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ABSTRACT: Sequence-specific recognition between HIV-1 Rev and viral RNA mediates the nuclear export
of the viral mRNA and thus is important for the viral life cycle. HIV Rev binds to its viral RNA target
with high affinity and specificity and also binds to anin Vitro selected RNA aptamer that has a significantly
different sequence from the viral RNA target with a 6-fold higher affinity than its natural target. The
high-resolution structures of HIV Rev Arg-rich motif (ARM) in complexes with the wild-type RNA and
the RNA aptamer reveal that, despite the significantly different RNA sequences, the two complexes share
similar structural features and the protein-RNA interactions are mediated mostly by the Arg side chains
in Rev ARM. To gain further insight into the role of these Arg side chains in the sequence-specific
protein-RNA recognition, we have characterized the flexibility of these Arg side chains at the interfaces
of the two high-affinity complexes using15N R1, R2, nuclear Overhauser effect, and chemical-shift anisotropy
dipolar cross-correlation relaxation measurements. The ARM peptide contains uniformly13C/15N-labeled
Arg residues, and the RNA samples were unlabeled. Despite the apparently similar roles of Arg side
chains in both complexes, most of them display a different dynamic behavior in the context of different
RNA molecules, and extensive and highly diverse motions have been observed for all of these side chains
that interact with RNA. Most of the differences in side-chain dynamics between the complexes cannot be
inferred from the three-dimensional structures. Additionally, more than half of the residues have increased
flexibility in the Rev-RNA aptamer complex that has a higher affinity. This study provides new insights
into ARM-RNA recognition and indicates that retention of conformational flexibility is likely important
in high-affinity ARM-RNA recognition.

Rev is an essential virally encoded protein that is expressed
during the early stages of human immunodeficiency virus
type-1 (HIV-1)1 replication and mediates the transport of
singly spliced and unspliced viral mRNA out of the nucleus
and into the cytoplasm of infected cells by binding to the
Rev response element (RRE) of the viral RNA (1). Bio-
chemical and genetic studies have shown that Rev 34-50
(Figure 1a) contains an arginine-rich motif (ARM) that is
responsible for specific, high-affinity interactions (i.e.,Kd

in the nanomolar range) with RNA. Such studies have also
determined that a stem-loop structure, stem-loop IIB (SLIIB,
Figure 1b), within the RRE is both necessary and sufficient
for specific, high-affinity interactions with Rev (1). System-
atic evolution of ligands by exponential amplification
(SELEX) (2) experiments have generated RNA aptamers that
selectively bind the HIV-1 Rev ARM with high specificity
and affinity, and one of these aptamers (Figure 1c) has higher
affinity for the HIV-1 Rev than the wild-type SLIIB sequence

(3). Rev-targeting aptamers have been found that can func-
tionally substitute for SLIIB in Rev-mediated RNA export
from the nucleus (4), indicating their suitability for use in
RNA decoy strategies to block HIV replicationin ViVo. Ac-
cordingly, studies using RNA aptamers to disrupt the HIV-1
Rev-SLIIB interaction and inhibit viral replication via gene
therapy approaches have been actively pursued (4-8).

Structural studies of a peptide corresponding to the Rev
ARM sequence bound to either SLIIB (Figure 1b) or an RNA
aptamer (Figure 1c), which has approximately a 6-fold higher
affinity for HIV-1 Rev than the wild-type SLIIB sequence,
demonstrate that the two peptide-RNA complexes share
similar structural features (9, 10). The ARM peptide forms
anR helix that binds deeply within a widened major groove
of an RNA hairpin structure. All of the peptide-RNA
contacts are mediated by amino acid side chains, mostly the
10 Arg side chains, in both structures. The availability of
the structures for the Rev ARM-SLIIB and aptamer
complexes provides a compelling opportunity to investigate
the molecular mechanism for high-affinity binding of Rev
ARM to two distinct RNA targets. To understand the role
of conformational flexibility in specific, high-affinity Rev
ARM recognition of target RNA, the arginine side-chain
dynamical behavior in the Rev ARM-aptamer complex was
measured and compared to that found in the Rev ARM-
SLIIB complex (11).

MATERIALS AND METHODS
Sample Preparation.A 35-nucleotide RNA oligomer

corresponding to the RNA aptamer sequence (Figure 1c) was
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synthesized usingin Vitro T7 RNA polymerase transcription
reactions and purified by gel electrophoresis using methods
previously described (11). An equimolar amount of the ARM
peptide [labeled as described previously (11)] was then added
to unlabeled RNA aptamer to give a final Rev peptide/RNA
aptamer complex concentration of 1.4-1.9 mM in 10 mM
sodium phosphate buffer at pH 6.0. The NMR sample for
the Rev ARM peptide/SLIIB complex was prepared as
described (11).

NMR Spectroscopy and Resonance Assignments.All NMR
experiments were performed at 25°C and at a magnetic field
of 11.7 T using either a Varian or a Bruker 500 MHz
spectrometer equipped with four channels, pulse-shaping
capabilities, and pulsed-field-gradient (PFG) hardware. To
obtain the assignments of 10 arginine15Nε-1Hε signals in
the Rev ARM-aptamer complex (Arg 35, 38, 39, 41-44,
46, 48, and 50; Figure 2a),15N-1H heteronuclear single-
quantum coherence (HSQC) experiments (12), Arg-(H)C(C)
total correlation spectroscopy (TOCSY), and Arg-H(CC)
TOCSY experiments (13) were performed. The Arg-(H)C(C)
TOCSY (13) experiment correlating the arginine Hε proton
with the side-chain carbons was performed using 64 t1

increments of 2048 complex points (512 scans/increment)
with spectral widths of 4500 and 12000 Hz (oversampling)
in the 13C and 1H dimensions. The Arg-H(CC) TOCSY
experiment (13) correlating the arginine Hε proton with side-
chain protons was executed using 38 t1 increments having
2048 complex points (896 scans/transient) and spectral
widths of 9 and 24 ppm in the F1 and F2 dimensions,
respectively. The number of indirect dimension increments
was extended to 76 by linear prediction. Proton pulses for
these Arg-TOCSY experiments were centered at the water
resonance, while carbon pulses were centered at 43.4 ppm.
15N pulses were set to 100 ppm prior to the FLOPSY-8
sequence element, applied with a 9 kHz field, and then
shifted to 81.5 ppm following FLOPSY transfer. Both Arg-
TOCSY experiments used a 1 srecycle delay and employed
DIPSI-2 mixing times of 74 ms for Cδ f Nε magnetization
transfer, with FLOPSY-8 mixing times of either 23 or 15
ms used for Arg-(H)C(C) TOCSY and Arg-H(CC) TOCSY
experiments. The HNCA experiment was performed basically
as previously described (14), with the pulse sequence being
modified by removing the constant-time element and intro-

ducing a shaped pulse to decouple Câ nuclei, allowing an
increased number of increments in the indirect dimension
to be acquired. Observed chemical shifts from these experi-
ments were compared with an assignment list for1H nuclei
in the Rev peptide-RNA aptamer complex (10). Assign-
ments of 7 well-resolved arginine amide signals (Arg 35,
38, 39, 41, 43, 44, and 46) in HSQC spectra were based
upon data from the above experiments in conjunction with
data from HNHA (15) and HNCA (14) experiments. The
HNCA experiment was executed using 80 t1 increments
having 1504 complex points (192 transients/increment) with
spectral widths of 20 and 12 ppm in the1H and 13C
dimensions, respectively, with13C and15N pulses set to 58
and 118 ppm, respectively. The HNHA experiment was
performed as previously described (16) using 68 t1 increments
having 1504 complex points (256 scans/increment) with
spectral widths of 1500 and 10000 Hz in the F1 and F2

dimensions, respectively;13C and15N pulses were set to 57
and 118 ppm, respectively. Proton pulses were placed at the
water resonance for both HNCA and HNHA experiments.
Unambiguous assignments of Arg 35, 42, and 44 signals were
further confirmed through inspection of HSQC spectra of
Rev ARM peptide-RNA aptamer complexes, where arginine
15N-labeling was specifically introduced at Arg 35/Arg 42
or Arg 35/Arg 44 positions.

15N T1 and T2 relaxation measurements and15N steady-
state NOE measurements were performed using published
pulse sequences (17). 15N R1 values were obtained from
spectra that were acquired using relaxation delays of 85*,
340, 510, 680, 850*, 1020, and 1530 ms, and15N R2 values
were obtained from spectra that were recorded using Carr-
Purcell-Meiboom-Gill (CPMG) periods of 16.8*, 33.5,
50.3, 67.1*, 83.8, 117.4, and 150.9 ms. Duplicated spectra
are indicated by an asterisk. NOE spectra were acquired with
and without a 3 sproton saturation period consisting of a
series of 120° pulses applied every 5 ms; such spectra were
collected in duplicate. A 2 s recovery period preceded the 3
s saturation period in NOE experiments where such saturation
was employed, whereas a 5 srecovery period was used in
NOE experiments that were acquired without saturation.
Recovery delays of 2 s were used inT1 andT2 experiments.
R1, R2, and NOE spectra were acquired with 28 t1 increments
of 1504 complex data points and using spectral widths of

FIGURE 1: (a) HIV-1 Rev ARM sequence. The 10 Arg residues are indicated in red. (b) RNA sequence and numbering scheme corresponding
to SLIIB. (c) High-affinity RNA aptamer sequence.
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500 and 10 000 Hz in the F1 and F2 dimensions, respectively.
All spectra were processed using FELIX 98 (Accelrys).
Uncertainties in peak height measurements were estimated
by comparing peak heights from corresponding peaks in
duplicate spectra as described previously (11). The average
percent uncertainties inR1, R2, and NOE values for the15N
nuclei were found to be 4.5, 3.8, and 10.9%, respectively.

Transverse dipolar-chemical-shift anisotropy (CSA) cross-
correlation (ηxy) experiments were performed with the pulse
sequence described previously (18) using cross-correlation
delays (4∆) of 10, 15, 20, and 25 ms, along with a reference
spectrum. The transverse dipolar-CSA cross-correlation
experiment using the 20 ms delay was performed in duplicate
for error analysis purposes.

The transverse dipolar-CSA cross-correlation effect builds
up in theηxy experiment according to the following function
(18):

whereδ is a refocusing delay of 1/4JNH in theηxy reference
experiment. The ratio in eq 1 above can be expressed as

for 1 e ηxy e 25 s-1 andδ ) 2.65 ms (as was employed in
the reference experiment). Peak intensities from the reference
and cross experiments were normalized according to the
number of scans acquired in each experiment, and Curvefit
(provided by Dr. Arthur G. Palmer, III) was used to fit the
ratios of the normalized intensities to the function in eq 2 to
generate estimates forηxy. Curvefit was also used to calculate
uncertainties inηxy values, which were found to be 7.8 and
11.6% for ηxy of Arg side chains in complexes with the
aptamer and SLIIB, respectively.

Reduced Spectral Density Mapping Calculations.The
reduced spectral density mapping approach for estimating
spectral density functions of15N-1H bond vectors has been
discussed in detail elsewhere (19, 20). Expressions for the
spectral density functionsJ(0), J(ωN), andJ(ωΗ) in terms
of R1 (longitudinal) andR2 (transverse) autocorrelation rates
and steady-state NOE values are given by eqs 5-7 in Farrow
et al. (20) and are recapitulated here for the convenience of
the reader (R1 and R2 are expressed as 1/T1 and 1/T2,
respectively). Under the assumption thatJ(ωH ( ωN) ≈ J(ωH)

whered ) [{µ0hγNγH/8π2]/〈rNH
3〉, c ) ωN∆σ/x3, µ0 is the

permeability of free space,h is Plank’s constant,γN andγH

are the gyromagnetic ratios of the15N and 1H nuclei,
respectively,rNH is the 15N-1H internuclear distance, and
∆σ is the difference between the parallel and perpendicular
components of the CSA tensor. Values forJ(0) in eq 5 above
were calculated for15N-1H bond vectors from the experi-

FIGURE 2: (a) Argε-nitrogen signals from a representative1H-15N
correlation spectrum of the Rev ARM peptide in complex with an
RNA aptamer (25°C, pH 6.0, and 11.7 T). (b) Argε-nitrogen
signals from the Rev ARM peptide in complex with SLIIB (25°C,
pH 5.5, and 11.7 T). The Arg amide signals in each complex are
boxed, and the Arg 44 Nε-Hε signals are shown in enhanced detail
within the dashed insets. (c) Superposition of the simulated line
shape and actual 1D trace of the Arg44 side-chainε-NH group.
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mentally determinedR1, R2, and NOE values. The transverse
dipolar-CSA cross-correlation rate (ηxy) is related to the
spectral density by

whereθ is the angle between the15N-1H bond vector and
the principal axis of the15N chemical-shift tensor, assumed
to be axially symmetric, andP2(x) ) (3x2 - 1)/2. TheJcc(0)
term derived from the measuredηxy parameter is free from
contributions from micro- to millisecond chemical-exchange
processes, whereasJ(0) calculated fromR1, R2, and NOE
parameters may include contributions from chemical ex-
change (21). A qualitative comparison ofJ(0) and Jcc(0)
values for the various arginine15N-1H bond vectors allowed
identification of arginine side-chain and backbone groups
that are subject to micro- to millisecond exchange processes.
Calculations ofJ(0) andJcc(0) employed∆σ andθ values
of -160 ppm and-20°, respectively. Substitution of other
values for ∆σ (-120 and-200 ppm) andθ (10-35°)
resulted in uniform changes inJ(0) andJcc(0) that did not
alter the final assessment of the relative mobility of arginine
side chains when bound to either SLIIB or aptamer RNA.
Uncertainties in calculated spectral density function values
were derived using the error formula

where thex1,2,3 represent either the15N R1, R2, and NOE
relaxation parameters [when estimating∆J(0)] or the 15N
R1, NOE, andηxy parameters [when estimating∆Jcc(0)].

Line-Shape Analysis.Analysis of the Arg 44 Nε line shape
to estimate the exchange rate between two Arg 44 side-chain
conformations was performed using a Mathematica script that
simulates line shapes according to the two-site exchange model
described by Rogers and Woodbrey (22). Each site was as-
sumed to be similarly populated and to have equivalentR2

relaxation rates. Iterative fitting of the simulated line shape
to the actual line shape was performed by varying both the
exchange rate and the chemical-shift difference between each
site (in the absence of exchange) until an optimal match be-
tween simulated and actual line shapes was achieved (Figure
2c).

RESULTS

Resonance Assignments. Assignments of 10 arginine15Nε-
1Hε signals in the Rev ARM-aptamer complex (Arg 35, 38,
39, 41-44, 46, 48, and 50) were achieved using Arg-(H)C(C)
TOCSY and Arg-H(CC) TOCSY experiments (13) that
correlate the arginine Hε proton with either arginine side-
chain carbon or proton chemical shifts. Observed chemical
shifts from these experiments were compared with an
assignment list for1H nuclei in the Rev peptide-RNA
aptamer complex (10). Assignments of 7 well-resolved
arginine backbone amide signals (Arg 35, 38, 39, 41, 43,
44, and 46) were based upon data from the above experi-
ments in conjunction with data from HNHA (15) and HNCA
(14) experiments. Unambiguous assignments of Arg 35, 42,
and 44 signals were further confirmed through inspection
of HSQC spectra (12) of Rev ARM peptide-RNA aptamer

complexes, where arginine15N labeling was specifically
introduced at Arg 35/Arg 42 or Arg 35/Arg 44 positions.
The assignments of both the backbone amide NH and side-
chainε-NH groups are indicated in the HSQC spectra (Figure
2a). Assignments of backbone amide NH and side-chain
ε-NH groups in the Rev ARM-SLIIB complex (Figure 2b)
were made as previously described (11). The side-chainε-NH
group of Arg 44 splits into two peaks, which indicate that a
conformational exchange process occurs on the time scale
of millisecond to second.

15N Relaxation Measurements. Arginine backbone and
side-chain dynamics in the Rev ARM-aptamer complex
were characterized via15N relaxation measurements using a
peptide corresponding to Rev ARM (residues 34-50) having
13C-15N-labeled arginine residues incorporated by chemical
synthesis as described previously (11). The backbone amide
and side-chainε-NH groups were used as probes for
backbone and side-chain dynamics, respectively. All 10 side-
chain ε-NH groups are resolved in the1H-15N HSQC
spectrum for the Rev ARM-aptamer complex (Figure 2a).
Measurements ofR1, R2, and 15N{1H} steady-state NOE
values (17) for the arginine15N amide and15Nε nuclei in the
Rev ARM-RNA aptamer complex were performed under
conditions similar to those used previously for the charac-
terization of the Rev ARM-SLIIB complex (11), allowing
a straightforward comparison of Rev arginine side-chain

FIGURE 3: (a-d) R1, R2, steady-state NOE, andηxy data for Arg
side-chain15Nε nuclei.15N T1 andT2 relaxation measurements,15N
steady-state NOE measurements, and the transverse dipolar-CSA
cross-correlation experiments were performed as described in the
Materials and Methods.
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dynamics in the context of different RNA targets. The CSA-
dipolar cross-correlationηxy values (18, 21) were also
measured for both complexes using identical experimental
parameters to make a direct comparison. A comparison of
the 10 arginine15Nε R1, R2, steady-state NOE, andηxy values
in the Rev ARM-SLIIB and RNA aptamer complexes is
shown in parts a-d of Figure 3. Owing to spectral overlap,
only backbone amide15N relaxation parameters for Arg 35,
38, 44, and 46 could be compared (Table 1).

Differences in Arg Side-Chain Dynamics on the Pico- to
Nanosecond Time Scale.Inspection of arginine15N{1H} NOE
values in the Rev ARM-SLIIB and ARM-aptamer com-
plexes reveals a diverse range of pico to nanosecond side-
chain mobilities (Figure 3c). As was found in the Rev
ARM-SLIIB complex (11), the arginine side chains in the
aptamer complex also show a wide variety of flexibilities
on the pico to nanosecond time scale. NOE values for Arg
15Nε in the ARM-aptamer complex range from-0.2 (Arg
48) to 0.7 (Arg 39 and 44). Conversely, the arginine
backbone amide groups in both the Rev ARM-SLIIB and
aptamer complexes are all fairly rigid, having amide15N
NOE values of 0.7-0.8 (23) (Table 1).

Because the sizes of the two complexes are nearly identical
and the shapes are very similar, a direct comparison of relax-
ation parameters provides information on similarities and dif-
ferences of the dynamic behavior of each N-H group. Exam-
ination of the Arg15Nε-1Hε relaxation parameters associated
with either the aptamer or the SLIIB complexes indicates
significant differences in the mobilities of individual arginine
side chains. The Arg15Nε-1Hε NOE values indicate that pico
to nanosecond flexibilities of four of these side chains (Arg
38, 39, 42, and 46) are increased in the ARM-aptamer com-
plex relative to that in the Rev ARM-SLIIB complex (Figure
3c). In addition, although the NOE values for the Arg 41
and Arg 43 side chains are very similar, theR2 values for
these side chains decrease and theR1 values increase in the
aptamer complex, relative to the values found in the SLIIB
complex. This observation suggests that the flexibilities of
Arg 41 and Arg 43 side chains may have slightly increased
on the nanosecond time scale. In total, the pico to nanosecond
flexibilities of six of these side chains (Arg 38, 39, 41-43,
and 46) are increased in the ARM-aptamer complex relative
to that in the Rev ARM-SLIIB complex. Conversely, the
Arg 35 side chain is considerably less flexible in the aptamer
complex than in the SLIIB complex, as the NOE values for
the Arg 35 side chain increase from 0.28( 0.04 in the SLIIB
complex to 0.64( 0.07 in the aptamer complex.

The differences in pico to nanosecond dynamics of the
Arg side chains at the binding interfaces are not directly
inferred from the three-dimensional structures, except for Arg
35. The relaxation behavior of the Arg 35 side chain is
consistent with the structural data; in the ARM-aptamer
complex, this side chain forms contacts with a U‚AU base
triple (10) that is not present in the ARM-SLIIB complex.
The basis for the increase in dynamics of the side chains of
Arg 38, 39, 41-43, and 46 is not obvious from an inspection
of the NMR structures. For example, the NMR structures
show that the Arg 46 side chain is similarly oriented toward
noncanonical “S-shaped” phosphate backbone folds in both
the ARM-SLIIB and ARM-aptamer complexes, but the
dynamics of this side chain, as judged byR2 and NOE values,
are quite different depending upon the RNA context (parts
b and c of Figure 3).

Differences in Arg Side-Chain Dynamics on the Micro-
to Millisecond Time Scale.Assessment of the micro- to
millisecond time-scale behavior (i.e.,Rex) of the various Arg
side chains in the ARM-aptamer complex was obtained
through measurements of15Nε CSA-dipolar cross-correlation
rates (ηxy) (18, 21) as described in the Materials and Methods.
The same measurements were also performed for the Arg
side chains in the ARM-SLIIB complex for comparison.
The results of these measurements are shown in Figure 3d.
Values for Arg15Nε ηxy range from 0.95 to 3.13 s-1 in the
SLIIB complex and from 0.71 to 2.48 s-1 in the aptamer
complex. The large variations of theηxy values of the Arg
side chains in complex with the aptamer and with SLIIB
further demonstrate the diverse mobility of these side chains
in complexes with both RNA molecules. The observed values
for backbone amide15N ηxy in both complexes are significant-
ly larger and more uniform than15Nε ηxy values (Table 1).

Spectral density functionJ(0) was calculated from either
R1, R2, and NOE or fromR1, ηxy, and NOE to obtain
information about arginine side-chain conformational flex-
ibilities on the micro- to millisecond time scale.R2 relaxation
rates are dominated byJ(0) contributions and are sensitive
to micro- to millisecond dynamics, whileηxy values are
dominated byJcc(0) and are not sensitive to chemical-
exchange processes that occur on micro- to millisecond time
scales.J(0) values were estimated by usingR2, R1, and NOE
parameters (Figure 4a), andJcc(0) values were estimated from
ηxy, R1, and NOE values (Figure 4b) using eqs 1-4. In the
absence of dynamics on the micro- to millisecond time scale,
J(0) and Jcc(0) values will be similar. However, in the
presence of micro- to millisecond dynamics, theJ(0) values

Table 1: R1, R2, NOE, andηxy Relaxation Parameters for Arginine Amide15N Nuclei in the Rev ARM-SLIIB and ARM-RNA Aptamer
Complexes

amide15N nucleus Arg R1 (s-1) R2 (s-1) NOE ηxy (s-1)

35 1.47( 0.07 13.01( 0.57 0.70( 0.10 8.42( 0.33
38 1.52( 0.07 12.15( 0.61 0.77( 0.11 8.76( 0.34

bound to SLIIB 42 1.29( 0.07 13.97( 0.60 0.84( 0.12 7.34( 0.53
44 1.41( 0.08 12.97( 0.67 0.83( 0.12 8.85( 0.52
46 1.55( 0.07 11.32( 0.63 0.57( 0.08 8.20( 0.42
35 1.47( 0.07 11.06( 0.30 0.72( 0.08 6.75( 0.12
38 1.64( 0.07 11.40( 0.30 0.72( 0.08 7.24( 0.18
39 1.66( 0.07 10.75( 0.31 0.79( 0.09 6.71( 0.14

bound to aptamer 41 1.49( 0.07 11.72( 0.30 0.77( 0.08 7.89( 0.15
43 1.64( 0.08 11.25( 0.30 0.74( 0.08 6.74( 0.13
44 1.70( 0.07 11.18( 0.30 0.73( 0.08 7.21( 0.13
46 1.62( 0.07 11.74( 0.29 0.70( 0.08 6.89( 0.17
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estimated usingR2, R1, and NOE relaxation rates will be
larger thanJcc(0), becauseR2 values are larger because of
chemical-exchange (Rex) contributions. The differences be-
tweenJ(0) andJcc(0) values [J(0) - Jcc(0)] for arginine side
chains in either the Rev ARM-SLIIB or ARM-aptamer
complex (Figures 4c) indicate that theR2 values of all 10
arginine side chains haveRex contributions in both com-
plexes. Therefore, all side chains experience micro- to milli-
second exchange effects in both complexes to some extent.

The relativeRex contribution toward the transverse au-
torelaxation rateR2 was assessed by the ratio [(J(0) - Jcc(0))/
Jcc(0)] for each arginine side chain in the two complexes
(Figure 4d). These results show that the contribution of
micro- to millisecond motion towardR2 is increased in the
aptamer complex for Arg 35, 42, 44, 46, and 50 side chains.
Most strikingly, the relativeRex contribution associated with
the Arg 4415Nε-1Hε bond vector in the aptamer complex
indicates that micro- to millisecond motion of this side chain
is nearly wholly responsible for the observedR2 transverse
relaxation rate. Such a significant contribution is consistent

with the observation that the Arg 4415Nε-1Hε group in the
aptamer complex generates two peaks of similar intensity
in the15N-1H HSQC spectrum (Figure 2a), indicating slow
exchange on the chemical shift time scale between two
similarly populated conformations. Analogous slow exchange
behavior is not observed for the Arg 44 side chain in the
Rev ARM-SLIIB complex (Figure 2b).

To obtain quantitative information on the slow confor-
mational exchange of the Arg 44 side chain, line-shape
analysis was performed using the two-site exchange formal-
ism described by Rogers and Woodbrey (22). The dipolar
contribution ofR2 in this fitting was estimated based on the
measuredR2 values and the CSA-dipolar cross-relaxation
rate. This analysis used a proton-shift difference of 29 Hz
between the two component peaks and indicated that the
exchange rate is approximately 43 s-1. Superposition of the
simulated and actual line shapes is shown in Figure 2c.

To gain further insight into the conformational exchange
associated with the side chain of Arg 44, the NMR structure
of the ARM-aptamer complex (archived in the Protein Data

FIGURE 4: Dynamics on the micro- to millisecond time scale of each Arg side chain as indicated byJ(0) andJcc(0) in both peptide-RNA
complexes. (a)J(0) calculated fromR2, R1, and steady-state NOE values. (b)Jcc(0) calculated fromηxy, R1, and steady-state NOE values.
(c) Difference betweenJ(0) andJcc(0), [J(0) - Jcc(0)], reflecting the chemical-exchange contribution of each Arg side chain. (d) Ratio [J(0)
- Jcc(0)]/Jcc(0) for each side chain in both complexes, indicating the relative contribution of chemical-exchange and dipolar-relaxation
processes toward the transverse autorelaxation rateR2.
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Bank; PDB accession code 1ull) was inspected. In the
ensemble of the seven NMR structures, it shows that the
Arg 44 15Nε-1Hε group is oriented toward Ura 4 in three of
the structures, suggesting that the Arg 4415Nε-1Hε group
forms a hydrogen bond with the O4 acceptor atom within
this nucleotide (10). Conversely, the Arg 4415Nε-1Hε group
is pointed away from the O4 atom of Ura 4 in the remaining
four structures. This lack of precise positioning within the
family of NMR structures further suggests that the Arg 44
side chain may sample different conformations in the Rev
ARM-aptamer complex, with approximately 50% of the
conformers forming a hydrogen bond with Ura 4. Col-
lectively, the structural and dynamical data suggest that any
hydrogen bond that is formed with Ura 4 is likely to be
relatively transient in nature, being established and broken
on a time scale that is slower than the microsecond range.

Electrostatic Potential Mapping of Target RNA.To further
understand how flexible protein side chains might interact
with RNA, surface electrostatic potentials of both SLIIB and
the aptamer were evaluated. For both RNA molecules, the
major grooves (the site of Rev ARM binding) have large
areas of relatively uniform negative electrostatic potential
(Figure 5), suggesting that most of the arginine side chains
may be able to adopt different orientations without significant
enthalpic penalties arising from the loss of electrostatic or
hydrogen-bonding interactions. At the same time, by allowing
conformational flexibility of Arg side chains at the interface,
the entropic cost of the complex formation is mitigated [it
has been estimated that complete restriction of arginine side-
chain motion corresponds to an entropic penalty of ap-
proximately 2 kcal/mol (24)].

DISCUSSION

Side-Chain Flexibility Is Maintained at the High-Affinity
ReV ARM-RNA Aptamer Interface.Both SLIIB and the
RNA aptamer bind the Rev ARM with nanomolar affinity,
with the aptamer binding the ARM with approximately 6-fold
higher affinity than SLIIB (3). The two peptide-RNA
complexes have similar structures despite the significant
differences in the target RNA sequences. In both complexes,
the Rev ARM forms anR helix that inserts deeply into the
major groove of the RNA and the 10 Arg residues of Rev
ARM are located at the binding interfaces and mediate most
of the protein-RNA interactions. A common feature of the

two high-affinity complexes is the extensive and highly
diverse flexibility of the Arg side chains at the binding
interfaces of both complexes. This observation suggests that
extensive and diverse interfacial motion could be a general
feature of Rev ARM interactions with other RNA aptamers.
Conceivably, such dynamic behavior may be found at other
protein ARM-RNA interfaces as well [for example, in
bovine immunodeficiency virus (BIV) Tat-target RNA
interactions]. Thus, side-chain flexibility is an important
consideration in the theoretical prediction and design of
RNA- and protein-binding sites based on ARM-RNA
interaction.

The Higher-Affinity RNA Aptamer Complex Does Not
HaVe a More Rigid Interface.In all, at least seven arginine
side chains (Arg 38, 39, 41-44, and 46) experience increased
mobility on either a pico- to nanosecond or micro- to
millisecond time scale in the aptamer complex (relative to
the SLIIB complex), while only one side chain (Arg 35)
experiences reduced mobility on a pico- to nanosecond time
scale. The entropic penalty incurred by conformational
restriction of the Arg 35 side chain could be mitigated by
increases in flexibility elsewhere in the complex. Indeed, the
Arg 35 side chain itself displays some increased flexibility
on the micro- to millisecond time scale in the aptamer
complex. Furthermore, as this RNA aptamer binds Rev with
a 6-fold higher affinity than the wild-type SLIIB sequence,
the data suggest that higher affinity interactions do not
necessarily lead to a uniform increase in rigidity at the
binding interface. In fact, the contrary is observed here.

Implications on Entropic Contribution to Folding and
Binding.Both protein-folding and protein-binding events are
driven by similar forces, such as the hydrophobic effect,
electrostatic interactions, and hydrogen bonding. However,
the role of dynamics in protein folding and complex
formation is not yet completely understood. Recent studies
by deuterium NMR relaxation measurements indicate that
significant side-chain motion exists within the protein
hydrophobic core (25-27). Side-chain flexibility at interfaces
has been observed in other protein-protein and protein-
DNA complexes (25, 28, 29). In the study described here,
the characterization of the dynamics of the majority of the
side chains (arginine) at the protein-RNA-binding interfaces
shows that higher affinity interactions do not necessarily lead
to more rigidity at the binding interface, and thus, retention
of conformational flexibility may be important in mitigating
entropic penalty upon complex formation.

Advantages of folding upon binding have been previously
suggested and include the control of binding specificity and
affinity (30), the lowering of the energy barrier for complex
formation (31), and the ability to bind multiple targets.
Coupling folding to binding may also be important in
distributing the information for affinity and specificity in the
context of a three-dimensional structure, instead of encoding
the information upon individual residues. In this way, random
mutations can be better tolerated without detriment to the
function. For example, although all Arg residues in Rev
ARM form interactions with the RNA, substitutions of three
of the Arg residues (Arg 41, 42, and 43) do not significantly
affect the dissociation constant of the Rev ARM-SLIIB
complex (32). Similarly, although the RNA aptamer has a
significantly different sequence from SLIIB RNA, common
three-dimensional structural features allow the aptamer to

FIGURE 5: Mapping of the surface electrostatic potential of the RNA
aptamer and SLIIB, with red indicating the negative charge and
blue indicating the positive charge. The electrostatic potential was
calculated using the AMBER force field within DELPHI (Accelrys).

HIV-1 Rev Arginine Side-Chain Dynamics Biochemistry, Vol. 43, No. 51, 200416159



bind the Rev ARM with high affinity and specificity. In
folding upon binding processes, maintenance of conforma-
tional flexibility during complex formation is likely to be of
general importance.
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