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ABSTRACT: The HIV-1 Rev protein is required for export of partially spliced and unspliced viral mMRNA
from nuclei of infected cells, and ultimately for viral replication. Rev is highly prone to aggregation, both

in the absence and in the presence of the Rev responsive element (RRE) RNA to which it binds. As a
result, the full molecular structures of Rev and R&®RE complexes are not known. We describe the
results of transmission electron microscopy, atomic force microscopy, and solid state nuclear magnetic
resonance (NMR) experiments on pure Rev filaments and coassemblies of Rev with a 45-base RNA
sequence representing the high-affinity steloop 1IB segment of the RRE. The morphologies of Rev
filaments and RevRNA coassemblies are qualitatively different. Nonetheless, two-dimensional (2D)
solid state'*C—13C NMR spectra of Rev filament and Re®RNA coassembly samples, in which all lle,

Val, and Ala residues are uniformly labeled witfC, are nearly indistinguishable, indicating that the
protein conformation is essentially the same in the two types of supramolecular assemblies. Analysis of
cross-peak patterns in the 2D spectra supports a previously developedlbepix helix structural model

for the N-terminal half of Rev and shows that this model applies to both Rev filaments areRR&V
coassemblies. In addition, the 2D spectra suggest the presence of additional helix content at lle and Val
sites in the C-terminal half of Rev.

Rev is a 116-residue protein encoded by the genome ofshown to interact with Crml/exportin 1 and other cellular
HIV-1! and expressed in infected cells. Rev has been showncofactors 2, 7, 8), leading to export of RevRNA complexes
(1, 2) to target partially spliced and unspliced viral mMRNA  from the nucleus. The nuclear localization signal (NLS) of
for transport from infected cell nuclei to the cytoplasm Rev is contained in the ARM. Dissociation of RNA from
(where partially spliced mRNA can be translated into the Rev in the cytoplasm is believed to expose the NLS, leading
Vif, Vpr, Vpu, and envelope proteins and where unspliced to binding to importing, transport into the nucleus, and

mMRNA can be translated into the Gag and Gag-Pol polypro- sccessive rounds of RNA binding and exp@td, 10).
teins or packaged into new virions) by binding to an mMRNA .
segment in theerv gene known as the Rev responsive The full molecular structure of Rev is currently unknown,
element (RRE). The highest-affinity interaction between Rev largely because full-length Rev is strongly prone to aggrega-
and the RRE, with a dissociation constant on the order of 1 tion in vitro at concentrations above AM, both in the
nM under in vitro conditions, involves the arginine-rich motif Presence and in the absence of RNIL£14). Rev as-
(ARM) of Rev, comprised of residues 350, and the stem semblies have a highly ordered, filamentous morphology that
loop 1IB segment of the RRE3(-6). The nuclear export has been characterized previously by electron microscopy
signal (NES) of Rev, contained in residues-88, has been  (12—14). On the basis of circular dichroism (CD) spectros-
copy of full-length Rev and Rev fragments, Auer et al.
T Supported by the Intramural Research Program of the National proposed a structural model for Rev monomers in which the
Institute of Diabetes and Digestive and Kidney Diseases, a grant to nJ_ i i _hali
R.T. from the Intramural AIDS Targeted Antiviral Program of the N-terminal half Of.Rev contains tm helical Segmentsl.(i)_.
National Institutes of Health, Grant BIO2003-02246 from the Spanish ON€ of t_hese, re5|_dues 35_91 contains the ARM. Formation
Ministry of Education and Science to F.J.B., and a RargoCajal of a helix by peptides derived from the Rev ARM has been
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developed by Watts et al., based on cryoelectron microscopyisolate of HIV-1) was expressed in BL21(DEB¥cherichia
and other measurementB4. coli cells using an optimized, synthetic gene in plasmid

The stem-loop IIB segment of the RRE contains a purine- PET11d. Culture growth conditions, growth media, and Rev
rich bubble whose structure has been determined by solutionpurification conditions were as previously describ@a)(
nuclear magnetic resonance (NMR), both as a free RNA The expression medium contained uniformi- and*3C-
oligomer @4, 25) and as a complex with ARM peptides® labeledL-alanine,L-isoleucine, and-valine and unlabeled
18, 25—27), and by crystallography2@). Lower-affinity versions of all other amino acids. Rev filaments were formed
binding sites in the RRE have also been characterize@, ( by gradual ultrafiltration of a 1.xM solution at 4°C as
29). The full-length RRE is capable of binding approximately previously described2@), using membranes wita 3 kDa
eight Rev molecules3j, and multimerization of Rev is  cutoff and reaching a final Rev concentration of ap-
essential for its biological activity3Q, 31). At sufficiently proximately 10Q:M over a period of several days. For solid
high Rev concentrations, RRE RNA is packaged into state NMR, Rev filaments were pelleted and resuspended in
ribonucleoprotein complexes that may have a filamentous ultrafiltration buffer [50 mM sodium phosphate, 150 mM
appearance 1@, 13), although with a lower degree of NaCl, 50 mM sodium citrate, 1 mM dithiothreitol, and 1
structural order at the resolution of electron microscopy. MM ethylenediaminetetraacetic acid (EDTA) (pH 7.0)],

In earlier solid state NMR measurements, we used producing a Rev concentration of approximately 3 mM in a

quantitative techniques for constraining protein backbone 239 #L sample volume. CuN&DTA was added to solid
torsion angles to provide direct evidence for the twhelical ~ State NMR samples at a final concentration of 20 mM to
segments in the N-terminal half of Rev in its filamentous r€duce proton spinlattice relaxation times to approximately
form (23). These measurements were carried out on Rev 1S, allowing NMR data acquisition on frozen solutions in a
filaments in frozen aqueous solution, using protein samples'€@sonable time frame2§, 32, 33). NMR samples were

that were expressed witfC labeling of backbone carbonyl ~ r0zen in 6 mm diameter magic-angle spinning (MAS) rotors
sites in specific amino acid types. CD measurements by immersion in liquid nitrogen and were stored-&80 °C.

demonstrated that the helix contents of filamentous and R€v—RNA coassemblies were formed by ultrafiltration of
monomeric forms of Rev are indistinguishab®S), These a solution of purified, isotopically labeled Rev and synthetic

earlier solid state NMR measurements represent the onlyRNA (Curevac GmbH, Thingen, Germany). The RNA
previously published high-resolution, site-specific structural S€duence was GCU GGU AUG GGC GCA GCG UCA AUG

constraints on full-length Rev. The solid state NMR data ACG CUG ACG GUA CAG GCC AGC, representing the

also suggested that the leucine-rich NES does not adopt atem-l0op 1IB segment of the RRE. This RNA sequence is
fully extended conformation in Rev filaments and may be essentially the same as the sequence used in earlier studies
partly helical @3). Additional direct structural information ~ ©f the binding of Rev ARM peptides to the stefioop 11B

about the conformation of the C-terminal half of Rev has S€gment%, 16, 34) and has been shown to bind Rev ARM
been lacking. peptides with dissociation constants of approximately 30 nM

(16, 34). Similar RNA sequences bind full-length Rev with
dissociation constants of approximately 3 nt®)( Rev and
RNA concentrations at the beginning of ultrafiltration were

the RRE. These data were obtained from samples in Whichz'O#M' Cor_ldltlo_ns for ultrafiltration and supsequent treat-
ment were identical to those for pure Rev filaments, except

Rev was labeled with"C at all carbon sites in all Ala, Val, that NaCl was omitted from the ultrafiltration buffer
and lle residues. Each of these residue types occurs five times . . :
Frozen solutions were used for solid state NMR measure-

in the Rev sequence and is present in both the N-terminal ments, rather than lyophilized samples, to avoid the pos-

half and the C-terminal half. Two-dimensional (2EC— . o ;
13C NMR spectroscopy allows signals from Ala, Val, and gmg‘gr&&ngh'“zauon might perturb the Rev and Rev

lle residues to be resolved from one another. Analysis of . . .
Y Electron Microscopy and Atomic Force Microscopy.

the 2D NMR cross-peak line shapes permits us to eStimateTransmission electron microscope (TEM) images were
h f h resi h ici in helical . . D .
the numbers of each residue type that participate in helica obtained with an FEI Morgagni microscope, operating at 80

secondary structure, providing evidence of partial helical . ; .
secondary structure in the C-terminal half of Rev in addition kV. TEM grids were 300 mesh copper grids covered W'.th
lacey carbon (Electron Microscopy Sciences), upon which

to the N-terminal helical structure identified in earlier ted carbon fil 0 thick d
measurements. The new solid state NMR data also permit acvaporatéd carbon lims {510 nm thickness) were depos-

direct comparison of protein structures in the pure Rev |ted.' Gr;dls v;%roe fr?rshly glol\llv-tdlscgarged Ljn ;nga'tA ap-
filaments and in the RevRNA coassemblies. Importantly, proxwlna ely d T orrl._d E: te eNMReV an "
the solid state NMR spectra of the two forms are nearly samples, as used for solid state measurements, were

S : P~ diluted by a factor of 10 in deionized ;B immediately
indistinguishable, demonstrating that binding to RNA does ; . .
not involve a major protein structural change. before adsorption to the carbon films on the TEM grids. One

10uL aliquot of Rev or Rev-RNA complex was placed on
MATERIALS AND METHODS a grid for 2 min, blotted, immediately rinsed once with 10
uL of deionized HO, blotted again, immediately stained with
Protein Expression, Purification, and Filament Formation. 10 uL of 1% (w/v) uranyl acetate, blotted again, and dried
HIV-1 Rev (sequence, MAGRSGDSDEDLLKAVRLIKFL-  in air.
YQSNPPPNPEGTRQARRNRRRRWRERQRQIHSISERI-  Atomic force microscope (AFM) images were obtained
LSTYLGRSAEPVPLQLPPLERLTLDCNEDCGTSGTQ- in air with a MultiMode AFM system (Veeco Instruments)
GVGSPQILVESPTVLESGAKE, corresponding to the BH10 in tapping mode, using micro-actuated silicon probes (Veeco

In this paper, we present new solid state NMR data on
Rev, both in pure Rev filaments and in coassemblies with a
45-base RNA that represents the steoop 1B segment of
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Ficure 1: Characterization of Rev (lanes-B and 7) and Rev

RNA (lanes 4-6 and 8) samples by gel electrophoresis (10%
polyacrylamide, Tris/borate/EDTA running buffer, 150 V applied
potential, 30 min run time). The gel was stained for protein with
Coomassie Blue (visualized at the left) and for RNA with ethidium
bromide (visualized at the right). Rev and ReRNA assemblies,
prepared for solid state NMR and other measurements, were diluted
by a factor of 10 in pure kD (or 8 M urea) and combined with an
equal volume of 2 RNA loading dye solution (Fermentas) before
being loaded on the gel: (1) total Rev filament solution, (2) Rev
pellet after centrifugation, (3) Rev supernatant, (4) RRNA pellet
after centrifugation, (5) RevRNA supernatant, (6) supernatant after
washing of the Re¥RNA pellet, (7) Rev pellet, treated with urea
before loading, (8) RevRNA pellet, treated with urea before
loading, and (9) RNA molecular weight markers (Fermentas
RiboRuler, low range).

Instruments) with a nominal tip radius of 10 nm and a
nominal force constant of 1 N/m. Pelleted Rev and Rev
RNA samples were diluted by a factor of 10 in either
deionized HO or 0.3% acetic acid (producing pH 3)
immediately before adsorption to freshly cleaved mica. One
50 uL aliquot was placed m a 1 cn? mica surface for 2
min, blotted, and dried under a stream of nitrogen gas.
Approximately 100 images with bm x 5um or 10um x

10 um areas were recorded for each AFM sample to ensure
that the reported features are truly representative.

Solid State NMRSolid state NMR measurements were
performed at 9.39 T (400.9 MHH NMR frequency; 100.8
MHz 13C NMR frequency) using a Varian Infinity spec-
trometer and a Varian 6 mm MAS NMR probe. The NMR
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FIGURE 2: Representative TEM images of Rev filaments (a and c)
and RevRNA coassemblies (b and d), negatively stained with
uranyl acetate. Single and double arrowheads in panel c indicate

the widths of single and paired Rev filaments, respectively. Single

arrowheads in panel d indicate the approximate width of a-Rev
RNA coassembly.

chemical shifts are reported relative to tetramethylsilane,
based on an external adamantane methylene carbon reference
at 38.56 ppm.

RESULTS

Gel Electrophoresis and Microscopy Distinguish :Re
Filaments and Re—RNA CoassemblieEigure 1 shows the
results of gel electrophoresis measurements on Rev filaments
and Rev-RNA coassemblies. The electric field in these
measurements is directed upward, causing negatively charged
molecules or complexes to move downward into the gel.
None of the Rev filament preparations (lanes3land 7)
migrate into the gel, as the Rev protein alone is positively
charged. The RevRNA pellet (lane 4) exhibits a strong
band that stains for both protein and RNA, as well as a more

probe was precooled before samples were introduced, so Revapidly migrating band that stains for only RNA. Addition

and Rev-RNA samples remained below80 °C after initial
freezing until solid state NMR measurements were com-
pleted. Measurements themselves were performed at
—120°C. At this temperature, we expect protein motions to
be largely quenched, allowin§C NMR signal intensities

to be analyzed without consideration of motional effects (e.g.,
transverse spin relaxation, motional averaging of dipole
dipole couplings).

Two-dimensional solid stateéC—C NMR spectra were
recorded at a MAS frequency of 6.70 kHz, using ramped-
amplitude cross polarization3%—37), two-pulse phase-
modulated proton decoupling&) with an 80 kHz decoupling
field, and radio frequency-driven recouplingd( 40) of 3C
nuclei for 1.79 ms between theandt, spectral dimensions.
The 2D spectrum of the Rev sample was obtained with a 50
us t; increment, 128 complek points, and 48 scans per
free induction decay. The 2D spectrum of the R&NA
sample was obtained with a 38t; increment, 128 complex
t; points, and 384 scans per free induction de¢#y NMR

of 8 M urea (lane 8) does not affect these bands. The
supernatant of the pelleted ReRNA sample (lane 5)
exhibits only a weak, rapidly migrating band that can be
attributed to unbound RNA. These electrophoresis results
demonstrate that the RelRNA coassemblies contain both
biopolymers together in a bound state with an overall
negative charge, capable of carrying the protein into the gel
and not dissociated by urea treatment. A fraction of the RNA
in the pelleted RevRNA sample migrates in a manner
independent of the protein, but most of the RNA remains
bound under the conditions of these measurements. This
result is consistent with the approximate 1.5:1.0 stoichiom-
etry. Relatively little RNA does not pellet with the Rev
RNA coassemblies.

Figure 2 shows TEM images of Rev filaments and Rev
RNA coassemblies prepared as described above. In agree-
ment with previous studiesl?—14), the Rev filaments
(Figure 2a,c) are highly ordered and straight over 100 nm
length scales. In these negatively stained images, the Rev
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Ficure 3: Representative AFM images of Rev filaments (a and ¢) and-R&A coassemblies (b and d), deposited on mica from pH 7
(a and b) and pH 3 (c and d) solutions. The gray scale indicates height above the mica surface.

filaments appear as parallel bundles of light bands, spacedtively charged Rev filaments but not ReRNA coassem-
6 + 1 nm apart. Although it is tempting to infer from these blies if their surface is negatively charged. At pH 3, the Rev
images that each Rev filament has a diameter &f 5 nm, filaments appear to be significantly more disordered and have
earlier studies ¥2—14) reached the conclusion that Rev heights of 7+ 1 nm, suggesting that the filament structure
filaments are in fact hollow tubes with diameters of ap- is disrupted at low pH. RevRNA coassemblies are observed
proximately 12 nm and that these tubes are readily filled at pH 3, presumably because the surface charge is no longer
with uranyl acetate stain, accounting for the regular 6 nm negative. Although the RevRNA coassemblies are similar
spacing of the light bands when Rev filaments form laterally in appearance to the disordered Rev filaments at pH 3, they
associated bundles. This interpretation of negatively stainedare less filamentous in morphology and are smaller in height
TEM images is supported by the observation that the light (ranging from 3 to 6 nm).
bands occur almost exclusively in even numbers in our The clear differences in TEM and AFM images of Rev
images. Also in agreement with previous studigg, (L3), and Rev-RNA samples in Figures 2 and 3 provide further
Rev—RNA coassemblies (Figure 2b,d) are less well ordered evidence that the RevRNA coassemblies contain both Rev
and are approximately # 2 nm in diameter. The Rev and RNA and are distinct from Rev filaments. The TEM
RNA coassemblies in Figure 2 are approximately-38 nm results are also inconsistent with the possibility that Rev
in length. We avoid the term “cofilaments” to describe Rev  RNA coassemblies are fully formed Rev filaments with an
RNA coassemblies, as their filamentous nature is not clearouter “coating” of RNA, as such a structure would be
from the images in Figure 2. Differences between the-Rev expected to have a straight, rodlike morphology similar to
RNA morphologies in Figure 2 and filamentous RERNA that of an individual Rev filament.
morphologies reported in earlier work may be due to  Solid State NMR Indicates Indistinguishable Protein
significant differences in fibril formation protocols, in RNA  Secondary Structures in ReFilaments and Re-RNA
sequence, and in stoichiometry. Coassemblieszigure 4 shows 2B3C—1%C solid state NMR
Figure 3 shows topographic AFM images of the same Rev spectra of frozen solutions of Rev filaments and RRNA
and Rev-RNA samples, deposited on mica from pH 7 coassemblies. In both samples, all Val, Ala, and lle residues
(Figure 3a,b) and pH 3 (Figure 3c,d) solutions. At pH 7, were uniformly labeled with>N and *3C. Under the
Rev filaments are visible, with minimum heights of 223 conditions of these measurements (see Materials and Meth-
nm that may represent twice the diameter of a single filament ods), strong cross-peaks that connect the chemical shifts of
and widths of approximately 130 nm that presumably directly bonded carbon sites in the labeled residues are
represent the widths of laterally associated filament bundlesobserved. Residue type assignments of cross-peaks can be
(broadened by approximately 10 nm due to the non-negligible obtained from the 2D spectra (Figure 4e,f), but direct site-
radius of curvature of the AFM probe tip). No filamentous specific assignments are not possible with the isotopic
structures and very few structures of any type were observedlabeling scheme employed here. The five lle residues in Rev
in AFM images of the RevRNA sample at pH 7, although  exhibit a single set of cross-peaks with approximately
the sample deposition and image acquisition procedures weresymmetric, Gaussian shapes, indicating similar protein
identical to those used for Rev filaments. This result can be conformations at the five lle sites. In contrast, Ala and Val
explained by the fact that an unmodified mica surface is residues exhibit highly asymmetric cross-peaks, indicating
negatively charged4(), promoting the adsorption of posi- conformational variations among the five Ala sites and the
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FIGURE 4: 2D 13C—13C solid state NMR spectra of Rev filaments (a, c, and e) and-fRNA coassemblies (b, d, and f) obtained at 100.8

MHz with magic-angle spinning at 6.7 kHz. The Rev protein is uniformly labeled #iNrand*3C at all Ala, Val, and lle residues. Spectra

were obtained from frozen solutions atL20 °C. (a and b) Full spectra, with asterisks indicating spinning sideband artifacts. (c and d)
One-dimensional slices at 63 and 29 ppm, to illustrate the signal-to-noise ratio. (e and f) Expansions of the aliphatic regions. Assignment
paths connecting strong one-bond cross-peaks are shown for both heljcahq nonhelical (- - -) components.

five Val sites. 2D spectra of Rev filaments and R&NA Table 1: 13C NMR Chemical Shifts in Rev Filaments, in Parts per
coassemblies are remarkably similar. The greater diagonalMillion Relative to Tetramethylsilarfe
signal intensity in the RevRNA spectrum, particularly residue helical helical nonhelical  nonhelical
between 70 and 160 ppm, can be attributed to natural- type Ca shift Cy shift C, shift C; shift
abundancé3C NMR signals from the RNA. lle 63.4 (59.4) 35.4(37.1) - -

Our protocol for Rev filament production results in Ala 52.7(50.8)  15.2(17.4) 49.6 16.5
morphologically homogeneous samples. Amorphous Rev_ V&l ~ 63.9(605) 28.7(31.2) o8.2 29.8

aggregates constitute a negligible fraction of the NMR  2Nonhelical shifts are the approximate centroids of nonhelical signal
samples, as indicated by the TEM images in Figure 2 and regions. Values in parentheses are random coil shifts, taken from ref
by earlier solid state NMR result28). The asymmetry of
Ala and Val cross-peaks is therefore due to site-specific
conformational variations within each Rev molecule, rather 4 to place constraints on the secondary structure of Rev at
than to structural variation among molecules. the labeled residues. The€C; cross-peaks of lle, Ala, and

As established by many earlier experimental and compu- Val residues all exhibit components that can be assigned to
tational studies42—48), 13C NMR chemical shifts, especially  helical conformations (see Table 1). The Ala and Val residues
those of G and G sites, are strongly correlated with protein also exhibit nonhelical components. To assess the number
secondary structure. In helical segments, libes move of helical and nonhelical residues of each type, signal
downfield and @ lines move upfield relative to “random  volumes contained within polygonal regions enclosing the
coil” chemical shifts (i.e., chemical shifts of small peptides helical and nonhelical components were measured, using the
in solution that lack persistent secondary structure). We canregions displayed in Figure 5. The results are given in Table
therefore use the experimenta]-&C; cross-peaks in Figure 2. Helical signal fractions for the Rev filaments and the Rev
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L10 Table 2: Analysis of G—Cg Cross-Peak Volumes in 2BC—13C
e Solid state NMR Spectra of Rev Filaments and RBNA
IS Coassembligs
'20 Q_
£ volumes above
130 & integration and below diagonal total helical
S sample region (e.9.,Vhy, Vo) volume  fraction
40 ag; Rev Vh 24,21 45  0.35:0.04
= Vnh 36, 48 84
50 XX An 30, 30 60 0.56t 0.05
; Ann 25,23 48
L60 O In 48, 52 100  1.0@t 0.07
3 Rev—RNA Vh 21,26 47 0.33t 0.04
70 Vnh 51, 45 96
60 80 40 30 20 10 ﬁh g 12 3451 0.5% 0.06
13 nh y
C NMR frequency (ppm) In 48,52 100 1.08:0.07
FiIGURE 5: Aliphatic region of the 2D0-C—13C solid state NMR a\olumes are normalized tq for each sample. Individual volume

spectrum of Rev filaments, showing polygonal signal integration measurements have uncertainties of approximat&ylue to noise in
regions in dashed lines. Helical and nonhelical signal regions of the experimental spectra.

C,—C;p cross-peaks for residue type X are labelgg (ér X)) and
Xnhz (Or Xnna).

of each type has backbone torsion angles that correspond to

RNA coassemblies are indistinguishable. These results are? helical conformation. The additional helical lle residue can
most consistent with five Ile residues, three Ala residues, Only be lle102. The additional helical Val residue may be
and two Val residues existing in helical segments, both in Val104, suggesting the possibility that residues 1004
Rev filaments and in RevRNA coassemblies. The two form part of ana-helical segment. The additional helical
remaining Ala residues and three Val residues would then Ala residue may be Ala2, suggesting that the first helical
be in nonhelical (possibly but not necessarily disordered) S€gment may begin before Ser8 in Rev filaments and-Rev
segments. Because the solid state NMR measurements werRNA coassemblies.
performed at sample temperatures 6120 °C, protein Earlier CD measurements indicated that a monomeric Rev
segments that may be flexible and dynamic in a fluid aqueousdeletion mutant, in which residues 6812 were deleted,
environment are rigid in these measurements. We thereforehas a helix content of 65%4.%) and that full-length Rev in
expect all residues of a given type to contribute equal signal filamentous form has a helix content of 49%3]. These
volumes to the €-Cs cross-peaks, regardless of their CD results correspond to approximately 46 helical residues
location in the Rev sequence. in the deletion mutant and approximately 57 helical residues
The total’®*C NMR signal from Ala residues, relative to  in the full-length, filamentous protein. Raman spectroscopy
the total signal from lle residues, is weaker in the 2D indicates a helix content of 54% in full-length Rev filaments
spectrum of the RevRNA sample than in the 2D spectrum (14). The assignment of additional helical lle, Val, and Ala
of the Rev sample by approximately 27%. The tofd residues suggested above is consistent with these CD and
NMR signal from Val residues is stronger by approximately Raman results. Additional solid state NMR measurements
11%. These variations in total signal intensities may be due on samples with different isotopic labeling patterns would
to variations in the level of incorporation of isotopically be required for the unambiguous determination of these
labeled.-alanine and-valine. In earlier work using the same assignments.
protein expression protoca?d), the levels of incorporation Given the pronounced differences in the morphology and
of isotopically labeled -alanine and.-valine were deter-  dimensions of Rev filaments and ReRNA coassemblies
mined to be 50+ 15 and>90%, respectively. Sample-to-  in Figures 2 and 3, the similarity of 2B5C—3C solid state
sample variations in isotopic enrichment are not unexpected, NMR spectra of Rev filaments and ReRNA coassemblies
but we expect the level of enrichment to be the same for all is surprising13C chemical shifts for labeled sites are nearly
residues of a given type in a given sample. identical in the two samples, and the helical fractions for
lle, Ala, and Val residues are indistinguishable. These
DISCUSSION observations strongly suggest that the protein structure is
The BH10 Rev sequence contains lle at positions 19, 52, essentially the same in both samples, i.e., that the-Rev
55, 59, and 102, Ala at positions 2, 15, 37, 68, and 114, and RNA interaction does not require a major conformational
Val at positions 16, 71, 97, 104, and 109. Previous studieschange in the protein. Although TEM and AFM images
(15, 21, 22), including solid state NMR measurements of indicate that RevRNA coassemblies are more disordered
Rev filaments by Blanco et al28), support a helixturn— than Rev filaments on the-5L0 nm length scale, the solid
helix structural motif for the N-terminal half of Rev in which ~ state NMR spectra show no difference in structural order at
residues 826 and 34-59 form a-helices (although direct ~ the molecular level; i.e.}*C NMR line widths are not
NMR evidence for helix helix tertiary contacts has not yet  significantly larger in spectra of the ReRNA coassemblies.
been obtained). These previously identified helical segments Watts et al. have proposed a low-resolution model for Rev
account for four helical lle residues, two helical Ala residues, filaments, according to which these filaments are hollow
and one helical Val residue. The solid state NMR data tubes constructed from Rev dimers, arranged in a six-start
described above are consistent with these previously identi-helical pattern 14). In this model, which is based on
fied helical segments and indicate that one additional residuecryoelectron microscopy of frozen hydrated samples, mea-
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surements of mass per length via scanning transmissionREFERENCES

electron microscopy of the freeze-dried samples, electron
diffraction, and Raman spectroscopy, N-terminal helical
segments are located on the inner walls of the tubes and are
approximately parallel to the long axes of the tubes. Other
molecular-level details are not given. We are not aware of
any published models for the structure of R&WNA
coassemblies, other than models for ARM peptiNA
complexes derived from solution NMR datb7( 18, 27). If

the model of Watts et al. for pure Rev filaments also applied
to Rev-RNA coassemblies, then one would expect the RNA
to fill the center of the coassembly, where the RRE could
interact with the ARM helix. Such a structure might be
consistent with the solid state NMR data but would be
inconsistent with the dimensions of the RERNA coas-
semblies observed in our TEM images (Figure 2b,d). Thus,
assuming that the model of Watts et al. is at least ap-
proximately correct, our data show that Rev assembles into
two qualitatively different supramolecular structures without
a detectable change in protein conformation. (More subtle
changes in protein conformation may become apparent when
additional solid state NMR measurements on samples with
different isotopic labeling patterns are performed.) In our
protocol for formation of RevRNA coassemblies, it seems
likely that Rev binds to stemloop 1IB RNA before its
aggregation into the large supramolecular structures observed
in TEM images, rather than first forming large Rev ag-
gregates that subsequently interact with RNA. This mode
of Rev—RNA assembly would be consistent with previous
observations that ResRNA coassemblies form more rapidly
and at lower protein concentrations than pure Rev filaments
do (11, 13).

The TEM and AFM images in Figures 2 and 3 provide
additional, albeit indirect, constraints on the structure of
Rev—-RNA coassemblies. The TEM images indicate that
Rev—RNA coassemblies have a diameter of:72 nm, a
factor of nearly 2 times narrower than Rev filaments. The
AFM measurements, in particular the absence of detectable
adsorption of RevRNA coassemblies to mica from pH 7
solutions, suggest that the surface of RRNA coassemblies
is negatively charged, given the negative charge of the mica
surface. A negative surface could be created either by placing
the RNA on the exterior of the Re\ARNA coassemblies,
which would then have a proteinaceous core with ARM
helices directed toward the exterior for interaction with the
RNA, or by partially sequestering the RNA and ARM helices
in the interior of the coassemblies and exposing the C-
terminal half of Rev (with a net charge 6f6 from Glu69
through Glulll at pH 7). The latter possibility may favor
exposure of the NES for interaction with Crm1/exportin 1
(2, 7, 8). The Rev-RNA coassemblies shown in Figure 2
are not too large to pass through a nuclear pat®), (
suggesting that they are relevant models for coassemblies
in infected cells. We note that, although experimental
evidence cited above supports the formation of REBNA
coassemblies in vivo, no evidence of pure Rev filament
formation in vivo exists currently.
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