Stereospecificity of short Rev-derived peptide interactions
with RRE IIB RNA
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ABSTRACT

The essential HIV-1 regulatory protein Rev binds to the Rev responsive element (RRE) of the HIV-1 mRNA. A short a-helical
peptide derived from Rev (Rev 34-50) and a truncated form of the RRE sequence (RRE IIB) provide a useful in vitro system to
study the interactions between Rev and RRE. The current studies focus on evaluating the specificity of the binding interactions
between Rev 34-50 and RRE IIB. The binding of L- and D-Rev peptides to natural and enantiomeric RRE 1IB RNA was studied
by fluorescence spectroscopy. D-Rev and L-Rev peptides bind to RRE 1B with similar affinities. CD measurements are consistent
with a nonhelical, probably B-hairpin, conformation for D-Rev in the complex. The binding affinities of D/L Rev peptides to
L-RRE IIB RNA are also similar to those with natural D-RRE IIB. Furthermore, the conformations of L- and D-peptides when
bound to L-RRE are reciprocal to the conformations of these peptides in complex with D-RRE. RNA footprinting studies show
that L- and D-Rev peptides bind to the same site on RRE IIB. Our results demonstrate lack of stereospecificity in RRE RNA-Rev
peptide interactions. However, it is quite possible that the interactions between full-length Rev protein and RRE are highly

specific.
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INTRODUCTION

During the replication cycle of human immunodeficiency
virus type 1 (HIV-1), alternative splicing of its primary
transcript generates different mRNAs necessary for virus
production (Karn 1991; Pollard and Malim 1998). Singly
spliced and unspliced transcripts are transported to the cy-
toplasm, where they are either translated or packaged as
genomic RNAs. HIV-1 Rev protein plays a central role both
in the export of unspliced mRNAs and in the inhibition of
splicing (Kjems et al. 1991; Pollard and Malim 1998). In the
presence of Rev, the incompletely spliced mRNAs accumu-
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late in the cytoplasm, whereas in its absence, these tran-
scripts are retained in the cell nucleus (Frankel and Young
1998).

Rev is a 116—amino acid phosphoprotein, which accu-
mulates primarily in the nucleoli of the host cell, and can
shuttle between the nucleus and the cytoplasm (Frankel and
Young 1998; Pollard and Malim 1998). An arginine-rich
amino-terminal domain of Rev serves as a signal for nuclear
localization (Henderson and Percipalle 1997; Pollard and
Malim 1998). The same domain (positions 33-50) is re-
sponsible for the binding of Rev to its cis-acting RNA target
sequence, the Rev response element (RRE) (Kjems et al.
1991, 1992; Tan and Frankel 1994; Frankel and Young 1998;
Pollard and Malim 1998). RRE is encoded by sequences of
the env gene, and is present in all unspliced and incom-
pletely spliced viral mRNAs. Rev binding to the RRE targets
the bound mRNA to the nuclear export machinery. Stem—
loop IIB of RRE was identified as the high-affinity Rev
binding site (Frankel and Young 1998), simplifying analysis
of the binding interactions.

The molecular basis of Rev—RRE recognition requires the
interaction of the 17-mer arginine-rich Rev 34-50 peptide
with a bulge portion of RRE IIB RNA construct, as estab-
lished by a variety of RNA footprinting techniques (Kjems
et al. 1992; Tan and Frankel 1994). NMR structural analysis

RNA (2003), 9:937-948. Published by Cold Spring Harbor Laboratory Press. Copyright © 2003 RNA Society. 937



Litovchick and Rando

of the complex reveals that Rev peptide acquires an a-he-
lical conformation while binding in the major groove of the
RNA near the purine-rich bulge (Battiste et al. 1996). Sev-
eral arginine side chains make base-specific contacts, and an
asparagine residue contacts a non-Watson-Crick G-A base
pair. The RNA major groove widens near another non-
Watson-Crick G48:G71 base pair (Chen and Frankel 1995;
Battiste et al. 1996). The structure formed by the two pu-
rine—purine base pairs of the RRE creates a distinctive bind-
ing pocket for specific Rev peptide recognition (Battiste et
al. 1996).

Circular dichroism experiments indicate that the peptide
a-helical structure is stabilized when bound specifically to
RRE RNA, and that the RNA undergoes a conformational
change upon binding. Mutation of any one of six amino
acids (Thr 34, Arg 35, Arg 38, Arg 39, Asn 40, or Arg 44)
strongly decreases specific RNA-binding affinity in vitro
(Tan and Frankel 1994). Thus, the mode of Rev 34-50
peptide binding to RRE, and the conformation of the RNA
in the complex have been generally established (Battiste et
al. 1996). An issue of interest in the context of RNA-ligand
interaction in general, and Rev—RRE interactions in par-
ticular, is just how specific the binding interactions are. To
further elucidate the nature of the specificity of Rev peptide
binding to RRE, a series of D- and L-Rev peptides were
prepared, and their binding affinities to RRE IIB and its
L-enantiomer were determined. Stereospecificity in binding
processes is generally taken as the sine qua non for specific
molecular recognition with proteins, and the lack of stereo-
specific interactions might suggest a lack of overall speci-
ficity. Surprisingly, the binding of Rev peptides to RRE IIB
is nonstereospecific, as both L- and D-peptides bind with
similar affinities. In addition, footprinting experiments
demonstrate that the RNA-binding sites are similar, if not
identical, for both peptides. However, this does not imply a
lack of specificity in the binding process, but rather indi-
cates how flexible peptides can achieve similar structural
solutions in different ways. Whereas the L-Rev peptides
bind to RRE IIB in an a-helical conformation, the D-pep-
tide binds in what appears to be a 3-turn conformation.

RESULTS

Binding of fluorescent Rev peptides to RRE IIB and
RRE mutants

The initial experiments performed were aimed at exploring
the specificity of interactions between Rev peptides and
RRE RNA constructs. The RRE constructs chosen for study
are shown in Scheme 1. RRE IIB is the wild-type RNA
construct, corresponding to the high-affinity HIV Rev bind-
ing site on RRE RNA (Tan et al. 1993). It contains an
A-form RNA duplex with a 5-nucleotide bulge (Scheme 1A;
Tan et al. 1993). The M3 and M4 mutants (Scheme 1C,D)
were included to study possible RNA sequence specificity of

938 RNA, Vol. 9, No. 8

A.  RREIB B.  RREIB*
A A

A U 60 A U 60
C---G -

55 g:::‘é 55 oo
gi'.'.ctss .65
o

50 G--C_A 50 GooC A
GG 70

Ak

G U 8*#2 U

o w5 §Cog
A G

Aok **G

40 80 40 Hgso

37 :::%83 37 G-oC83
5 3

C M3 D M4
A A

A U AC GU
C--- re
8::8 C—-G
S o
ere o
G---C GG
C---G C---G

oy UxG > 8:"-;%

¥ G¥U
G--C A /'g Ac
AU---A G A A
U**G

G
g**(_;
SCHEME 1. Predicted secondary structures of RRE mutants used in
the study. Arrows indicate nucleotide difference in constructs com-
pared with RRE IIB (wild type). RRE IIB* depicts peptide-bound

secondary structure of RRE IIB, based on the NMR (PDB access code
1ETF, 1ETG, (8)) model of RRE IIB/Rev33-55 complex.

Rev—RRE interactions. The M3 mutant is known to bind to
Rev 34-50 (Kjems et al. 1992; Hamasaki and Rando 1998)
nearly as well as RRE IIB, whereas the affinity of Rev 34-50
for the M4 mutant is diminished significantly (Kjems et al.
1992; Hamasaki and Rando 1998).

In all of the binding experiments performed, a previously
described fluorescence anisotropy methodology was utilized
(Wang et al. 1997; Hamasaki and Rando 1998, Lacourciere
2000, Haddad et al. 2002). In this method, the increase in
fluorescence anisotropy of a fluorescent ligand is measured
as a function of ligand-RNA binding (Hamasaki and Rando
1998). Saturation is observed and competition experiments
with unlabeled ligands can be carried out to determine af-
finity constants for binding (Hamasaki and Rando 1998). In
the current studies, L-Rev peptide labeled with a rhodamine



Specificity of peptide—-RNA interactions

moiety at amino terminus, RevRh (rhodamine-TRQAR
RNRRRRWRERQR) is used to probe binding.

In initial experiments, the binding of the fluorescent
RevRh peptide to both RRE IIB enantiomers (the natural D-
and its mirror-image L-enantiomer) and to the aforemen-
tioned M3 and M4 mutants (Scheme 1) was studied. Figure
1 shows typical binding isotherms for the interactions of
RevRh to the D- and L-RRE IIB constructs. The dissociation
constants for the binding of RevRh peptide to the RRE RNA
constructs at 20°C are summarized in Table 1. Interestingly,
the affinities of RevRh to the L- and D-enantiomers of RRE
IIB are very close (Fig. 1B; Table 1), demonstrating nonste-
reospecifity of fluorescent peptide binding.

Competition between RevRh and Rev peptides

Given the stereochemical results described above, the un-
modified Rev peptides were tested as competitive inhibitors
for RevRh binding to the RRE constructs (Table 1). By
measuring the decrease in the fluorescent anisotropy of the
RevRh—RNA complex in the presence of Rev peptides, the
affinities of these peptides to the RNA were determined (see
Materials and Methods; Hamasaki and Rando 1998). Natu-
ral L-Rev peptide and its D-enantiomer were tested for
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FIGURE 1. Fluorescence anisotropy isotherms of RevRh binding to
D-RRE IIB (A) and L- RRE IIB (B) RNA. The tracer concentration is
10 nM.

TABLE 1. K;, nM, of RNA-peptide complexes at 20°C

Peptide D-RRE 1IB L-RRE 1IB M3 M4
LRevRh 144 +£0.6 11+3 597 47 + 6
LRev 31 +1 21.8 +0.6 179 £ 5 231 +4
DRev 146+03 17.0+x0.4 29 +2 377 £23
LRevErse 42 + 2 14.8 £ 0.1 382 1160 £ 69
DRevErse 28 + 1 226+0.8 14.1+04 121 £5
DrevMutl 1027 = 52 — — —

binding to both D- and L-RRE IIB. Figure 2 shows examples
of the fluorescence anisotropy isotherms of D- and L-Rev in
competition with RevRh for D- and L-RRE IIB binding. As
seen here, straightforward competition for L- and D-RRE
IIB binding occurs with similar measured Kps (Table 1).
Further experiments with the M3 and M4 mutants indicate
that D-Rev binds with a greater affinity than L-Rev to M3,
whereas their affinities to M4 are similar and ~10-20 times
lower than to RRE IIB. The results with the L-peptides are
quantitatively similar to the data obtained previously with
fluorescein-labeled L-Rev used as a tracer (Hamasaki and
Rando 1998). Finally, the D-Rev mutant, N40—A, was pre-
pared, and its binding to RRE IIB was studied to access
elements of binding specificity. In the L-series, this mutant
only binds weakly to RRE IIB (Tan et al. 1993). The mea-
surements indicate that this D-Rev (N—A) mutant behaves
similarly to L-Rev (N—A) mutant, and binds with much
lower affinity to RRE IIB.

To further probe the specificity of the binding reaction,
the D- and L-Rev peptides with reverse sequences (L- and
D-RevErse) were prepared and tested. The results of the
competition experiments performed with L- and D-RevErse
peptides are summarized in Table 1. Both the L- and D-
peptides with the reverse amino acid sequences bind with
similar affinities to D- and L-RRE IIB and M3 constructs,
whereas their affinities to M4 proved to be significantly
lower (Table 1). Moreover, they also bind to the constructs
with similar affinities, as do the L- and D-Rev peptides.

Binding sites of Rev peptides on RRE IIB

Given the results described above, it was important to de-
termine whether the enantiomeric peptides recognize simi-
lar features of the RRE IIB RNA-binding site. In these stud-
ies, three RNA footprinting techniques (lead acetate, RNase
A, and RNase T1 footprinting) were used to reveal the
binding sites for the peptides on RRE IIB (Fig. 3A,B,C).
Lead acetate induces hydrolytic cleavage at phosphate moi-
eties, whereas RNase A cleaves at purines, and RNase T1
cleaves at the 3’ position of guanosines and adjacent
nucleotides.

Figure 4 shows a quantitative analysis of the lead acetate
and RNase A footprinting results. Lanes 2 (control), 3 (L-
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FIGURE 2. Competition of LRev (A) and DRev (B) with RevRh for D-RRE IIB binding. Competition of LRev (C) and DRev (D) with RevRh

for L-RRE IIB binding.

Rev), 5 (D-Rev), 7 (L-RevErse), 9 (D-RevErse), and 11
(neomycin B) were used in the analysis. Band intensities
of each lane were normalized to G61 band intensity in the
lead acetate footprinting gel (Fig. 3A), and were normal-
ized to G42 in the RNase A footprinting gel (Fig. 3B).
The intensities of each band were then compared with the
intensities of the corresponding band in the control lane
(lane 2). Lower intensities indicate protection at the
particular nucleotide, whereas increased intensities indicate
an increase in cleavage at the nucleotide. Increases in cleav-
age may be due to a conformational change in the RNA
molecule, induced by ligand binding. Differences in band
intensities exceeding control by 10% or more are plotted
(Fig. 4). The sites on RRE IIB, which appear protected
by lead acetate, RNase A, and RNase T1 footprinting,
are assumed to correlate with the binding sites for the li-
gands.

As seen from Figure 4, A and B, both L-Rev and D-Rev
produce very similar footprinting patterns when complexed
with RRE IIB. Lead acetate footprinting reveals possible
conformational destabilization in the lower stem, as alter-
ations in cleavage are observed at nucleotides 40—46. The
upper part of the bulge and the adjacent upper stem region
(nucleotides 49-53), appear protected when probed by both
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lead acetate and RNase A. Protection with L-Rev and D-Rev
is also observed at A59 in the apical loop. Figure 5, A and
B, presents a summary of footprinting results for the bind-
ing of D- and L-Rev peptides. All three footprinting meth-
ods used in this study indicate that L- and D-Rev peptides
both bind to almost exactly the same site on RRE IIB. The
site is formed by G46 (RNase T1 results), C49-A52 and
G68-A69.

Figure 4, C-E, presents data on the footprinting pattern
of D- and L-RevErse peptides, and the aminoglycoside
(neomycin B), bound to the RRE IIB construct. Neomycin
B was used as a control, as the RRE IIB-binding site for
aminoglycosides is clearly distinct from the binding site for
L-Rev (Lacourciere et al. 2000). The results are summarized
schematically in Figure 5, C and D, as the binding sites for
these ligands on RRE IIB. L-RevErse appears to bind in a
similar fashion to L-Rev or D-Rev, but the binding inter-
actions are farther from the bulge and closer to the apical
loop. In addition, a much less pronounced protection pat-
tern is observed here. D-RevErse appears to bind differently
than L- and D-Rev do. Its footprint pattern resembles a
composite of the binding of both aminoglycoside (neomy-
cin B) and L- or D-Rev. C49-C51 and A44, G46, and G64
are protected, but enhanced cleavage at C54, G68, and A69
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FIGURE 3. RRE IIB footprinting studies of the Rev peptides binding sites on the RNA construct. (A) Lead acetate footprinting. (B) RNase T1
footprinting. (C) RNase A footprinting. (0) Untreated RRE IIB, **P-labeled at 5’; (Ctrl) control experiment in the absence of binders; (L-Rev,
D-Rev, L-RevErse, D-RevErse) RNA footprinting in the presence of peptide binders; (NeoB) RNA footprinting in the presence of neomycin B.
Concentrations of the peptides, 2.5 and 12.5 uM. Concentration of neomycin B 25 and 125 uM.

suggests differences in the binding of D-RevErse to this site
compared with L- or D-Rev.

Finally, protection experiments with neomycin B suggest
that its binding site is located in the lower stem-bulge re-
gion of the RRE construct (Fig. 5E), and spans nucleotides
U44, G46, and G47. Increased cleavage at the upper stem
region suggests a significant conformation change upon
neomycin B binding. This result is in good accordance with
previously published data (Lacourciere et al. 2000).

Differential CD spectra of L/D-Rev and L/D-RevErse

The fact that D- and L-Rev peptides are able to saturably
bind to RRE IIB and with similar affinities suggests that they
must bind to the RNA molecules with different conforma-
tions. It has been shown previously that L-Rev (34-50)
binds to RRE IIB in an a-helical conformation, although
the peptide is largely random coil in solution in the absence
of RNA (Tan et al. 1993; Tan and Frankel 1994).

To evaluate the conformations of the peptides in complex
with D- and L-RRE IIB, CD spectroscopic experiments were
performed. Figure 6A shows CD spectra of D- and L-RRE
IIB in the absence of ligands. The D-RRE IIB spectrum is
typical for A-form RNA (Daly et al. 1995). As expected, the

spectrum of L-RRE IIB appears as a mirror image of the
D-RRE IIB spectrum. In the absence of RNA, all of the
peptides were found to be unstructured (data not shown).
The differential CD spectrum of L-Rev in the presence of an
equimolar concentration of D-RRE IIB was obtained by the
subtraction of the CD spectrum of D-RRE IIB from the
spectra of peptide-RNA complexes. As expected, the spec-
trum suggests an a-helical conformation of L-Rev in com-
plex with D-RRE IIB. A clear minimum at 208 nm is ob-
served, along with a weak minimum at 223 nm. By way of
comparison, the spectrum of the enantiomeric D-Rev pep-
tide in complex with enantiomeric L-RRE IIB is shown in
Figure 6B. As expected, this spectrum appears as the mirror
image of the L-Rev/D-RRE IIB spectrum.

The CD spectrum of the D-Rev peptide in complex with
D-RRE IIB (Fig. 6C) does not reveal the presence of an
a-helix. By way of comparison, Figure 6C also shows the
spectrum of D-Rev peptide in the presence of D-RRE IIB.
This spectrum appears as a mirror image of the L-Rev/L-
RRE IIB spectrum. A positive band was observed in the
D-Rev/D-RRE IIB spectrum at 225 nm and a negative band
at 215 nm. Thus, although D-Rev peptide binds to the same
site on D-RRE IIB as L-Rev, it clearly adopts a different
conformation.
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Further CD experiments were per-
formed on the binding of D- and L-
RevErse peptides to the D-RRE IIB RNA
construct to extend the results described
above. L-RevErse peptide was designed
as an upside-down model of L-Rev, and
D-RevErse was prepared as an enantio-
meric control for L-RevErse. In the ab-
sence of RNA, both L- and D-RevErse
peptides appear unstructured. The dif-
ferential CD spectrum of L-RevErse
peptide in complex with D-RRE sug-
gests an a-helix, similar to that observed
with L-Rev (Fig. 6D). This result indi-
cates that RRE 1IB induces the forma-
tion of an a-helix in both L-Rev, and in
its reverse sequence analog. However, as
shown above, these two peptides do not
bind to identical sites on RRE IIB, al-
though their binding sites are very close.

| 43

LRev

OL-Rev/lead
B LRev/RNAseA

57—
58
59 jmmml

60

61|

64 :I
65

66

55 |

56 |

62

63

67

68 o

69 |
—70

7]

72

73]

74

75

DRev

O DRev/lead
B DRev/RNAseA

4o ———

—

g ——

44—

45

46 /—

47

Finally, D-Rev in complex with D-RRE
IIB (Fig. 6D) forms what appears to be a
random coil structure (Woody 1995).
To further study the specificity of the
RNA interaction with peptides, similar
CD experiments were performed on the
M3 mutant construct. Interestingly,
none of the peptides appeared helical
when bound to the M3 (data not
shown), suggesting a different mode of
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DISCUSSION ﬁ H H

Intact HIV-1 Rev protein binds coop-

eratively to the 244-nucleotide full-

length RRE with a stoichiometry of 4

Rev monomers per RRE (Van Ryk and

Venkatesan 1999). Rev monomer binds

initially to the high-affinity stem-loop

region of RRE, followed by oligomerization of Rev medi-
ated by protein—protein interactions (Van Ryk and Ven-
katesan 1999). A short a-helical peptide corresponding to
the arginine-rich RNA-binding domain of Rev binds with
high affinity to the stem—loop IIB of RRE, providing a good
model for the initial process of Rev monomer recognition
of the RRE stem—loop (Kjems et al. 1991, 1992; Tan et al.
1993; Tan and Frankel 1994; Frankel and Young 1998). Rev
peptide binding to RRE occurs in two steps, an initial en-
counter, followed by isomerization of the RNA (Lacourciere
et al. 2000). A variety of structural and binding studies are
consistent with the notion that the interactions between Rev
protein, or Rev peptide, and RRE RNA exhibit elements of
specificity (Kjems et al. 1992). This is especially true for the
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FIGURE 4. (Continued on next page)

intact Rev protein. However, there is also evidence suggest-
ing a comparative lack of specificity in the interactions in
the peptide series. For example, a 40-mer Rev peptide
RP194, containing arginine-rich RRE-binding domain,
failed to significantly discriminate with respect to binding
affinities between native RRE, stem II, and a comparably
sized antisense RRE construct, or even tRNA. Binding oc-
curred in the nanomolar range in all cases (Daly et al. 1995).
Whereas the interaction of complete Rev protein with RRE
is relatively specific, a truncated Rev, lacking 20 amino-
terminal residues, displays less ability to discriminate RRE
from nonspecific RNA, yet still binds sense and anti-sense
RNA species with high affinities (Daly et al. 1995). It is
reasonable to suggest that only when the peptides are highly
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lack of stereospecificity of Tat-TAR in-
teraction, was reported previously with
D-Tat (37-72) peptide and 59-mer TAR
RNA (Hugq et al. 1999).

These results were further extended
by investigating the interactions of the
enantiomeric L-RRE IIB construct with
L-Rev. Enantiomeric L-RRE IIB, of
course, has the same secondary struc-
ture as its wild-type D-enantiomer, but
is the mirror-image. Binding studies
show that the affinity of L-Rev to L-RRE
IIB is the same as to D-RRE IIB, and,
hence, that binding is again nonstereo-
specific. A similar observation demon-
strating nonstereospecific RNA—peptide
interactions was reported previously
with TAR RNA L-enantiomer and Tat

FIGURE 4. Quantitation of RRE IIB footprinting studies. Lanes 2,3,5,7,9,11 of lead acetate
(Fig. 3A) and RNase A (Fig. 3B) footprinting gels were used for the analysis. Band intensities
of each lane were normalized to G61 band intensity in lead acetate footprinting gel (Fig. 3A)
and to G42 in RNase A footprinting gel (Fig. 3B). The ratio of intensities of each band to the
intensities of the corresponding band in the control lane (lane 2) were calculated. When the
difference in the band intensities compared with the control exceeded 10%, they were plotted.
Positive bars indicate the protection observed at the particular nucleotide, whereas negative
bars stand for increase of cleavage at the corresponded nucleotide, due to a conformational
change in the RNA molecule induced by ligand binding. The sites on RRE IIB, which appear
protected in both lead acetate and RNase A footprinting patterns are assumed to be the binding

sites for the ligands.

structured within the intact protein, will they display a high
degree of binding specificity for a particular RNA target.
The experiments described here were aimed at further
exploring the level of the specificity, in particular, the bind-
ing stereospecificity, of the interactions between Rev 34-50
peptide and RRE. To address the question of stereospeci-
ficity of RRE-Rev interaction, the binding of L-Rev peptide
and its D-enantiomer to the RRE IIB construct were stud-
ied. This RRE IIB construct is an A-form RNA duplex with
a 5-nucleotide bulge (Scheme 1A; Tan et al. 1993). The
binding of Rev peptide to RRE IIB induces a conforma-
tional change in the RNA, leading to the formation of non-
canonical G47-A73 and G48-G71 base pairs along with
groove widening at this site (PDB access code 1ETF, 1ETG;
Bartel et al. 1991; Tan et al. 1993; Battiste et al. 1996;
Scheme 1B). The binding studies reported here show that
both L-Rev and D-Rev peptides bind in a saturable fashion
to RRE IIB, with similar affinities. This observation dem-
onstrates a lack of stereospecificity of Rev—RRE interaction
in the binding event. A similar observation, demonstrating

protein (Garbesi et al. 1998).

The binding studies could be con-
strued to suggest a lack of stereospeci-
ficity in the interactions of Rev peptide
and RRE IIB. However, there are clearly
elements of specificity as well. For ex-
ample, the reported binding events are
saturable and consistent with the stoi-
chiometric binding of Rev peptides to
RNA. L-Rev peptide is also capable of
discrimination between RRE IIB and
M3 or M4 mutants. The observed dif-
ference in the affinities of L-Rev to RRE
IIB and RRE mutants is ~5- to 10-fold.
D-Rev peptide discriminates between
the RRE IIB and M4 mutants, just like
L-Rev does, although it does not dis-
criminate between RRE IIB and M3. In addition, an N for
A substitution in the D-Rev peptide produces a significant
reduction in binding affinity to RRE IIB RNA. This result is
similar to that described previously with the same L-Rev
mutant (Tan et al. 1993). To further investigate the putative
specificity of the binding events, footprinting experiments
were performed with both the D- and L-Rev peptides.

Footprinting studies on the RRE IIB—peptide complexes
suggest that the D- and L-Rev peptides bind to the same site
in the bulge upper-stem portion of the RNA (Fig. 5). The
site is formed by G4, C49-A52, and G68-A69. The enhanced
cleavage at G70 observed in lead acetate footprinting, might
indicate a conformational change at this site upon peptide
binding. This region was reported previously as a specific
binding site for Rev protein and L-Rev 33-50 peptide
(Kjems et al. 1992).

The reverse sequence peptides, L- and D-RevErse, also
bind to RRE IIB with high affinities, but bind to slightly
different sites than do the Rev peptides. Whereas the site of
L-RevErse binding to RRE may be similar to that of L- and
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A© A A A A D-RRE IIB appears as a mirror image
A U 6o A U 60 A U 6o A U 6o A yeo of L-Rev in complex with L-RRE IIB,
C---G C---G C---G C---G C---G:‘_/ that is, a mirror-image structure con-
55 Gon 5 Gl 550 55 G 55 Gu¢ 4 taining a B-turn.
C---G C---G C---G©O +C-Go » C---GO® & The CD experiments with enantio-
o G---C% o G---C% 0 G---C% G---C% 0G--C%%—  meric L-RRE IIB construct also show
AU AU A--U AU AU e
® C..GO ®C.GO OGO 00 CG o OC-G a tha.t the geometry of thé peptl.de m‘.[er-
A© A© A© A A action with L-RRE IIB is a mirror im-
050 G---C 0 50G...c 50G..-C 030G---C 50G---C T . .
o C-G7 o C.-G 0% C--G70 0 C---GT0 C--G70 age of the geometry of the interaction
G G G G G G G G oG G with native D-RRE IIB. Thus, D-Rev
oG AU G L oeG L e A ceG AU in complex with L-RRE acquires an
G---C G---C G---C G---C G---C a-helical  conformation,  whereas
45U A TS 45 UrATS 45 ATS 45 ATS 45y ATS i ’ .
A G A G A G oA G oA G L-Rev in the presence of L-RRE is
UG UG U**G UG UG probably structured as a B-turn type
g::g 8::8 g::g 8::8 8::8 II. These experiments then show that
40 8---&80 40 8---&80 40 8 80 40 8"'A80 40 8_._630 the D- and L-Rev peptides can bind to
G:C G-C G--C G-:(é G the same site on RRE IIB because of
37G---C83 37G---C83 37G---C83 37 G---C83 37 G---C83 the conformational flexibility of the
5 ¥ 5 ¥ 5 ¥ 5 ¥ 5 ¥ Rev peptide. Molecular modeling can
L-Rev D-Rev L-RevErse D-RevErse Neomycin B be used to frame a working hypothesis
A. B. C. D. E. on how the D- and L-Rev peptides

FIGURE 5. Summary of RRE IIB footprinting studies. (Open circles) Nucleotides that were
found to be protected in two different footprinting methods. Protection observed in lead
acetate and RNAse A footprinting experiments. (Filled circles) Nucleotides appeared protected
in all three footprinting methods. Protection observed in RNAse T1 footprinting experiments.
(Arrows) Enhancement of cleavage observed in lead acetate and RNAse A footprinting experi-

ments.

D-Rev, the site of D-RevErse binding exhibits substantial
differences.

The similarity of the L- and D-Rev binding sites suggests
that D-Rev in complex with RRE IIB must have a different
structure from L-Rev in the complex. The differential CD
spectra confirmed that the binding of L-Rev peptide to RRE
IIB induces an a-helix (Kjems et al. 1991, 1992; Tan et al.
1993; Tan and Frankel 1994). Clearly, these differential
spectra are biased by the spectrum of the RNA in the com-
plex with peptide. However, in the range of 190-240 nm,
the contribution of peptide conformation is mainly ob-
served. The degree of helicity is proportional to the mini-
mum at 222 nm, so in these experiments, the L-Rev peptide
in the complex with RRE IIB appears as largely, but not
completely, a-helical (Fig. 6B). In contrast, D-Rev peptide
in the complex with RRE IIB acquires a nonhelical confor-
mation. The symmetry of the D-Rev/D-RRE IIB spectrum
compared with the L-Rev/L-RRE IIB spectrum suggests
similar conformations of these peptides in the complexes.
After factoring in the influence introduced by RNA in the
spectrum, the spectrum of the L-Rev peptide in the complex
with L-RRE resembles a B-type CD spectrum of a B-turn
type II structure (Hutchinson and Thornton 1994). This is
characterized by a minimum at 220-230 nm and maximum
at 205-210 nm (Woody 1995). It is concluded that L-Rev in
the complex with L-RRE IIB acquires a conformation,
which contains a B-turn portion. D-Rev in complex with
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might bind to the same RNA site.

The conformations of the D- and
L-Rev peptides in complex with RRE
IIB are different, as shown by CD mea-
surements. It is reasonable to suggest
that in both cases, the peptide back-
bone structure produces a similar spa-
tial arrangement of critical amino acid side residues, allow-
ing for the same contacts with RNA. Assuming that specific
RRE-Rev recognition demands a similar distribution of
amino acid side chains in three dimensions as reported in
studies on L-Rev (PDB access code 1ETF; Battiste et al.
1996), possible B-hairpin structures of D-Rev could be
modeled that achieve the same spatial distribution of critical
contacts. Two models are presented here. The first contains
a B-turn induced at Arg 42 (model 1; Fig. 7B), and the
second contains a B-turn induced at Asn 40 (model 2; Fig.
7C). The structures in model 1 are characteristic of a B-turn
type 11, whereas model 2 is characterized by a B-turn type
I’ (Hutchinson and Thornton 1994). Because the CD spec-
trum of D-Rev is not a classic B-type spectrum (Woody
1995), the latter model seems more plausible. Deviations in
the spectrum from a classic B-type spectrum could be due
to the 4—amino acid peptide tail, which is not involved in
the B-structure. Such a tail would probably be structured as
a random coil, and produce a corresponding CD spectrum.
This could contribute to a nonideal CD B-type spectrum of
D-Rev in complex with RRE IIB.

It is clear that a high-resolution technique, such as NMR
structural analysis, is required to elucidate the specific na-
ture of the interactions between D-Rev peptides and RRE
IIB RNA. However, inspection of our model-building ex-
ercise with respect to the Rev 34-50 structure (Fig. 7A),
shows that it is indeed possible to mimic the critical distri-
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FIGURE 6. (A) CD spectra of D- and L-RRE IIB RNA. (B) Differential CD spectra of L-Rev peptide in complex with D-RRE IIB and D-Rev
peptides in the complex with L-RRE IIB RNA. (C) Differential CD spectra of L- Rev in complex with L-RRE IIB and D- in complex with D-RRE

IIB RNA. (D) Differential CD spectra of L- and D-RevErse peptides in the presence of D-RRE IIB RNA.

bution of essential amino acid side chains when D-Rev pep-
tide is folded as a B-hairpin. The amino acid residues
known to be essential for RRE IIB binding, Thr 34, Arg 35,
Arg 38, Arg 39, Asn 40, or Arg 44 (Tan and Frankel 1994),
are presented in similar three-dimensional arrays in the
models (Fig. 6). These models are certainly just two ex-
amples of a variety of possible structures that meet the
general requirement that the key Arg, Asn, and Gln moieties
be displayed similarly in space in both D- and L-Rev pep-
tides. Note that the Glu and Trp side chains are also posi-
tioned similarly in the L-Rev and modeled D-Rev peptides.
It is also possible to suggest a mode of L-RevErse binding
to RRE IIB. The differential CD spectrum of L-RevErse is, at
least in part, consistent with an a-helical conformation of
the peptide (Fig. 6). Footprinting studies suggest that L-
RevErse and L-Rev bind to very close sites on RRE IIB (Fig.
5). Taken together, these observations indicate that L-Re-
vErse binds to RRE IIB in a similar fashion to L-Rev,
whereas binding in upside-down mode on the RRE IIB.
In conclusion, L- and D-Rev peptides are able to bind to

RRE IIB with similar affinities because of their conforma-
tional flexibility. There are clear elements of specificity in
these binding interactions, although not to the level found
in intact Rev. This could have general implications for the
design of small molecule drugs intended to target specific

RNA molecules.

MATERIALS AND METHODS

Materials

Peptides

L-Rev, D-Rev, L-RevErse, D-RevErse, and D-RevMutl were syn-
thesized at the Harvard Medical School peptide synthesis facility
by Dr. Charles Dahl. The sequence of D- and L-Rev peptides corre-
sponds to Rev 34-50: (d/I)-TRQARRNRRRRWRERQR. D- and
L-RevErse peptides contain reversed amino acid sequence: (d/1)-
RQRERWRRRRNRRAQRT; D-RevMutl (N—A): (d)-TRQAR
RARRRRWRERQR.
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FIGURE 7. Model of D-Rev peptide in the complex with RRE IIB. Secondary structures of
L-Rev peptide a-helix (A) in complex with RRE IIB (PDB access code 1ETF (8)) and D-Rev
B-hairpin models (B,C) are shown as ribbons. D-Rev peptide modeled as a (3-hairpin with the
turn induced at Arg 42 (model 1, B) and Asn 40 (model 2, C). Residues in D-Rev models (B,C)
are numbered accordingly to the positions in the native Rev protein. Residues not involved in
RNA interaction are omitted in L-Rev structure (A). Amino acid residues important for RNA
binding include Thr 34, Arg 35, Arg 38, Arg 39, Asn 40, or Arg 44, as defined by mutational
analysis (Tan and Frankel 1994). The residues that are similarly positioned in L-Rev 34-50 (A)

and in D-Rev models (B,C) are shown in color.

Fluorescent tracers

Rhodamine-labeled L-Rev peptide (RevRh) was synthesized by
reacting L-Rev peptide with 5-carboxytetramethylrhodamine suc-
cinyimidyl ester (Molecular Probes) in a water-acetonitrile mix-
ture (1:1) at pH 7.0 (200 mM phosphate buffer). The conjugate
was purified by HPLC on 250 X 4.6-mm C-18 YMC AQ column
(pore size 200 A) in a 30-min water-acetonitrile gradient (0%—
50%) at a flow rate of 1 mL/min. The RevRh peak was eluted at 20
min, 54 sec. The compound was analyzed by mass-spectroscopy
(MALDI-TOF MS). A molecular weight of 2854.02 (calculated
2852) was found.
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RNA constructs

RRE IIB (wild type); RRE M3; RRE M4
(Scheme 1) were synthesized chemically by
Dharmacon Co. The RNA samples are sup-
plied in a protected form. The samples were
deprotected by the manufacturer’s instruc-
tions prior to use.

The enantiomeric L-RRE IIB construct of
the same sequence as RRE IIB wild type was
prepared from DMT-L-ribo phosphoami-
dates (ChemGenes) and L-riboC CPG solid
support on an Expedite oligonucleotide syn-
thesizer using 1 umole RNA cycle with a
coupling time of 600 sec. After deblocking of
the product with ethanolic ammonia, the L-
RNA was deprotected using neat triethyl-
amine trihydrofluoride, precipitated with n-
butanol and desalted on a Nick Sephadex
G-50 (Amersham-Pharmacia) column. The
L-RNA oligonucleotide was purified by gel-
electrophoresis on a 12% polyacrylamide/7
M urea gel.

All stock solutions were prepared in
nuclease-free water, and were diluted with
the appropriate buffers prior to use. Concen-
trations of RNA and peptides were deter-
mined spectrophotometrically, by absorp-
tion at 260 and 280 nm, respectively. The
RNA molecules were annealed by heating to
95°C, followed by cooling to room tempera-
ture. The secondary structures of the mu-
tants, predicted by Mfold (Walter et al.
1994), are shown in Scheme 1.

Fluorescence measurements

Fluorescence anisotropy measurements were
performed as described previously (Wang et
al. 1997; Hamasaki and Rando 1998;
Lacourciere 2000) on a Perkin Elmer LS-50B
luminescence spectrometer equipped with a
thermostat accurate to +£0.1°C. In the study
of D/L-RRE IIB and RRE mutant binding,
samples were excited at 550 nm and moni-
tored at 580 nm for RevRh. The integration
time was 4 sec. For every single point, 10-15
measurements were made, and their average
values were used for calculation. Measurements were performed at
20°C in buffer solution A containing 140 mM NaCl, 5 mM KCI, 1
mM MgCl,, 1 mM CaCl,, and 20 mM HEPES (pH 7.50). Tracer
concentrations were determined spectroscopically at 550 nm using
a molar extinction coefficient of 6.00 x 10* M cm ™' (Hamasaki
and Rando 1998).

Determination of dissociation constants

The following equation (eq. 1) was used for the determination of
the dissociation constants (K,) for the interactions between RNA
and the fluorescently labeled tracer, RevRh (Wang et al. 1997):
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A = A, + AA{[RNA], + [tracer], + K; — [([RNA],
+ [tracer], + Ky)? — 4[RNA], [tracer],]"/?}/2 (1)

in which A and A, are the fluorescence anisotropy in the presence
and absence of RNA, respectively, and AA is the difference be-
tween the fluorescence anisotropy of 1 nM of the tracer (RevRh )
in the presence of an infinite concentration of RNA minus the
fluorescence anisotropy in the absence of RNA. [RNA], and
[tracer], are the initial concentrations of RNA and tracer.

In the competitive binding assay, equation 2 is used for the
calculation of the K, values (Wang et al. 1997):

[competitor], = [K,, (A, — A)/Ky (A — Ay) + 1][[RNA],
- Ky (A= Ap/(A, — A)
— [tracer], (A — A)/(A,, — Ap)] (2)

in which Ky, is the dissociation constant for dissociation of the
RNA and the competitor peptides. [competitor],, is the initial con-
centration of the competitor A_ -anisotropy of completely bound
tracer, Ay—anisotropy of free tracer, A-measured anisotropy value.
Both K, and K|, were determined by nonlinear curve fitting, using
the equations described above, and are presented as a mean value
of three independent measurements.

RNA footprinting

For the footprinting experiments, RRE IIB RNA was purified by
gel-electrophoresis on 12% polyacrylamide/7 M urea gel. The pu-
rified RNA was radioactively labeled at its 5" end with 1 pL of
[y’*?PJATP (6000 Ci/mmole, New England Nuclear) per 1 nmole
of RNA using T4 polynucleotide kinase (Ambion) in a buffer
containing 70 mM Tris-HCI (pH 7.5), 10 mM MgCl,, and 5 mM
DTT. The labeled RNA was extracted successively with water-
saturated phenol, phenol/chloroform (1:1), and chloroform, and
precipitated from 75% ethanol. All RNA samples were annealed by
heating them to 95°C for 3 min, followed by cooling to room
temperature in a 10 mM HEPES buffer (pH 7.0).

RNase A footprinting

In a typical experiment, 10 uL of 10 mM HEPES buffer (pH 7.0)
containing 50 mM KCI and 50-100 ng of 5’-**P-labeled RRE IIB
(~0.3-0.6 pM) was incubated with 200 pM RNase A (Sigma) at
room temperature for 10 min in the presence of Rev peptides and
neomycin B at various concentrations. After the incubation, 10 pL
of formamide/bromphenol blue/xylene cyanol loading buffer
(Ambion) was added to the samples. The samples were heated to
90°C for 2 min and were resolved by electrophoresis on a 40
cm X 0.75 mm 16.7% polyacrylamide denaturing gel (7 M urea)
for 3.5 h at 45-50 W constant power. The results were visualized
by exposing the wet gels to Molecular Dynamics PhosphorImager
plates, which were read on a Personal FX PhosphorImager (Bio-
Rad) and quantitated using QuantityOne software.

RNase T1 footprinting

In a typical experiment, 10 uL of 10 mM HEPES buffer (pH 7.0),
containing 50 mM KCI and 50-100 ng of 5’-**P-labeled RRE IIB
(~0.3-0.6 pM) was incubated with 0.02 U RNase T1 (Sigma) at
37°C for 20 min in the presence of Rev peptides and neomycin B
at various concentrations. After the incubation, 10 pL of for-

mamide/bromphenol blue/xylene cyanol loading buffer was added
to the samples. The samples were heated to 90°C for 2 min, and
were resolved by electrophoresis and quantitated as described
above.

Lead (ll) acetate footprinting

In a typical experiment, 10 uL of 10 mM HEPES buffer (pH 7.0),
containing 50 mM KCl, was incubated with 50-100 ng of 5'->*P-
labeled RRE IIB RNA (~0.3-0.6 pM) in the presence of varying
concentrations of Rev peptides and neomycin B at room tempera-
ture for 5 min. Cleavage reactions were initiated by addition of
Pb(OAc), to final concentrations of 0.1 mM. After 20-min incu-
bation at room temperature, 10 pL of formamide/bromphenol
blue/xylene cyanol loading buffer, containing 10 mM EDTA, was
added to the samples. The samples were heated to 90°C for 2 min,
and were resolved by electrophoresis and quantitated as described
above.

CD spectroscopy

CD spectra were recorded on an Aviv 202 spectrometer at 4°C in
a buffer containing 20 mM sodium phosphate (pH 7.5) and 100
mM NaF. Spectra were analyzed using CDS software.

Molecular modeling

The structure of D-Rev peptide was modeled using SGI Octane
computer (Silicon Graphics Inc.) and InsightIl (MSI Inc.) soft-
ware. Several initial model structures of D-Rev peptide were built
with a B-turn induced at different positions. Each of the structures
was energy minimized and dynamic simulations were performed
using the Discover module of MSI and the consistent valence force
field CVFF (Dauber-Osguthorpe et al. 1988). The models were
further subjected to molecular dynamic simulations using the
CHARMm module and the CHARMm force field (Brooks et al.
1983). All simulations were preceded by 0.3 ps heating from 0 to
300 K, followed by 2.7 ps equilibration period. Each dynamic stage
included 5000 steps of 1 fs, followed by a minimization stage, until
the derivatives were smaller than 0.001 kcal/mole A. The resulting
B-hairpin structures were used for further modeling.
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