
Structural Dynamics of HIV-1 Rev and Its Complexes with RRE and 5S RNA

Wai-Chung Lam,‡ Jan M. Seifert,§ Franz Amberger,§ Christine Graf,§ Manfred Auer,*,§ and David P. Millar*,‡

Department of Molecular Biology, MB-19, The Scripps Research Institute, 10550 North Torrey Pines Road,
La Jolla, California 92037, and NoVartis Research Institute, Brunnerstrasse 59, A-1235 Vienna, Austria

ReceiVed August 4, 1997; ReVised Manuscript ReceiVed December 3, 1997

ABSTRACT: The Rev protein of the human immunodeficiency virus type 1 (HIV-1) has been studied by
time-resolved fluorescence spectroscopy. The single tryptophan residue of Rev, Trp45, located within
the arginine-rich RNA-binding domain of the protein, was utilized as an intrinsic spectroscopic probe. In
addition, five peptides spanning different lengths of the arginine-rich domain, each containing the tryptophan
residue, and two C-terminal deletion mutants of Rev, Rev M9∆14 and Rev M11∆14, were examined.
Rev M9∆14 lacks residues 68-112 whereas Rev M11∆14 is missing residues 92-112 of the C-terminus
of Rev. The fluorescence decay of Trp45 in wild-type Rev was resolved into four discrete lifetime
components, and decay-associated spectra (DAS) were obtained for each component. The fluorescence
decays of all five peptides and Rev M9∆14 were resolved into three lifetime components. The fluorescence
decay of Rev M11∆14 was resolved into four components similar to those found for wild-type Rev.
These results indicate that the activation domain (residues 78-93), present in wild-type Rev and Rev
M11∆14, induced a unique tryptophan environment, characterized by a short-lived, blue-shifted emission,
attributed to higher order assembly of Rev. In addition, fluorescence anisotropy decay data obtained for
wild-type Rev and the two C-terminal deletion mutants also indicate that the activation domain mediates
self-association of Rev. Based on the anisotropy decay results for wild-type Rev, the distribution of
oligomers is independent of salt concentration. The average fluorescence lifetime of Trp45 was reduced
upon complexation of Rev with a 40-mer fragment of the Rev response element containing the minimal
element for Rev binding (F8-RRE), and the emission was blue-shifted. In addition, the local rotation of
the tryptophan side chain was blocked in the protein-RRE complex. These results indicate that Trp45
directly interacts with the RRE. Rev is also shown to bind to 5S RNA, resulting in very similar changes
in the time-resolved tryptophan fluorescence to those observed upon complexation of Rev with F8-
RRE.

Rev is an important HIV-11 regulatory protein that is
involved in the transport of unspliced and incompletely
spliced viral mRNAs from the nucleus to the cytoplasm of
the host cell (1-4). These mRNAs encode the structural
proteins essential for viral replication (5, 6), thus providing
a therapeutic target in the treatment of HIV-1 infection. Rev
binds to a part of the HIV-1enV gene called the Rev response
element (RRE) (3, 7-9). Stem-loop IIB of the RRE has
been identified as a high-affinity binding site for Rev (10-
12). A 17-amino acid arginine-rich region of Rev spanning
amino acids 34-51 binds specifically to the RRE (13-18).
The protein activation domain necessary to mediate the
interaction of Rev with nuclear proteins involved in trans-
location of RNA to the cytoplasm is located between amino
acids 78 and 93 (19-21). Rev is known to multimerize in
the presence or absence of RNA (13, 22). The addition of
one more Rev monomer after the first monomer binds to

the RRE adds to the stability of the Rev-RRE complex (23,
24).
The elucidation of the three-dimensional structure of Rev

by X-ray crystallographic or NMR spectroscopic methods
has been impeded by the strong tendency of the protein to
aggregate (10). To date, the only structural information on
Rev has come from circular dichroism (CD) studies (25-
27) and from NMR spectroscopic studies of a model peptide
of the RNA-binding domain (28). These studies have shown
that the arginine-rich RNA-binding domain adopts anR-heli-
cal secondary structure (28) and that theR-helical content
of Rev remains unchanged upon binding to the RRE (27).
An NMR-based structural model of a peptide spanning the
arginine-rich region of Rev bound to a short target RNA
sequence shows that the helical peptide is inserted into the
major groove of the RNA near a purine-rich internal loop
(29). However, higher order conformational changes of the
RNA-protein complex due to full-length Rev and Rev-
Rev multimerization cannot be studied in this minimal model
system.
Fluorescence spectroscopy can provide a variety of

information on protein structure and dynamics, including the
local environment of tryptophan residues, the existence of
protein conformers, and the rates of rotational diffusion and
segmental motions. Moreover, fluorescence measurements
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can be carried out at low protein concentrations where
aggregation does not dominate. Here, we present a time-
resolved fluorescence study of Rev, utilizing the single
tryptophan residue, Trp45, as an intrinsic spectroscopic
probe. Trp45 is located within the arginine-rich RNA-
binding domain of Rev and is appropriately positioned,
therefore, to report on the conformation and dynamics of
that domain and the interaction of the protein with its cognate
RNA. The results of time-resolved fluorescence lifetime and
anisotropy decay studies of wild-type Rev, two C-terminal
deletion mutants, and a series of Rev peptides show that the
tryptophan environment is influenced by multimerization of
the protein mediated by the activation domain. Moreover,
complexation of Rev with a 40-mer portion of the RRE,
containing the minimal element for specific, high-affinity
Rev binding, the F8 40-mer (30), causes a significant change
in the time-resolved fluorescence properties of Trp45,
showing that the tryptophan side chain directly interacts with
the RRE. It is also shown that Rev can bind to 5S RNA
and that the resulting changes in the time-resolved tryptophan
emission are essentially identical with those caused by
binding to the RRE, raising the possibility that these two
RNA molecules access similar or identical export pathways
from the nucleus to the cytoplasm.

MATERIALS AND METHODS

Expression and Purification of ReV,ReV M9∆14, and ReV
M11∆14. Expression and purification of HIV-1 Rev and
the C-terminal deletion mutants Rev M9∆14 (residues 1-67)
and Rev M11∆14 (residues 1-91) have been described
previously (27, 31).

Peptide Synthesis. Rev peptides were synthesized using
Fmoc methodology on an ABI synthesizer and purified to
>95% purity by reversed-phase HPLC. The peptide se-
quences and purity were confirmed by amino acid analysis.
The amino acid sequences of the Rev peptides used here
are as follows: P1, RW; P2, RRRRWR; P3, NRRRRWRE;
P4, RRNRRRRWRERQ; P5, TRQARRNRRRRWRER-
QRQ. These peptides correspond to different regions of the
polypeptide chain of Rev surrounding the single tryptophan
residue (Trp45 in Rev).

Chemical Synthesis of 40-mer F8-RRE. Sets of 5′-O-
dimethoxytrityl-2′-O-tert-butyldimethylsilyl-protected ribo-
nucleotideâ-cyanoethyl-(N,N-diisopropyl)phosphoramidites
and controlled pore glass supports (CPG, 500 Å pore size)
with N2-phenoxyacetylguanosine,N6-phenoxyacetyladenos-
ine, N4-benzoylcytidine, and uridine were purchased from
Glen Research (Sterling, VA). CPG supports withN2-
isobutyrylguanosine,N6-benzoyladenosine,N4-benzoylcyti-
dine, and uridine were purchased from Milligen (Hamburg,
Germany). Tetrazole (0.5 M in acetonitrile) was obtained
from Applied Biosystems (Foster City, CA); anhydrous
acetonitrile was purchased from Labscan (Dublin, Ireland).
Other synthesis reagents were from Merck (Darmstadt,
Germany; analytical grade reagents). Tetrahydrofuran was
dried by passage through an aluminum oxide column, and
N-methylimidazole was vacuum-distilled before use. 1.1 M
tetrabutylammonium fluoride/THF was purchased from Al-
drich (Vienna, Austria). Ribonuclease A, nuclease P1, and
polynucleotide kinase were obtained from Boehringer Mann-

heim (Mannheim, Germany). Nucleotide triphosphates (100
µM solutions), alkaline phosphodiesterase, and ribonucleases
V1 and T1 were purchased from Pharmacia LKB (Uppsala,
Sweden). T7-RNA polymerase was obtained from Boeh-
ringer Mannheim, USB (Cleveland, OH), Promega (Madison,
WI), and Dr. King Farrington, Repligen Corp., Cambridge,
MA.
RNA oligonucleotides were synthesized using 0.1 M

cyanoethylphosphoramidite monomers on an Applied Bio-
systems 394A synthesizer at the 1µmol scale, adopting
published procedures (32-35). Besides benzoyl protection
for C, either the standard isobutyryl protection for G and
benzoyl protection for A (36), or the more base-labile
phenoxyacetyl protection for G and A, was used (37-39).
Couplings with∼13 µmol of amidite and∼130 µmol of
tetrazole for 12 min resulted in stepwise yields of 97-98%,
determined by trityl monitoring at 498 nm. The crude
products were cleaved from the support, base- and phosphate-
deprotected with 3 mL of freshly saturated ethanolic am-
monia (32). For RNA workup, all glass- and plasticware
was autoclaved, nuclease-free sterile water was used, and
buffers were autoclaved or sterile-filtered through 0.2µm
membranes.
GPac- and APac-protected RNA was deprotected at 55°C

for 6 h, GIbu- and ABz- protected RNA for 16 h. The
ammonia solution and washings of the support with EtOH/
H2O (60:40) were concentrated to dryness, and silyl groups
were cleaved with 1.9 mL of predried (3 Å molecular sieve,
3 days) 1.1 M TBAF/THF solution with occasional vortex-
ing. After quenching with 300µL of 0.5 M ammonium
acetate, partial evaporation of THF, and dilution to 2.5 mL
with 50 mM ammonium acetate, the solution was desalted
by elution through a 10 mL EconoPak DG 10 (BioRad) gel
filtration column with 50 mM ammonium acetate. Oligo-
nucleotide-containing 1 mL fractions were evaporated,
dissolved in loading buffer, and purified by electrophoresis
on denaturing 12% polyacrylamide gels (7 M urea, TBE
buffer, 400× 200× 1.5 mm, 800 V, 9A260 units of crude
RNA per 2 cm slot). The main band was electroeluted in
Schleicher & Schuell Elutraps (2× 2 h, 200 V, TAE buffer),
concentrated, ethanol-precipitated, and pelleted from 150µL
of 0.3 M sodium acetate. After washing with ethanol and
drying, the pellets were dissolved in 200µL of water and
the RNA was renatured by heating for 4 min to 80°C and
cooling for 30 min to room temperature. Typically 200-
450µg of RNA was obtained from a 1µmol synthesis.
Crude and purified samples of RNA (0.05-0.3 µg/µL),

made from both sets of phosphoramidite monomers, were
analyzed by capillary gel electrophoresis (40, 41) in 100µm
i.d. Beckman eCAP U100P acrylamide-filled capillaries, 30
cm length, under denaturing conditions (7 M urea, 0.1 M
Tris, 0.25 M sodium borate, pH 8.4) at 30° C with 370 V/cm
and detection at 260 nm in a Beckman P/ACE instrument.
As shown in Figure 1, gel-purified F8-RNA from both
synthesis series was of homogeneous length. The purified
40-mer RNA was also analyzed by reversed-phase HPLC
on a Rainin C4, 300 Å, 5µm, 50× 4.6 mm column and on
a Hamilton polystyrene PRP-3, 300 Å, 10µm, 125× 4.1
mm column (data not shown), with 20 min gradients of
7-17% (Rainin) or 7-22% (Hamilton) acetonitrile in 0.1
M triethylammonium acetate, pH 7, at 1 mL/min and
detection at 260 nm. About 0.1A260 unit of the samples in
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10 µL of water was heated to 85°C for 4 min and injected.
The RNA from both phosphoramidite series exhibited single
peaks on both types of columns (Figure 1).
The oligoribonucleotide was completely degraded by

nuclease P1 in 30 mM sodium acetate, pH 5.3, 10 mM
ZnSO4, or by a mixture of ribonuclease A, T1, and V1 in 50
mM Tris (pH 7.6), 10 mMMgCl2, 15 mM NaCl. Only peaks
for the four ribonucleotide monophosphates were observed
in capillary gel electrophoresis. Hypochromicity of the
renatured 40-mer F8-RNA was 25%, determined by mea-
suring the absorption at 260 nm before and after enzymatic
degradation. For this measurement, 0.3A260 unit was
dissolved in 400µL of 50 mM Tris (pH 7.6), 10 mM MgCl2,
15 mM NaCl, renatured by heating to 80°C and cooling to
room temperature, and measured with buffer as reference.
Two microliters of a mixture of RNases A (40µg), T1 (100
units), and V1 (0.6 unit) in buffer was added to sample and
reference in the cuvette and briefly stirred, and readings were
taken until the end point of the reaction was reached.
For Rev binding assays, 5 pmol samples of F8-RNA were

5′-labeled with 25µCi of [32P]ATP and polynucleotide kinase
(42). After gel filtration on a NAP-5 column (Pharmacia),
phenol extraction, and ethanol precipitation, the labeled RNA
was purified by electrophoresis on 12% polyacrylamide gels
(7 M urea, 400× 200× 0.5 mm). After autoradiography,
the isolated bands were electroeluted and ethanol-precipitated
as described above and renatured in 50µL of water by
heating to 85°C and slowly cooling to room temperature.
High-affinity binding of the chemically synthesized F8-
RNA 40-mers to Rev, with apparentKd values of about 0.5
nM, was demonstrated by a filter binding assay with
increasing amounts of Rev protein according to previously
published procedures (13).
Enzymatic Synthesis of F8-RRE by T7 RNA Polymerase

Transcription from Synthetic Double-Stranded DNA Tem-
plates. Enzymatic synthesis of RNA on the milligram scale
by T7 RNA polymerase transcription from DNA templates
was performed on the basis of published procedures (43, 44).
Oligodeoxyribonucleotides for double-stranded DNA tem-
plates, including the coding sequence for the 40-mer F8-
RRE and a 17 bp upstream T7 promoter region, were
chemically synthesized, gel-purified, and annealed in equi-
molar ratios to make 2 mM stock solutions.

Optimal transcription yields were achieved with a double-
stranded template containing an additional G at the transcrip-
tion start site, in combination with a highly concentrated T7
RNA polymerase preparation with about 300 units/mL
(obtained from Dr. King Farrington). The coding strand had
the sequence:

Large-scale transcription reactions were performed in 13.4
mL solutions containing 200 nM DNA template, 3 mM
NTP’s, 30 mM MgCl2, 200 mM Tris (pH 8), 1.5 mM
spermidine, 25 mM DTT, 250 mg/mL bovine serum albumin,
and 67µL of T7 RNA polymerase (about 300 units/mL) for
5 h at 37°C. After addition of 0.8 mL of 0.5 M EDTA,
heating to 80°C for 10 min, and consecutive extractions
with phenol/chloroform/isoamyl alcohol (24:1), chloroform/
isoamyl alcohol, and diethyl ether, the aqueous solutions were
desalted by gel filtration, concentrated, and purified by gel
electrophoresis on four 12% polyacrylamide gels, 400× 200
× 1.5 mm. RNA was recovered by electroelution, ethanol-
precipitated from 0.3 M sodium acetate, and renatured in
water. The yield was 110A260 units, about 4.25 mg.
Analytical gel electrophoresis of transcribed 41-mer F8-

RNA on a 12% polacrylamide gel, in comparison to
chemically synthesized 40-mer F8-RNA, showed a homo-
geneous band for the 41-mer moving slightly slower than
the 40-mer, without any indications of shorter fragments or
n+1 orn+2 bands from nonspecific elongation. Analytical
reversed-phase HPLC of a preheated sample of the tran-
scribed 41-mer RNA on a Hamilton PRP-3 column (300 Å,
10 mm, 150× 4.1 mm) showed a single peak with a slightly
longer retention time than the chemically synthesized 40-
mer F8-RRE (Figure 1).
The 41-mer RRE was completely degraded and dephos-

phorylated by treatment with nucleases A and T1 and alkaline
phosphatase in 50 mM Tris (pH 7.6), 10 mM MgCl2, 3 mM
NaN3. Reversed-phase HPLC on a Nucleosil 100 5C18
column (250× 4.6 mm) with isocratic elution with 0.1 M
triethylammonium acetate, pH 7/acetonitrile (95:5) at 1 mL/
min detected only the four monoribonucleosides in the
correct ratio. Hypochromicity of the renatured 41-mer RNA,
determined after enzymatic degradation, was 22.7%. The
Rev saturation binding assay (13) with a 32P-labeled aliquot
showed high-affinity binding of the transcribed 41-mer RNA
to Rev with a dissociation constant, determined at half-
saturation, of about 0.5 nM.
Sample Preparation. Rev samples were diluted in Rev

buffer [20 mM Tris (pH 7.5), 20 mM K2SO4, 50 mM (NH4)2-
SO4, 1 mM DTT, 1 mM EDTA, 1.3 M NaCl or 0.1 M NaCl].
The typical Rev concentration used in the fluorescence
experiments was 10µM. RNAs were refolded by heating
to 80°C for 2 min and were allowed to cool slowly to room
temperature and then on ice for about an hour. Aliquots of
Rev were added to an RNA solution to form a 1:1 complex
and incubated for at least 10 min prior to fluorescence
measurements. Buffer solutions or buffer solutions contain-
ing RNA only were also measured under the same experi-
mental conditions to correct for their contribution to the
observed fluorescence.

FIGURE1: Analytical HPLC of purified (A) chemically synthesized
40-mer RRE (Milligen amidites), (B) chemically synthesized 40-
mer RRE (Glen Res. amidites), and (C) transcribed 41-mer RRE,
on a Hamilton PRP-3 column (300 Å, 10µm, 150× 4.1 mm) with
detection at 260 nm.
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The Rev deletion mutants M9∆14 and M11∆14 were
dissolved in MES buffer (20 mM MES (pH 6.5), 3 mM
NaN3). Rev peptide samples were dissolved in the Rev
buffer containing 0.1 M NaCl.
Time-ResolVed Fluorescence Measurements. Fluorescence

decay measurements were performed using the time-cor-
related single photon counting setup described in detail
elsewhere (45). Samples were measured in quartz cuvettes
(10 mm path length) and excited at 295 nm using the
frequency-doubled output from a synchronously mode-locked
and cavity-dumped rhodamine 6G dye laser (Coherent 702).
Sample emission was collected at right angles to the
excitation beam, collimated by a lens, passed through a
motor-controlled polarizer, and focused on the entrance slit
of a monochromator (JY H-10). The emission was moni-
tored at 340 nm for Rev and at 350 nm for the peptides and
Rev deletion mutants. A WG-335 filter (Schott) was used
to block scattered laser light and solvent Raman emission.
The filter was removed for measurements of decay-associated
spectra. The output from the monochromator was detected
by a microchannel plate photomultiplier (Hamamatsu R2809U-
01). Time-resolved fluorescence decay profiles were ac-
quired using standard time-correlated single photon counting
electronics. Decays were recorded in 512 channels of an
Ortec Norland 5510 multichannel analyzer using a sampling
time of 36 ps per channel, or in 4096 channels of an Oxford
PCA-3 multichannel analyzer with 9 ps per channel. For
measurement of the isotropic fluorescence decay, the emis-
sion polarizer was oriented at 54.7° to the vertical excitation
polarization. For fluorescence anisotropy decay measure-
ments, the emission polarizer was alternated between vertical
and horizontal directions every 30 s, and the decays collected
with each polarizer setting were accumulated in separate
memory segments of the multichannel analyzer. Movement
of the polarizer and data accumulation in the multichannel
analyzer were under computer control. All measurements
were performed at 20°C. Time-resolved emission data were
transferred to either a Sun Sparc 4 or a Sparc LX workstation
for analysis.
Data Analysis. Time-resolved fluorescence decay curves

were fitted to a sum of discrete exponentials using nonlinear
least-squares methods (46). The isotropic fluorescence decay
was described by eq 1:

whereg(t) is the instrumental response function, which is
convoluted (denoted byX) with K(t), the ideal fluorescence
intensity. K(t) was represented by eq 2:

whereRi andτi are the amplitude and lifetime for component
i, respectively, and there areN components. The individual
lifetimes and amplitudes were optimized for the best fit of
eq 1 to the observed decay profile. The goodness of fit was
judged by the reducedø2 value and by inspection of the
weighted residuals from curve fitting.
The polarized fluorescence intensity decays were described

by eqs 3 and 4:

whereI|(t) and I⊥(t) are the time-resolved intensities of the
parallel and perpendicular polarization components of the
fluorescence, respectively. The time-dependent anisotropy,
r(t) was represented as in eq 5:

Here,âk andφk are the anisotropy amplitude and decay time
for componentk, respectively, and there areM anisotropy
decay components. The anisotropy decay times and ampli-
tudes were optimized for a simultaneous best fit of eqs 3-5
to I|(t) andI⊥(t), with the parameters appearing inK(t) kept
fixed at the values obtained from analysis of the isotropic
fluorescence decay. The goodness of fit was judged as
described above. The total anisotropy at time zero,r0, was
calculated by summing theâk values (eq 6):

Decay-associated spectra (DAS) were obtained from a
global fit of fluorescence decays collected at different
emission wavelengths, with the common lifetimes linked
across all data sets while optimizing the amplitudes for each
decay (47). The DAS of each decay component was then
calculated according to eq 7:

whereRi(λ) is the amplitude for lifetime componenti at
emission wavelengthλ, and Iss(λ) is the total steady-state
fluorescence intensity at emission wavelengthλ.

RESULTS

Time-ResolVed Fluorescence of ReV. The results of the
fluorescence lifetime analysis of Trp45 in Rev at 0.1 M NaCl
are presented in Table 1. The isotropic fluorescence decay
of Rev is well represented by a sum of four discrete lifetime
components (reducedø2 ) 1.0-1.2). A typical decay profile
is shown in Figure 2 along with the weighted residuals for
a four-component fit. Decay-associated spectra (DAS) were
determined for each decay component to further characterize
the emission of Trp45. Fluorescence decays recorded at 5
nm intervals between 315 and 405 nm were globally analyzed
with four linked lifetimes (global reducedø2 ) 1.4). The
resulting DAS (Figure 3A), calculated according to eq 7,
represent the contribution of each decay component to the
overall steady-state emission spectrum of Rev. It is evident
that the 1.8 ns decay component (τ3) makes the greatest
contribution to the steady-state emission of Trp45. The
emission maximum at 345 nm indicates that this component
reflects tryptophan in a relatively solvent-exposed environ-
ment. The DAS for the 0.57 ns (τ2) and 4.6 ns (τ4) decay
components also exhibit emission maxima around 345 nm,
but these components make smaller contributions to the

I(t) ) g(t) X K(t) (1)

K(t) ) ∑
i)1

N

Ri exp(-t/τi) (2)

I|(t) ) g(t)X1/3{[1 + 2r(t)]K(t)} (3)

I⊥(t) ) g(t)X1/3{[1 - r(t)]K(t)} (4)

r(t) ) ∑
k)1

M

âk exp(-t/φk) (5)

r0 ) ∑
k)1

M

âk (6)

Ii(λ) ) [Ri(λ)τi/∑
i)1

N

Ri(λ)τi]Iss(λ) (7)
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overall emission. The DAS for the fastest decay component
(τ1) is significantly blue-shifted (emission maximum around
320 nm), suggesting that it represents tryptophan in a
hydrophobic environment. This species makes the smallest
contribution to the steady-state emission spectrum because
of the very short lifetime (0.12 ns).
To check whether the short-lived, blue-shifted emission

was due to a tyrosine residue of Rev, a peptide containing
residues 8-26 of Rev was examined. This peptide contains
a single tyrosine residue (corresponding to Tyr23 of Rev)
but lacks tryptophan. The results confirmed that the tyrosine
emission was negligible under the experimental conditions
used to examine Rev (data not shown).
The fluorescence decay of Rev was measured at three

different salt concentrations to ascertain whether any of the
decay parameters depend on ionic strength. The results (not
shown) indicate that the individual lifetimes and amplitudes
do not vary significantly over the range of salt concentrations
used (between 0.37 and 1.1 M NaCl).
The results of the fluorescence anisotropy decay analysis

of Rev at 0.1 M NaCl are shown in Table 2. The anisotropy
is well represented by two decay components (reducedø2
) 1.0-1.2). A typical fluorescence anisotropy decay for
Rev is shown in Figure 4, together with the weighted
residuals obtained from simultaneous fitting of the parallel

and perpendicular polarization components of the intensity
decays. The slow anisotropy decay component (23 ns)
reports on overall tumbling of the protein, while the faster
component (679 ps) reflects segmental motions of the protein
or local rotation of Trp45. The flexibility evident in the rapid
anisotropy decay component is consistent with a surface-

Table 1: Tryptophan Fluorescence Decay Parametersa

lifetimes (ns) amplitudes

sample τ1 ((0.020) τ2 ((0.050) τ3 ((0.10) τ4 ((0.20) R1 ((0.02) R2 ((0.02) R3 ((0.02) R4 ((0.02) 〈τ〉 (ns)b

Revc 0.115 0.572 1.82 4.63 0.21 0.28 0.40 0.11 1.42
M9∆14d 0.496 1.93 4.64 0.21 0.47 0.32 2.50
M11∆14d 0.121 0.630 1.95 4.74 0.13 0.33 0.41 0.14 1.69
Rev+ F8-RREc 0.092 0.540 1.66 3.93 0.16 0.36 0.39 0.09 1.21
Rev+ 5S RNAc 0.081 0.465 1.57 4.05 0.27 0.33 0.33 0.07 0.98
a λex ) 295 nm,λem ) 340 nm, 20°C. Corrected for background. Intensity decays are fitted to a sum of four exponential components. The

absence of an entry indicates that fewer than four lifetimes are resolved.bMean fluorescence lifetime〈τ〉 ) ∑Riτi. cMeasured in Tris-HCl buffer
(pH 7.5), 0.35 M NaCl.dMeasured in MES buffer.

FIGURE 2: Isotropic fluorescence decay of Rev. The weighted
residuals for a four-component fit are also shown. Rev concentration
was 10µM in Rev buffer (0.57 M NaCl). Excitation was at 295
nm, and the emission was observed at 340 nm. FIGURE 3: Decay-associated spectra (DAS) for Rev (A) and the

Rev/F8-RRE complex (B). Rev concentration was 10µM in Rev
buffer (0.57 M NaCl). Excitation was at 295 nm. The RNA-protein
mixture contained, in addition, 12µM F8-RRE 40-mer.

Table 2: Fluorescence Anisotropy Decay Parametersa

sample φ1 (ps) φ2 (ns)
â1

((0.005)
â2

((0.005) r0b

Revc 679( 50 23( 3 0.032 0.228 0.260
Rev+ F8-RREc 30( 5 0.241 0.241
Rev+ 5S RNAc 45( 8 0.261 0.261
P1d 0.082( 0.010 0.216 0.216
P2 0.472( 0.050 0.220 0.220
P3 0.432( 0.050 0.184 0.184
P4 34( 10 0.714( 0.050 0.073 0.166 0.239
P5 143( 10 1.10( 0.05 0.066 0.148 0.214
M9∆14e 350( 50 11( 2 0.037 0.198 0.235
M11∆14e 653( 50 23( 3 0.027 0.209 0.236

a Anisotropy decays are fitted to two components:r(t) ) â1e-t/φ1 +
â2e-t/φ2. The absence of an entry indicates that the anisotropy decay is
fitted with only one component. The temperature was 20°C for all
samples.b Total anisotropy at time zero.cMeasured in Tris-HCl buffer
(pH 7.5), 0.35 M NaCl.d All peptides measured in Tris-HCl buffer
(pH 7.5), 0.1 M NaCl.eMeasured in MES buffer.
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exposed environment for Trp45. The angular range of
tryptophan motion was estimated from the anisotropy
amplitudes using a model of diffusion within a cone (48).
This yields a cone semi-angle of 17°, indicating that the local
motion of Trp45 is relatively restricted. The rotational
correlation time of Rev is independent of the salt concentra-
tion (between 0.37 and 1.1 M NaCl). However, the observed
rotational correlation time of 23 ns is much larger than
expected for a 12.9 kDa protein (corresponding to the
molecular mass of Rev) with a spherical shape, which is
calculated to be about 5.7 ns at 20°C (49). This suggests
the presence of Rev multimers under the experimental
conditions.
ReV Peptides and C-Terminal Deletion Mutants. To

further dissect the multicomponent intensity decay of Trp45
in Rev, small peptides and C-terminally deleted mutants of
Rev were investigated. The fluorescence lifetimes of the
Rev-related peptides (see Materials and Methods for peptide
sequences) are presented in Table 3. In contrast to Rev, the
fluorescence decays of the peptides are well represented by
a sum of three discrete components (reducedø2 ) 1.1-1.2).
In general, the three lifetimes for the peptides are similar to
the three longest decay times observed for Rev (cf. Tables
1 and 3), indicating a common origin for these lifetime
components in both the full-length protein and the various
peptide fragments. The average fluorescence lifetimes for
the peptides are longer than found for Rev, however, owing
to the absence of the very fast decay component in the
peptides. With the exception of P1, the individual lifetimes
and amplitudes are similar for each peptide, although there
appears to be a slight trend toward largerτ3 values in the
longer peptides (Table 3). The decay parameters for the

dipeptide RW (P1) and the hexapeptide RRRRWR (P2) are
noticably different, however, which probably reflects the
influence of the C-terminal arginine residue flanking tryp-
tophan in the hexapeptide. Taken together, these results
suggest that the fluorescence decay properties of the tryp-
tophan residue are influenced by one or both of the two
flanking arginine residues, but are relatively insensitive to
the more distant residues.
The fluorescence decay of the Rev deletion mutant M9∆14

(lacking residues 68-112 at the C-terminus) is satisfactorily
resolved into three lifetimes that are similar to those of the
longer Rev peptides such as P5 (Table 1). The fluorescence
decay of Rev M11∆14 (residues 92-112 deleted), however,
is resolved into four lifetimes (Table 1). The resulting
lifetimes and amplitudes are typical of the full-length Rev
protein.
The results of the fluorescence anisotropy decay measure-

ments of the Rev peptides and C-terminal deletion mutants
are summarized in Table 2. For the shorter peptides, the
anisotropy decay is adequately represented by a single
rotational correlation time. The rotational correlation time
increases with the size of the peptide, reflecting a slower
rate of overall tumbling. For the longer peptides, the addition
of a fast component results in better fits to the anisotropy
decay. This shorter correlation time (34-143 ps) presumably
reflects segmental flexibility in the longer peptides. The
anisotropy decays of the two Rev deletion mutants are also
fitted to two components. The overall rotational correlation
time (11 ns) is much longer for Rev M9∆14 than for the
largest peptide (P5), reflecting the larger size of Rev M9∆14.
The Rev M9∆14 mutant has an additional 33 N-terminal
residues and 16 more C-terminal residues than P5. The
longest rotational correlation time is found for M11∆14, 23
ns, about twice that of Rev M9∆14, and identical with that
of full-length Rev. The additional 22 amino acids present
in Rev M11∆14 compared with the M9∆14 mutant cannot
account for the change in rotational correlation time from
11 to 23 ns, which roughly corresponds to a doubling of the
molecular volume of the particle. Therefore, a dimerization
of the protein probably occurs.
ReV-RNA Complexes. The fluorescence decay of Trp45

was measured after binding Rev to the F8 fragment of the
RRE. The F8 40-mer has been identified as a minimal
binding element for high-affinity, specific Rev binding (30).
The F8-RRE substrates were either chemically synthesized
or transcribed from a complementary DNA template using
T7 RNA polymerase (see Materials and Methods). The F8-
RRE transcripts contained an extra G residue at the 5′-

FIGURE 4: Anisotropy decay of Rev with the fitted curve for two
decay components drawn as a solid line through the data. The
weighted residuals from fitting the parallel component of the
intensity decay are shown in (A), and those for the perpendicular
component are shown in (B). Rev concentration was 10µM in Rev
buffer (0.57 M NaCl). Excitation was at 295 nm, and the emission
was observed at 340 nm.

Table 3: Fluoresence Lifetime Analysis of Rev Peptidesa

lifetimes (ns) amplitudes

sample
τ1

((0.020)
τ2

((0.05)
τ3

((0.20)
R1

((0.02)
R2

((0.02)
R3

((0.02)
〈τ〉
(ns)b

P1 0.715 2.15 3.71 0.26 0.48 0.26 2.18
P2 0.442 1.99 4.19 0.22 0.44 0.33 2.36
P3 0.476 2.00 4.10 0.19 0.47 0.33 2.38
P4 0.585 2.14 4.35 0.20 0.47 0.33 2.56
P5 0.443 2.01 4.61 0.20 0.47 0.33 2.55
a λex ) 295 nm,λem) 350 nm, 20°C. Measured in Tris-HCl buffer

(pH 7.5), 0.1 M NaCl. Corrected for background. Intensity decays are
fitted to a sum of three exponential components.bMean fluorescence
lifetime 〈τ〉 ) ∑Riτi.
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terminus, but this was not expected to influence the
interaction with Rev. In fact, the transcribed F8 41-mer
behaved identically to the chemically synthesized F8 40-
mer in the spectroscopic experiments (data not shown). The
effect of 5S RNA on the fluorescence decay of Rev was
also examined to investigate the specificity of the Rev/F8-
RRE interaction. In all cases, sufficient RNA was added to
a sample of Rev (10µM) to ensure that all the protein was
bound. This was determined empirically by titrating Rev
with the RNA of interest until there was no further change
in the fluorescence decay profile. The measured decay was
corrected for residual emission from the nucleic acids by
subtracting the emission from a suitable blank sample
measured under identical conditions.
Binding of the F8-RRE 40-mer to Rev results in a faster

decay of tryptophan fluorescence (Figure 5). The fluores-
cence decay of bound Rev is well represented by four
lifetimes (Table 1). The individual lifetimes for the Rev-
RRE complex are shorter than the corresponding values for
unbound Rev, especiallyτ3 andτ4 (Table 1). Similar results
are obtained at two different salt concentrations (0.35 and
0.57 M NaCl). The DAS analysis of the Rev-RRE complex
reveals a blue shift for the major decay component (τ3) and
a small redistribution of intensity among the minor lifetime
components (Figure 3B). Complexation of Rev with 5S
RNA produces very similar changes in the fluorescence
lifetimes of Trp45 (Table 1).
The results of the fluorescence anisotropy decay measure-

ments for Rev and its RNA complexes are summarized in
Table 2. In contrast to free Rev, the anisotropy decays of
the Rev-RNA complexes are well described by a single
rotational correlation time. The rotational correlation time
for overall tumbling increases from 23 ns to 30 ns upon
binding of Rev to the F8-RRE 40-mer (Table 2), reflecting
the increased size of the RNA-protein complex compared
with the free protein. The rotational correlation time for the
complex of Rev and 5S RNA is even larger (45 ns), which
reflects the larger size of 5S RNA (130 nucleotides)
compared with F8-RRE (40 nucleotides). It should be noted
that the recovered rotational correlation times are much larger
than the average fluorescence lifetime of Trp45 and conse-
quently are subject to significant experimental uncertainty.
The anisotropy decay results for the RNA-protein com-
plexes should therefore be regarded as indicating trends in

the overall sizes of the complexes rather than as giving
precise estimates of the correlation times.

DISCUSSION

The single tryptophan residue of HIV-1 Rev, Trp45, has
been used here as an intrinsic fluorescent probe of protein
conformation and protein-RNA interactions. The tryp-
tophan residue is located within the arginine-rich RNA-
binding domain of Rev and is appropriately positioned,
therefore, to report on the interaction of Rev with the RRE.
To provide a framework for interpreting the time-resolved
fluorescence properties of Trp45 in terms of protein structure,
a series of Rev peptides spanning different regions of the
arginine-rich domain and two C-terminal deletion mutants
of Rev were also examined. In addition, the time-resolved
fluorescence anisotropy decay of Trp45 has been used to
probe the association state of Rev in solution and in protein/
RNA mixtures.
The fluorescence decays of all the Rev peptides have been

resolved into three separate components, represented by
lifetimes of 0.45-0.72 ns, 2.0-2.2 ns, and 3.7-4.6 ns. In
general, these lifetimes are only weakly dependent upon the
length of the peptides, although there is a noticeable
difference between the values for the dipeptide (RW) and
the next largest peptide (RRRRWR). The multiple fluores-
cence lifetimes probably reflect three rotameric conforma-
tions of the tryptophan side chain that interconvert slowly
on the fluorescence time scale, as suggested in a previous
time-resolved fluorescence study of tryptophan dipeptides
(50). The different fluorescence lifetimes of the tryptophan
rotamers presumably arise from interactions of the indole
ring with the main chain and one or both of the arginine
residues flanking the tryptophan residue. However, judging
by the relative insensitivity of the fluorescence decay kinetics
to the overall length of the peptides, it appears that the more
distant residues have little effect on the tryptophan fluores-
cence.
The same three fluorescence lifetimes are found for the

Rev deletion mutant M9∆14, which contains residues 1-67
of Rev. CD studies and theoretical modeling have shown
that this region of Rev adopts a helix-loop-helix structure
(27). Since the fluorescence decay parameters of this mutant
are essentially identical with those of the longer peptides
such as P5, it appears that none of the structural elements
present within the helix-loop-helix motif, other than the
nearest-neighbor arginine residues, have any significant effect
upon Trp45. In contrast, inclusion of the Rev activation
domain (residues 78-93) in the protein has a pronounced
effect on the fluorescence decay kinetics of Trp45, as shown
by the presence of four fluorescence lifetimes for RevM11∆14
(containing residues 1-91 of Rev) or wild-type Rev. Three
of these lifetimes (τ2, τ3, and τ4; Table 1) are essentially
identical with those observed for the peptides and exhibit
spectral characteristics of a solvent-exposed tryptophan.
These lifetimes presumably represent three rotameric con-
formations of the tryptophan side chain, with similar
environments to those present in the larger peptide fragments.
In contrast, the fourth lifetime is much shorter (τ1, Table 1),
and the DAS is significantly blue-shifted relative to the other
components. Thus, the presence of the activation domain
induces an additional tryptophan environment that is not
present in the peptides or RevM9∆14.

FIGURE 5: Isotropic fluorescence decays of Rev (A) and Rev/F8-
RRE complex (B). Rev concentration was 10µM in both cases in
Rev buffer (0.57 M NaCl). The RNA-protein mixture contained,
in addition, 12µM F8-RRE 40-mer. Excitation was at 295 nm,
and the emission was observed at 340 nm.
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The unique tryptophan environment could be due to a
direct interaction between the activation domain and Trp45,
located in the RNA-binding domain. However, these two
regions of Rev are functionally independent and are unlikely
to be in direct contact. Alternatively, the activation domain
may mediate the intermolecular association of two or more
Rev molecules, which could also create a unique tryptophan
environment. Consistent with this, the activation domain is
required for multimerization of Rev on the RRE target
sequence (51). Therefore, it is plausible that the short
lifetime component observed for Trp45 represents a multi-
meric form of Rev, especially since Rev appears to be
multimerized under the conditions of the fluorescence
experiments (see below). The blue-shifted emission of this
species could be due to a nonpolar environment surrounding
the indole ring. In addition, specific interactions of the indole
ring with charged groups can also cause a blue-shift in
emission, although the blue-shifted DAS observed for Trp45
is likely dominated by the more common hydrophobic
interaction. Thus, Trp45 may become buried during the
higher order assembly of Rev, suggesting that it contributes
directly to the oligomerization process. This is consistent
with evidence from mutational studies indicating that re-
placement of Trp45 by glycine abolishes oligomerization of
Rev (52). Finally, although only a single fluorescence
lifetime was resolved, the present results do not necessarily
prove that the buried tryptophan exhibits monoexponential
fluorescence decay. For example, the buried tryptophan may
exhibit additional lifetime components that are indistinguish-
able fromτ2, τ3, andτ4.
The fluorescence anisotropy decay data provide more

direct information on the self-association of Rev. Both wild-
type Rev and Rev M11∆14 appear to be multimerized under
the conditions of the experiments, as shown by a rotational
correlation time of 23 ns, which is much larger than expected
for a Rev monomer (5.7 ns for spherical geometry). A
number of previous studies have shown that Rev can self-
associate, either in solution or in the presence of the RRE
target sequence (17, 22, 25, 26, 52-54). Two earlier reports
suggested that Rev exists as a stable tetramer in solution
(25, 52). Interestingly, the rotational correlation time of Rev
is about 4 times larger than expected for a spherical
monomer, which is suggestive of a tetramer. However, the
agreement is probably fortuitous because Rev is likely to be
elongated rather than spherical. Consistent with this, the
M9∆14 deletion mutant also rotates more slowly than
expected (rotational correlation time of 11 ns, Table 2), even
though this mutant is known to be defective in multimer-
ization and is not expected to undergo significant higher order
assembly (51). The discrepancy between the observed
rotational correlation time and the theoretical value for a
monomer suggests that the M9∆14 mutant has a markedly
asymmetric and elongated overall shape, consistent with the
predicted helix-loop-helix structure for this region of Rev
(27). Asuming that the rotational correlation time of 11 ns
corresponds to a monomeric species of Rev, the observed
rotational correlation time of 23 ns for wild-type Rev
suggests that the predominant oligomeric species is a dimer
under the conditions of the fluorescence experiments. The
Rev dimer is also likely to be asymmetric, accounting for
the anomalously slow rotation time.

Taken together, the fluorescence lifetime and anisotropy
decay data indicate that Rev is primarily a dimer (with each
monomer containing three tryptophan rotamers, represented
by the fluorescence lifetimesτ2, τ3, andτ4) with a population
of higher order oligomers (represented byτ1). This is
consistent with a study by Cole et al. (22) showing that Rev
can actually polymerize in solution to form a variety of
oligomeric species, depending on the protein concentration.
This oligomerization of Rev is known to occur at concentra-
tions below the ones used in our experiments and is
practically independent of monovalent salt concentration
from 0.15 to 2 M (22). The anisotropy decay data presented
here also indicate that the rotational correlation time of Rev,
and thus the distribution of Rev oligomers, is independent
of salt concentration (from 0.37 to 1.1 M). Moreover, the
anisotropy decay and fluorescence lifetime data indicate that
significant oligomerization of Rev only occurs in the presence
of the activation domain. Previous studies have emphasized
the importance of the N-terminal region of Rev in mediating
oligomerization (52, 53). The present results suggest that
the activation domain also contributes to self-association of
Rev.
The binding of Rev to F8-RRE is reflected in the time-

resolved fluorescence of Trp45. The decay of the fluores-
cence intensity is more rapid than observed for free Rev
(Figure 5), indicating that Trp45 is partially quenched within
the RNA-protein complex, and there is a blue shift in the
emission, indicating that the tryptophan residue is in a more
hydrophobic environment than in the free protein (Figure
3B). Moreover, whereas free Rev exhibits both fast and slow
anisotropy decay components, reflecting local rotation of
Trp45 and overall protein tumbling, respectively, only the
latter is observed for the protein-RNA complex, indicating
that the local rotation is blocked. Taken together, these
observations indicate that Trp45 directly interacts with the
RNA structure. This conclusion is consistent with a recent
NMR-based structural study of a model Rev peptide bound
to the internal loop region of the RRE, which shows that
Trp45 makes a hydrophobic contact with a bulged adenine
base (29). The present results showing an interaction
between Trp45 of Rev and the RRE suggest that the mode
of binding of the peptide is similar to that of the full-length
protein, at least insofar as the tryptophan residue is con-
cerned. The existence of a contact between Trp45 and the
RRE is also consistent with mutational data showing that
replacement of Trp45 by arginine or glycine strongly reduces
binding of Rev to the RRE (52).
The anisotropy decay data indicate that the rotational

correlation time of Rev increases from 23 ns to 30 ns upon
binding to F8-RRE. An earlier study has reported that the
F8 fragment of the RRE only binds a single Rev molecule
(30), whereas Rev appears to exist primarily as a dimer under
the conditions of the fluorescence anisotropy experiments.
This suggests that the Rev dimers must dissociate in order
to bind to the small F8-RRE molecule. To investigate this
possibility, we sought to calculate the rotational correlation
time expected for a 1:1 complex of Rev and F8-RRE.
However, it is difficult to calculate the rotational correlation
time for a 1:1 complex because the three-dimensional
structure is unknown. It is possible, however, to estimate
the rotational correlation time of the F8-RRE fragment itself,
recognizing that this provides only a lower limit for the
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complex, because the structure of a similar RRE fragment
bound to a Rev peptide has been solved by NMR methods,
as noted above (29). The 34 nucleotide RRE fragment in
the NMR structure contains most of the F8 fragment,
including the internal loop region and the flanking helixes.
The purine-rich internal loop significantly widens the overall
diameter of the molecule, which can be approximated by a
cylinder with dimensions of 64 Å (length) and 29 Å
(diameter). The rotational diffusion constants for this
cylinder were calculated using the theory of Tirado and
Garcia de la Torre (55). Three unique correlation times are
expected for a cylindrical shape, which in the present case
assume values of 9.2, 17.8, and 25.8 ns. Experimentally, it
is difficult to resolve three correlation times, and one expects
to observe an effective average value, between 9 ns and 26
ns, depending on the orientation of the emission dipole.
Given that a Rev monomer is also elongated and has a
rotational correlation time around 11 ns, and that the F8 40-
mer is slightly larger than the RRE fragment used in the
hydrodynamic calculations, it is expected that the rotational
correlation time of a 1:1 complex of Rev and F8-RRE will
fall in the 20-35 ns range. While these calculations are
not conclusive, they suggest that the observed correlation
time of 30 ns is reasonable for a 1:1 complex of Rev and
F8-RRE.
Despite the difference in the overall association state of

Rev, it appears that the same substates of tryptophan are
present in the free and bound forms of Rev. Thus, the decay
profile for the Rev/F8-RRE complex has been resolved into
four discrete components that correlate with those observed
for the free protein. In the case of the three longest decay
components (τ2, τ3, andτ4), this implies that the side chain
of Trp45 can still populate three rotameric conformations,
even when Rev is bound to the F8-RRE. However, free
rotation of the Trp side chain is blocked in the complex, as
noted above. The occurrence of the fast decay component
(τ1) implies that higher order Rev oligomers are also present
in the protein-RNA mixtures. However, the present data
do not prove that this minor species is actually bound to the
RRE. It is possible that the oligomeric species represented
by τ1 is too large to bind to the small F8 molecule, does not
undergo significant dissociation, and simply remains free in
solution.
Characteristic changes in the fluorescence lifetime and

anisotropy decay of Trp45 are also observed upon addition
of 5S RNA to Rev. The binding is clearly shown by the
increase of the rotational correlation time of Rev, which is
greater for 5S RNA than for F8-RRE owing to the larger
size of the RNA (Table 2). Judging by the similarity of the
fluorescence decay parameters, the environment of Trp45 is
essentially identical, regardless of whether Rev is bound to
5S RNA or to F8-RRE. 5S RNA is frequently used in
competition analyses of protein-RNA interactions, because
it is reasonably small and readily available. In fact, 5S RNA
turned out to be the best “nonspecific” competitor for Rev-
RRE complexes tried so far in our laboratory (data not
shown). Knowing that Rev is basically a “guanosine-
binding” protein, this effectiveness in competitive binding
was attributed to the relatively high guanine nucleotide
content (41 of 120 nucleotides) 34.6% are G). More
recently it was reported that transcription factor IIIA (TFIIIA)
contains a sequence element with homology to the activation

domain of HIV-1 Rev which can efficiently substitute for
this domain in inducing the nuclear export of late HIV-1
mRNAs (56). Given the similar changes observed in the
fluorescence decay behavior, it appears that Trp45 of Rev
may interact with 5S RNA and F8-RRE in a similar manner.
For example, Trp45 may interact with an extrahelical base
in 5S RNA, similar to the interaction between Trp45 and
the bulged adenine base of the RRE (29). Therefore, it
appears that in addition to having functionally equivalent
nuclear export signal elements, Rev and TFIIIA can also bind
to the same target RNAs, suggesting that these two proteins
access similar or identical RNA-export pathways.

CONCLUSIONS

The environment of the lone tryptophan residue in HIV-1
Rev, Trp45, located in the RNA-binding domain of the
protein, has been characterized by means of time-resolved
fluorescence spectroscopy. The fluorescence decay kinetics
of this single tryptophan residue are surprisingly complex,
revealing the presence of four distinguishable species on the
time scale of the fluorescence emission. This complexity
stems from significant conformational heterogeneity, at the
level of both the local orientation of the tryptophan side chain
(rotamers) and the overall oligomeric state of the protein
(dimers and higher order oligomers). The anisotropy decay
data for the C-terminal deletion mutants indicate that the
activation domain is required for self-association of Rev.
Trp45 appears to directly interact with the RRE, resulting
in a shortening of the average fluorescence lifetime and a
restriction of the internal motion of the tryptophan side chain.
The anisotropy decay data are consistent with the formation
of a 1:1 complex between Rev and F8-RRE, suggesting
that Rev dimers present in solution dissociate upon binding
to this small RRE fragment. The fluorescence lifetime
changes are similar for F8-RRE and 5S RNA, providing
structural evidence for comparable RNA export pathways
in eucaryotic HIV-1 infected and noninfected cells. This
study also highlights the ability of the time-resolved fluo-
rescence techniques to provide novel structural information
on large, flexible, and multimeric proteins, such as Rev, that
are difficult to study by X-ray crystallographic or NMR
methods.
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