimer, whose details could be inferred from crystal contacts observed in an existing Crm1
structure (Dong et al., 2009). The ability to assemble these complexes in vitro provides a good starting
point to investigate how additional host proteins may work with Crm1 during viral RNA trafficking.
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Figure 3. Rev-RRE binds between NES binding sites on the Crm1 dimer. (A-B) A model of the Crm1-Ran®™ dimer
displays extra density (red) on one side of the structure that locates the Rev-RRE complex between the Rev NESs
bound to each Crm1 (green). The Crm1-Ran®™ dimer model was built by aligning two murine Crm1-Ran®'™
complexes onto the human Crm1 dimer. (C) A rotated view of the structure showing the location of Snurportin
bound to a Crm1 monomer on the opposite side of the protein. (D) Class averages of particles containing Rev tagged
with GB1 or RRE tagged with streptavidin, and cryo-EM of the complex without any tags, confirm the location of
Rev-RRE. Raw micrographs, class averages, and particle numbers are shown in Figure 3—figure supplement 2.
DOI: 10.7554/eLife.04121.009

The following figure supplements are available for figure 3:

Figure supplement 1. Heterogeneity within class averages reveals Rev-RRE density.

DOI: 10.7554/eLife.04121.010

Figure supplement 2. Localization of Rev-RRE density.
DOI: 10.7554/eLife.04121.011

The Rev-RRE particle is clearly positioned at the Crm1 dimer interface although the extent of the
interface between Rev-RRE and Crm1 is unclear beyond the Rev NES interaction because there was
insufficient resolution to precisely place Rev-RRE into the reconstructed complex. In addition to poor
staining of the RNA, heterogeneity of the Crm1/Rev-RRE interaction contributes to the lack of distinct
density for Rev-RRE and presumably results from multiple arrangements of the complex as well as
peptide flexibility surrounding the Rev NESs. Furthermore, models of Rev oligomers using combina-
tions of Rev dimer structures free or bound to RNA suggest that a range of oligomer conformations
can interface with the Crm1 dimer (Jayaraman et al., 2014). Determining which conformations are
present in the entire export complex will require higher resolution structures.

Because a portion of the RRE stabilizes an alternate conformation of the Rev dimer (Jayaraman
et al., 2014) and the whole RRE directs Rev oligomerization (Pond et al., 2009, Fang et al., 2013;
Bai et al., 2014), we anticipate that the RNA modulates the conformation of the Rev oligomer and
consequently its interaction with the Crm1 dimer. Indeed, we observe that the RRE enhances the
interaction with Crm1, probably reflecting the high local concentration of Rev NESs promoted by
the RRE scaffold. If the RRE stabilizes distinct conformations of the Rev oligomer (Jayaraman et al.,
2014), then the volume occupied by the Rev NES in those different states could influence the affinity
for the Crm1 dimer. Such a mechanism could explain how HIV can evolve to fine-tune the levels of
nuclear export through changes in the RRE during the course of infection within a single host
(Legiewicz et al., 2008; Sloan et al., 2013).

It is clear that the Crm1 dimer architecture is functionally important for HIV replication since muta-
tions in Crm1 that decrease Rev-dependent export and restrict viral replication correspond to residues
that form the interface between Crm1 monomers (Nagai-Fukataki et al., 2011; Sherer et al., 2011,
Elinav et al., 2012). The difference between murine and human Crm1 amplifies into a fourfold defect
in nuclear export and a similar defect in translation of viral proteins (Figure 4). Overall, these subtle
differences in binding lead to a 12-fold increase in virion production when human Crm1 is expressed
in mouse cells (Sherer et al., 2011), and even these values may underestimate the differences in an
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Figure 4. Cooperative assembly of a nuclear export complex with human Crm1 enhances nuclear export and virion
production. Human Crm1 (top) associates with Rev-RRE with higher affinity than murine Crm1 (bottom) due to
species-specific residues that form the dimer interface (gold). This increased association amplifies into even larger
differences in nuclear export activity and virion assembly between the two Crm1s.

DOI: 10.7554/elLife.04121.012

endogenous context since in these experiments human Crm1 is overexpressed in cells already contain-
ing murine Crm1.

The significance of the Crm1 dimer for Rev-RRE function is underscored by a comparison of Crm1
orthologs (Sherer et al., 2011). This work proposed an intriguing evolutionary path for Crm1 starting
from an ancestral sequence that lacked the full set of residues that we now know form the Crm1
dimer interface. The simian primate lineage might have acquired mutations that stabilize the inter-
face, whereas the murine lineage might have accrued mutations that destabilize the interface. Even
though mouse Crm1 lacks the residues to fully stabilize the Crm1 dimer, the Rev-RRE complex can
still recruit two Crm1 subunits, which presumably accounts for its partial function in Rev-mediated
export. Thus, Rev oligomerization scaffolded by the RRE may have initially allowed ancestral viruses
to recruit two Crm1 subunits even if an ancestral form of Crm1 did not have a dimeric interface. The
oligomerization of Rev-like proteins in other retroviruses may similarly facilitate binding to existing
Crm1 orthologs that lack the dimeric interface. The selective pressures that fixed the dimer interface
in the simian primate lineage are unknown, but its evolution has certainly provided an advantage for
HIV replication.

The Crm1 surface bound by Rev-RRE is clearly distinct from where the host cargo Snurportin1 binds
(Figure 3C) and could reflect a virus-specific interface and potential therapeutic target. However, it
seems more likely that the Crm1 dimer plays some role in host cell biology. Previous studies have
implicated the same species-specific Crm1 residues as important for binding to RanBP3, a protein that
enhances interactions of Crm1 with Ran®™ and some NESs, although it is not known if a Crm1 dimer is
involved (Hakata et al., 2003). Alternatively, Crm1 dimerization may modulate levels of nuclear export
for host MRNAs. Crm1 mediates export of a small set of mMRNAs via proteins bound near their 3" ends
(Brennan et al., 2000; Yang et al., 2001; Culjkovic et al., 2006; Prechtel et al., 2006). One of these
proteins, HuR, even forms an oligomeric complex at its 3' RNA element (Fialcowitz-White et al.,
2007). Perhaps analogous to the Rev, the HuR oligomer may also bind a Crm1 dimer. Moreover, the
positioning of cis-acting elements within a cellular mMRNA may define a topology for RNA-binding
proteins to recruit a Crm1 dimer without homooligomeric assemblies of proteins. Such a mechanism
would allow Crm1-mediated export to integrate different protein signals to tune the levels of nuclear
export for a given mRNA.
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Materials and methods

Molecular cloning

All plasmids used in this study are listed in Supplementary file 1. Crm1 and Ran were cloned between
the Ndel and Xhol sites in a pET19b vector (EMD Millipore, Darmstadt, Germany) that encodes an
amino-terminal deca-histidine tag followed by a tobacco etch virus (TEV) protease site. Genes were
amplified from their source vectors by polymerase chain reaction with phusion polymerase (New
England Biolabs (NEB), Ipswich, MA) using forward and reverse primers (Integrated DNA technologies
(IDT), Coralville, IA, listed in Supplementary file 2) containing Ndel or Xhol restriction sites, respec-
tively. PCR products and the target vector were digested with restriction enzymes (NEB), purified
(Qiagen, Venlo, Netherlands), ligated (Roche, Basel, Switzerland), and then transformed into E. coli
DH5a. Plasmids from positive transformants were isolated (Qiagen), screened by restriction digests,
and sequenced (University of California - Berkeley DNA Sequencing Facility, Berkeley, CA).

Site-directed mutagenesis

Mutations were introduced using a single primer method (Makarova et al., 2000). Briefly, DNA
was synthesized using mutation-bearing primers (IDT) using Pfu Turbo (Agilent, Santa Clara, CA), puri-
fied, Dpnl digested, and transformed into E. coli DH5a. Plasmids from transformants were isolated
and sequenced.

RNA Transcription and purification

RNA was transcribed by T7 polymerase from a linearized plasmid and then purified by Urea-PAGE
(Daugherty et al., 2008). A single-stranded segment found to be a cloning byproduct at the 5'-end of
the RRE was removed from the original template by site-directed mutagenesis. Pure RNA pellets were
resuspended in buffer A[1 mM HEPES-KOH, pH 7.5 @ 20°C] and stored at —20°C. RNA was annealed
by heating to 95°C and cooling to 30°C in an aluminum heating block placed at room temperature.
RNA was quantified by UV spectroscopy using a 260 nm extinction coefficient of 2.5 x 10¢ M-'cm™'
for the RRE.

5'-end labeling RNA

Purified RNA was treated with calf intestinal phosphatase according to the manufacturer (NEB). RNA
was purified by phenol-chloroform extraction, ethanol precipitated in 300 mM NaCH;CO,, washed
with 70% ice-cold ethanol, and resuspended in buffer A. RNA was labeled for 21 hr at 37°C in buffer
B [50 mM imidazole-HCl, pH 6.4 @ 20°C, 10 mM MgCl,, 5 mM DTT] with 10 Units of Polynucleotide
Kinase (NEB) by adding either y-32P-ATP (Perkin Elmer, 3000 Ci/mmol) or ATPYS (Sigma-Aldrich, St. Louis,
MO) to final concentrations of 450 nM and 1 mM, respectively. For radiolabeling, RNA was purified
by phenol chloroform extraction, diluted in buffer A, and desalted with PD Spintrap G-25 column
(GE Healthcare Lifesciences, Piscataway, NJ) according to manufacturer’s instructions. For biotin
labeling, RNA was purified by adding NH,CH;CO, to a final concentration of 2.5 M and centrifuging
at >20,000xg and 4°C for 1 hr to pellet the protein. RNA in the supernatant was ethanol precipi-
tated and resuspended in buffer A. Maleimido-biotin was added at a final concentration of 100 uM,
incubated at room temperature for 4 hr, and quenched with an excess of 2-mercaptoethanol. The
reaction was diluted in buffer A, desalted as above, and ethanol precipitated twice in NaCH;CO, in
order to get rid of excess label. The washed RNA pellet was resuspended in buffer A. After labeling,
RNAs were annealed as above and evaluated on Urea-PAGE to ensure no degradation. Radiolabeled
RNA was quantified by scintillation counting, aliquoted, and then stored at —20°C.

Protein expression

Proteins were expressed in E. coli BL21(DE3). Bacteria were grown in Luria-Bertani Miller Formula (LB)
media with noted supplements by diluting overnight cultures 50-fold into 1 | of media and by
shaking at 200 rpm in baffled Fernbach flasks to the indicated OD,y. Expression was induced by
adding isopropyl-B-D-thiogalactopyranoside (IPTG) to the indicated final concentration. Bacteria
were harvested by centrifugation at 4500xg and 4°C for 20 min. Pellets were frozen in N, (l) and
stored at —80°C.

Rev expression
Rev was expressed as previously described (Daugherty et al., 2008).
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