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Abstract: The x-ray structure of the glutamine aminoacyl tRNA synthetase bound to its cognate
tRNAGln and ATP was reported by Steitz and co-workers in 1989, providing the first high resolution
structure of a protein–RNA complex. Since then, high resolution structures have been reported for
RNA complexes with five other tRNA synthetases, the elongation factor Tu, the bacteriophage MS2
coat protein, the human spliceosomal U1A and U2B0–U1A9 proteins, and the HIV-1 nucleocapsid
protein. Although the number of high resolution structures of protein–RNA complexes are rather
small, some general themes have begun to emerge regarding the nature and mechanisms of
protein–RNA recognition. © 1999 John Wiley & Sons, Inc. Biopoly 48: 181–195, 1998
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INTRODUCTION

The recognition of specific nucleic acid sequences by
proteins is essential to all known life forms. Although
much has been learned about the mechanisms by
which proteins recognize and bind specifically to du-
plex, B-form DNA, very little is known about the
molecular determinants of RNA recognition by pro-
teins. Since the first structure of a protein–RNA com-
plex appeared almost a decade ago, only a handful of
structures of protein–RNA complexes have been
solved by x-ray crystallography or NMR spectroscopy
(Table I).

Despite the relative paucity of structural data, some
generalizations regarding the molecular mechanisms
of RNA recognition can be made. In most cases

examined to date, proteins bind to the single-stranded
regions of RNA hairpins and loops and often induce
significant conformational changes. Bases in the loop
regions of RNA become splayed or extruded into
protein hydrophobic cavities, including clefts on the
surfaces ofb-sheets, and sequence specificity is con-
ferred by a variety of hydrophobic, electrostatic, base-
stacking, and hydrogen-bonding contacts with protein
residues. Binding can also have a significant effect on
the protein conformation. For example, the HIV-1
nucleocapsid protein undergoes dramatic structural
changes upon binding to an RNA stem–loop recogni-
tion element. In contrast, RNA binding to the MS2
coat protein occurs with large changes in the RNA
conformation but without significantly affecting the
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backbone conformation of the protein. In most cases,
RNA recognition appears to occur via an “adaptive
binding” mechanism wherein the RNA, and some-
times the protein, undergoes significant conforma-
tional changes upon complex formation.

This article reviews the high resolution structural
data that have been reported for RNA complexes with
intact proteins or folded protein domains. Some as-
pects of protein–RNA recognition have been re-
viewed recently.1–4

AMINOACYL TRNA SYNTHETASE
COMPLEXES WITH THEIR
COGNATE TRNAS

The aminoacyl–tRNA synthetases (aaRS) are a di-
verse group of enzymes that ensure the fidelity of
protein translation by attaching the correct amino
acids to their cognate tRNAs. The 20 synthetases are
divided into two classes (I and II) with 10 members
each, based on sequence alignment and structural
homology. Class I synthetases contain a five-handed
parallelb-sheet, or Rossmann fold, and aminoacylate
tRNAs at the terminal 29-hydroxyl group. Class II
synthetases contain three conserved motifs and ami-
noacylates the terminal 39-hydroxyl group. The struc-
tures of the synthetases have been reviewed recently.5

In order for the synthetases to function correctly,
they must be able to discriminate among the 20 amino
acids and identify their cognate tRNAs.6 The first
structure of a protein–RNA complex came from this
field, and to date, the structures of six synthetase-
tRNA complexes have been reported—that of GlnRS,7,8

AspRS,9,10 SerRS,11, 12 PheRS,13 ProRS,14 and

LysRS.15 Work continues in this area to eventually
obtain the structures of the 20 synthetases.2

Class I tRNA Synthetase–tRNA
Complexes

The co-crystal structure of theEscherichia coliGlnRS
complexed with tRNAGln and ATP7,8 (Figure 1) is the
first structure of a protein–RNA complex to be deter-
mined, and remains the only example of a class I
synthetase–tRNA complex structure. In the complex,
tRNAGln retains the overall L-shape that has become
the characteristic hallmark of tRNA molecules de-
scribed in biochemistry textbooks (Figure 1A). The
protein binds to the inside of the L, with protein–RNA
contacts occurring at the anticodon stem–loop, the D
arm, and the single-stranded regions of the acceptor
arm. Although the structure of free tRNAGln is not
available, the similarity of the bound tRNAGln crystal
structures of isolated tRNAPhe,16,17 tRNAAsp,18 and
tRNAfMet 19 imply that the overall structure and fold-
ing of tRNA molecules are similar. Comparison of
bound tRNAGln with that of free tRNAs indicated that
the most significant structural changes occur in the
anticodon loop and the acceptor arm upon binding to
the protein. In the free tRNAs, the anticodon bases are
base stacked within the loop. In the complex, the
anticodon bases (C34, U35, G36) are extruded from
the loop and interact with hydrophobic pockets on the
protein surface. The complex is further stabilized by
specific intermolecular hydrogen bonds (Figure 1B).
All the possible hydrogen-bond donors and acceptors
in the loop bases, except that of G36 N3, are involved
in forming hydrogen bonds with the protein.

Table I Structures of Protein–RNA Complexes

Protein Source RNA Method Refs.

GlnRS E. coli tRNAGln X-ray 2.5Å 7, 8
AspRS Yeast tRNAAsp X-ray 3.0Å 9,10
SerRS T. thermophilus tRNASer X-ray 2.9Å 11,12
LysRS T. thermophilus tRNALys (E. coli) X-ray 2.8Å 15
ProRS T. thermophilus tRNAPro X-ray 3.5Å 14
PheRS T. thermophilus tRNAPhe X-ray 3.3Å 13
EF-Tu T. aquaticus Phe-tRNAPhe X-ray 2.7Å 24
MS2 coat protein Bacteriophage MS2 Hairpin X-ray 2.7Å 28,29
MS2 coat protein Bacteriophage MS2 Aptamers X-ray 2.8Å 32,33
U1A Human Hairpin II X-ray 1.9Å 34
U1A Human 39-UTR NMR 36,37
U2B0–U2A9 Human Hairpin IV X-ray 2.4Å 41
NC protein HIV-1 SL3 NMR 42
Reverse transcriptase HIV-1 Pseudoknot X-ray 4.8Å 51
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The identity elements ofE. coli tRNAGln are the
anticodon bases (C34, U35, G36), the first three base
pairs (U1–A72, G2–C71, G3–C70) and G73 in the

acceptor stem.20,21 The co-crystal structure confirms
the roles of these bases in tRNA recognition. GlnRS
binds to the minor groove of the acceptor stem and

FIGURE 1 (A) Structure ofE. coli GlnRS complexed with tRNAGln and ATP.7, 8 The protein is
depicted as a surface representation and the tRNA as a stick model. The acceptor arm of tRNAGln

sits deep in a protein pocket that is very close to the ATP. All surface representations are generated
from the available PDB coordinates by GRASP.52 (B) The anticodon bases are splayed into the
protein and form an extensive network of hydrogen bonding interaction with protein residues.
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disrupts the first base pair (U1-A72). U1 is disordered
in the co-crystal and A72 participates in a hydropho-
bic interaction with the side chain of Leu136. The
base pairs G2–C71 and G3–C70 are recognized by
base-specific hydrogen bonds formed by the amino
group of G2 and G3 and the exocyclic oxygen atom of
C71 with protein residues. The single-stranded region
of the acceptor stem is buried deep in a protein cavity
and lies close to ATP and the binding site for glu-
tamine. G73, C75 , and C76 are base stacked to each
other, with the amino group of G73 forming an in-
tramolecular hydrogen bond with the phosphate of
A72. The base of C74 projects in a protein hydropho-
bic pocket and the 2-amino group forms hydrogen
bonds with backbone carbonyl groups. The four mod-
ified bases in the anticodon arm form non-Watson-
Crick base pairs, two of which (residuesF38 and
2-mehtyl-A37) also form hydrogen bonds with the
side chain of Asn370.

Class II tRNA Synthetase–tRNA
Complexes

The co-crystal structure of the yeast AspRS bound to
tRNAAsp,9,10 determined at 2.9 Å resolution, repre-
sents an example of a class II synthetase–tRNA com-
plex. The homodimeric AspRS binds two tRNAAsp

molecules at the anticodon and acceptor arms (Figure
2). Protein binding induced a large conformational
change in the anticodon loop of the tRNA molecule.
Five bases in the anticodon loop, from residues 33 to
37, are splayed and interact in a protein surface
formed by a five-strandedb-barrel (Figure 2B). Pro-
tein residues from the surface of theb-strands contact
the anticodon bases and form hydrophobic and hydro-
gen-bonding interactions, and the three anticodon
bases (G34, U35, and C36) form base-specific hydro-
gen bonds (Figure 2C). The modified base pair,C32–
C38, that closes the anticodon loop is also recognized
by the protein via intermolecular hydrogen bonds to
theC32 N3 and C38 N4 and N3 atoms. In contrast to
GlnRS, AspRS binds to the major groove of the
acceptor stem and does not disrupt the first base pair
(U1–A72). This approach from the major groove re-
sults in an opposite orientation of the CCA end of
tRNAAsp as compared to tRNAGln (for comparison,
see Figures 1A and 2A). The protein also forms
base-specific hydrogen bonds with G73 and the first
base pair U1–A72. The identity elements of yeast
tRNAAsp include the anticodon bases G34, U35, C36,
the discriminator base G73 in the acceptor arm, the
G10–U25 base pair,22 and C3823 in the D arm. The
co-crystal structure showed direct base-specific pro-
tein contacts to all these determinants, except the

G10–U25 base pair. The protein also interacts with
the ribose and phosphate groups of neighboring resi-
dues U11 and U12.

GlnRS and AspRS are examples of synthetases
that recognize the anticodon loops of tRNAs. The
splaying of the anticodon bases is also seen in co-
crystal structures from the class II synthetases from
Thermus thermophilusLysRS15 and ProRS.14 In these
structures, the synthetases approach the anticodon
loops from the major-groove side. However, in the
co-crystal structure of PheRS,13 the protein ap-
proaches the anticodon loop from the minor-groove
side. In addition, the anticodon bases in the PheRS–
RNAPhecomplex are not splayed into the protein, but
instead retain the conformation observed in the struc-
ture of the free tRNAPhe. Thus, even for a given class
of RNA-binding proteins, the mechanism of recogni-
tion and binding can be dramatically different.

The crystal structure of theT. thermophilus
SerRS–tRNASer complex was determined at 2.7 Å
resolution11,12(Figure 3). The tRNA binds across the
two subunits of the homodimeric SerRS, resulting in
a reorientation of a coiled-coil domain that packs
between the TCC and the variable arms of tRNASer.
Aside from this reorientation, the overall structures of
the free and bound SerRS remain relatively similar. A
major difference between the SerRS and the syntheta-
ses discussed above is the mode of recognition. This
complex offers an example of synthetase–tRNA rec-
ognition that is not based on the anticodon arm, but
instead involves the phosphate and ribose backbone of
the tRNA. In fact, the anticodon arm, from residues
C27 to G41, is disordered in the co-crystal. Unlike the
other synthetases, the co-crystal structure of SerRS
shows only three base-specific hydrogen-bonding
contacts involving G19 in the D loop and the G47a–
C47n base pair in the variable stem. The amino group
of G19 forms a hydrogen bond with backbone car-
bonyl group of Ala555, and the side chain of Gln545
forms hydrogen-bonding contacts with G47a N2H
and C47n O2. One distinguishing feature of tRNASer

is the presence of a long variable arm. In the co-
crystal structure, most of the protein–RNA contacts
occur along the backbone phosphates located in the
long variable arm. The variable loop (C47e to A47j) is
also disordered in the co-crystal and do not participate
in protein binding. The protein also contacts the phos-
phates of the acceptor stem and the TCC loops. No
structural information is available for the single-
stranded region of the acceptor arm because the ends
of the acceptor stem (G1–A3 and C72–A76) are also
disordered in the co-crystal.
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EF-TU–TRNA COMPLEX

During translation in prokaryotes, the aminoacylated
tRNA (aa-tRNA) is recruited into ribosomes by the
elongation factor Tu (EF-Tu). EF-Tu is a GTP-bind-
ing protein and binds to aa-tRNA when complexed
with GTP and releases the tRNA when GTP is hy-

drolyzed to GDP. Unlike the synthetases, where each
synthetase must recognize only its cognate tRNA,
EF-Tu must be able to recognize all the aa-tRNAs.
The structure of the ternary complex formed byTher-
mus aquaticusEF-Tu, yeast Phe-tRNAPhe, and the
GTP analogue GDPNP24 reveals the structural basis
for the recognition of aminoacylated tRNA by EF-Tu

FIGURE 2 (A) Structure of yeast AspRS bound to tRNAAsp and ATP.9,10 One protein monomer
is colored green. The AspRS dimer binds two tRNA molecules. (B) Binding of the anticodon loop
of tRNAAsp to AspRS. The anticodon bases are splayed and interact with the protein. (C) Details
of the extensive network of protein–RNA hydrogen bonds formed by tRNAAsp with AspRS.
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(Figure 4). The protein binds only one end of the
aa-tRNA, leaving the rest of the tRNA free to interact
with the ribosomes. In this manner, the anticodon loop

can still form base pairs with the mRNA in the ribo-
some during the elongation phase of protein synthesis.
The phenylalanine at the end of the tRNAPhecomplex

FIGURE 2 (Continued)

FIGURE 3 Structure ofThermus thermophilusSerRS bound to tRNASer .11,12 The tRNASer

contacts both subunits of the dimeric SerRS (one monomer is colored green). A large part of the
anticodon and the variable stem-loops are disordered in the co-crystal.

186 De Guzman, Turner, and Summers



fits in a pocket large enough to accommodate the
other amino acids (Figure 4) and the amino ester link
forms hydrogen bonds with protein backbone car-
bonyl and amide groups. The three terminal bases,
CCA–Phe, are internally stacked and make protein
contacts via the phosphate backbone. The protein also
contacts the phosphate backbone of G1 and C2 and
the ribose of C2. The protein also makes contacts with
the ribose and phosphate groups of the TCC stem of
the tRNA.

MS2 COAT PROTEIN–HAIRPIN RNA
COMPLEX

MS2 is a small single-stranded RNA bacteriophage of
E. coli. MS2 coat proteins form dimers at low con-
centrations (1 nM–1mM) and aggregate into stable
phage-like capsids at higher concentrations.25 The

crystal structure of the empty capsid, refined to 2.8 Å
resolution,26,27 reveals that the capsid comprises 180
coat proteins arranged in an icosahedral T53 symme-
try. Two types of dimers (A/B and C/C) in the capsid
are held together by an extensive network of hydro-
phobic contacts at the dimer interface.

The dimer binds a unique hairpin in the MS2
genome. RNA binding is required for specific encap-
sidation of the MS2 genome, and since the hairpin
contains the initiation codon of the replicase gene,
binding represses the translation of the viral replicase
gene. The co-crystal was obtained by soaking the
19-nucleotide RNA hairpin into the MS2 capsids and
the structure of the MS2 coat protein–hairpin RNA
was determined at 2.7 Å resolution, Figure 5.28, 29The
RNA binds to both subunits of the dimer and does not
alter the overall structure of the protein. However,
complex formation results in a large conformational
change in the RNA hairpin. Nuclear magnetic reso-

FIGURE 4 Co-crystal structure formed by theThermus aquaticusEF-Tu, yeast Phe-tRNAPhe, and
the GTP analogue GDPNP.24 The protein binds to the acceptor arm of the tRNA.
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nance data suggest that the bulged adenosine at posi-
tion -10 is stacked within the stem in the free RNA.30

Upon binding to the protein, the base of A-10 is
flipped outside the stem and binds to a hydrophobic
pocket formed by the side chains of ValB29 and
LysB61 (each protein subunit labeled with A and B),
with hydrogen bonds from N1 and N3 to the hydroxyl
groups of ThrB45 and SerB47, respectively (Figure
5C). A point mutation (Thr453 Ala) introduced to
disrupt this hydrogen bond decreased the affinity but
did not completely eliminate binding.31 In the loop
region, the base of A-4 is splayed into a protein
hydrophobic pocket lined with the side chains of
ValA29 and LysA61 and the 4-amino, N1, and N7
groups of A-4 form hydrogen bonds with protein
residues.

Biochemical studies indicate that the A-7, A-10,
and A-4 positions are needed for binding, and that the
-5 position can be either a cytosine or a uracil.25

Substitution of cytosine for the wild-type uracil at
position -5 increased the binding affinity by 100-fold.
The co-crystal structure showed that the exocyclic
amino group of C-5 forms a hydrogen bond with the
phosphate at -6 position. Recent co-crystal structures
of the MS2 coat protein with three different RNA
aptamers reveal that, despite differences in the RNA
sequences and structures, the aptamers bind to the
same sites on the inner surface of the capsid.32,33

SPLICEOSOMAL PROTEIN–RNA
COMPLEXES

Pre-mRNA splicing occurs in a large multicomponent
assembly called the spliceosome, which is built up
from several small nuclear ribonucleoproteins
(snRNPs). Each snRNP, in turn, is made up of several
proteins in association with a small nuclear RNA
(snRNA) molecule. One of the protein components of
the human U1 snRNP is the U1A protein, a 282-
residue protein that binds to the 164-nucleotide U1
snRNA. Only the N-terminal third of the U1A protein,
from residues 2 to; 100, is needed for RNA binding,
and this part is referred to as the ribonucleoprotein
(RNP) domain, the RNA-binding domain (RBD), or
the RNA recognition motif (RRM). The RNP domain
of U1A recognizes the sequence, AUUGCAC, located

in hairpin II of the U1 snRNA and the polyadenyla-
tion signal in the 39-untranslated region (39-UTR) of
the U1 mRNA. The RNA binding property of U1A
plays a dual role—(a) binding to hairpin II stabilizes
the folding of the U1 snRNA, and (b) binding to the
39-UTR prevents polyadenylation and regulates the
translation of the U1A protein.

U1A–HAIRPIN II COMPLEX

The crystal structure of the U1A RNP domain (resi-
dues 1–98) complexed with the 21-nucleotide hairpin
II RNA34 was determined at 1.9 Å resolution (Figure
6A).Protein–RNA recognition occurs in the single-
stranded region of hairpin II. The protein forms a
hydrophobic channel that accommodates the loop
bases. The highly structuredb2–b3 loop protrudes
through the 10-nucleotide RNA loop, and the first
seven nucleotides fit into the groove between the
b2–b3 loop and the C-terminal region of the protein.
The last three nucleotides, U13CC, are found to have
no contacts with the protein and are much less or-
dered. The base of U7 is stacked with A6, which in
turn is stacked with G5. The bases from U8 to C12 are
splayed into the protein hydrophobic channel.

The C5–G16 base pair that closes the loop plays an
integral role in positioning the RNA for contact with
the protein. This protein–RNA contact is mediated by
hydrogen bonds with Arg52 to the N7 and O6 of G16
and with the N1 of A6. Mutation of Arg52 to Gln
completely abolishes RNA binding. Arg52 is aptly
located at theb2–b3 loop, where recognition of the
G16 and A6 facilitates insertion of U1A through the
RNA loop. This insertion results in a further opening
of the loop, which essentially presents a single-
stranded nucleic acid for binding to the protein. Res-
idues A6 and U7, representing the first two single-
stranded nucleotides, are base stacked and continue
the helical geometry of the RNA stem. U8 partially
stacks with the purine ring of G9, and G9 is packed
against the side chain of Gln54. The pyrimidine ring
of C10 stacks on the aromatic side chain of Tyr13,
and a series of stacking interactions between the phe-
nyl ring of Phe56, the bases of A11 and C12, and the
side chain of Asp92 constitute a major recognition

FIGURE 5 (A) Surface representation of the bacteriophage MS2 coat protein bound to a hairpin
RNA.28, 29The protein monomers are colored gray and green with blue basic residues and red acidic
residues. (B) Sequence of the hairpin RNA used in the co-crystallization. The adenine bases in the
stem (A-10) and the loop (A-4) bind into protein hydrophobic pockets and form (C) hydrogen bonds
with protein residues (figure adapted from Ref. 3).
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FIGURE 6 Structures of human spliceosomal protein–RNA complexes. U1A binds to (A) hairpin
II of the U1 snRNA,34 and (B) an internal loop in the polyadenylation signal in the 39-UTR of the
U1 mRNA.36 The tetraloop U29UCG was used to close the stem in the 39-UTR construct, a skip in
the numbering was used to match the numbering used in the wild-type sequence. (C) Ternary
complex formed by the U2B0–U2A9 and hairpin IV of U2 snRNA. U2B0binds hairpin IV only when
complexed with U2A9. (D, E) RNA constructs used in structure determination of U1A protein and
the (F) U2B0–U2A9complex. The U1A binds to the heptanucleotide AUUGCAC (in bold) in both
constructs, and U2B0 to AUUGCAG.
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element. A Tyr133 Phe mutation abolishes RNA
binding35 through disruption of an extensive hydro-
gen-bonding network that orients the phenyl ring rel-
ative to C10.

U1A-3*–UTR COMPLEX.

The structure of the RNP domain of human U1A
protein (residues 2–102) bound to a 30-nucleotide
RNA construct was solved by nmr spectroscopy36,37

(Fig. 6B). This represents the first structure of a pro-
tein–RNA complex determined by nmr methods.
Again, recognition of the RNA occurs at the AUUG-
CAC sequence of the internal loop of the 39-UTR. As
in the U1A–hairpin II complex, theb2–b3 loop of the
U1A protein protrudes through the single-stranded
region of the RNA. There is a severe kink in the RNA,
and the bases of the single-stranded nucleotides are
splayed into the surface of theb-sheet forming the
necessary intra- and/or intermolecular stacking inter-
actions as previously determined in the U1A–hairpin
II complex.

The intermolecular interactions of residues A39–
C45 are similar to those observed in the U1A–hairpin
II complex, but additional interactions involving the
b2–b3 and b1-helix A loops, A24, and the loop-
closing residues G23 and C46 are observed. A24
interacts with Ser48 and stacks on the G23–C46 base
pair, and these three nucleotides subsequently form
interactions with Arg47 and Lys23. A39 stacks on
U40 and on the loop-closing base pair G25–C38 in a
manner similar to the above; Arg52 forms hydrogen-
bonding interactions and extensive hydrophobic pack-
ing of the Leu49 side chain against the nucleotides is
observed. The second interface of the RNA protein

contact involves theb-sheet surface and theb4-helix
C loop and the nucleotides U41–C45. This region is
important because it contains three highly conserved
amino acids that lead to the following stacking inter-
actions: G24 on Gln54, C43 on Tyr13, and A44 on
Phe56. The high conservation of these amino acids
among the RNP family of proteins indicates the above
interaction may be a general pattern of RNP–RNA
recognition.

The C-terminal region of the RNP domain is cru-
cial for recognition of RNA, including U1A,34,35,38

and heterogeneous nuclear RNP C39 and U1 70 K.40

Residues 92–98 form a helix in the U1A protein, and
bury highly conserved hydrophobic residues of the
b-sheet in the free protein. The side chains of Ile93,
Ile94, and Met97 form a hydrophobic core with the
surface of theb-sheet, yet the surface of theb-sheet
must be exposed for interaction with the RNA. In
binding to the RNA, this helix C rotates away from
theb-sheet like a “cat-flap,”36 allowing the formation
of an alternative hydrophobic core with helix C. In
addition, theb-sheet and theb4-helix C loop become
exposed for interaction with RNA.

U2B(–U2A*–HAIRPIN IV COMPLEX

The U2B0–U2A9 protein complex with the 24-nucle-
otide hairpin IV of U2 snRNA (Figure 6C) was also
determined by x-ray crystallography to 2.4 Å resolu-
tion.41 U2B0 binds to its cognate RNA only when
complexed to U2A9, which contains leucine-rich re-
peats (LRR). The concave surface created by the
parallel b-sheet of the LRR region of U2A9 cradles
helix A of U2B0 while the N- and C-terminal arms of
the U2A9 LRR domain complete the interaction by
grasping the U2B0 RNP domain. Hairpin IV of the U2
snRNA binds to the U2B0 in nearly the same orien-
tation as the hairpin II–U1A complex, likely due to
the high degree of conservation among the RNAs and
proteins involved. The first six nucleotides of hairpin
IV of U2 snRNA and hairpin II of U1 snRNA are
identical, differing only in the last base, (Figure 6D
and F). The U2B0 and U1A proteins differ in their
residues at or near sites of RNA contact, which allows
discrimination between the respective hairpins. Resi-
dues near the loop closing base pair in U1A, Leu17,
and Glu19 are replaced by Met and Asp in the U2B0
protein. Six sequential residues differ at the end of the
b2 strand between the U1A and U2B0 protein and
these residues are in contact with the 39 half of hairpin
IV.

The C10 nucleobase stacks with Tyr13, and Phe56,
A11, G12 (see Figure 6), and the side chain of Asp92
form a continuous stacking interaction in the ternary

FIGURE 6 (Continued)
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U2B0–U2A9–hairpin IV complex. Similar interac-
tions are observed in the U1A–hairpin II complex.
Interestingly, the 2-amino group of G12 is hydrogen
bonded to its phosphate (Figure 7), fixing it in thesyn
conformation and permitting the larger purine base of
G12 to be inserted into the same space as C12 in the
hairpin II–U1A complex. The second recognition el-
ement constitutes an important difference from the
hairpin II–U1A complex. In the complex, the last
three nucleotides of hairpin II (U13CC) are poorly
ordered,34 extending into solution without observable
contacts with the protein, whereas the last four nucle-
otides of hairpin IV form a rigid structure that resem-
bles a stepladder.41 This localized structure is stabi-
lized by stacking interactions between A14, C15, and
C16, and by a hydrogen-bonding network involving
the phosphates of C15 and C16 and the U13 base. The
C16 and C13 bases pack against the side chains of
Thr48 and Leu46. In the U1A protein, each of these
amino acids is replaced by a serine residue, and the
reduced affinity of the U1A protein for hairpin IV
appears to be due to a destabilization of the stepladder
structure.41

A third recognition element involves interactions
between protein and the loop-closing base pair, U5–
U17. A non-Watson–Crick U–U base pair closes the
loop of hairpin IV, whereas a normal G–C pairing
closes the loop of hairpin II. The much closer pairing
of the backbone atoms in the U–U base pair (C19–C19
distance 8.8 Å as opposed to 10.5 Å in hairpin II)
causes A6 to stack against U17 on the opposite strand
rather than the adjacent loop-closing base, which was
observed in the hairpin II–U1A complex. Arg52 of
the U2B0 protein forms a salt bridge with the U17
phosphate and the carboxyl group of Asp19. For com-
parison, in the U1A complex, Arg52 hydrogen bonds
with the O6 and N7 of G16 and the N1 of A6. Thus,
in both cases, Arg52 appears to function by forming
hydrogen bonds to the base pair that closes the loop
(G-C in hairpin II and U-U in hairpin IV). The inter-
action of the RNA stem and the protein is the fourth
important interaction . The LRR motif facilitates the
binding of U2A9 with the RNA stem, and is important
for the formation of the ternary complex. Lys151 of
the U2A9 LRR and Lys22 of the U2B0 protein form
salt bridges with G3 and C1, respectively.

FIGURE 7 Details of the hydrogen-bonding network formed by hairpin IV with the U2B0–U2A9
complex.
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HIV-1 NUCLEOCAPSID PROTEIN–SL3
RNA COMPLEX

The nmr structure of the HIV-1 nucleocapsid (NC)
protein bound to the SL3 stem–loop RNA42 repre-
sents an example of RNA recognition by retroviral
zinc knuckle domains. In the mature virus, NC is a
55-residue protein with two CCHC-type zinc knuckle
domains, F1 and F2, separated by a short linker region
R29APRKK, and flanked by N- and C-terminal tails.
In the free protein, only the zinc knuckle domains are
structured,43–45and the linker and tails are flexible.46

SL3 is one of four stem–loops located in the pack-
aging signal, or theC site, of the HIV-1 genome. The
nmr structure of free SL3 RNA showed that the RNA
stem is an A-helical conformation but the loop bases
do not adopt a regular stable folding.47 In contrast,
upon complex formation with SL3, the zinc knuckles
bind to two of the loop guanosines (G7 and G9;
Figure 8). As observed previously for an isolated zinc
knuckle–oligo-DNA complex,48 the guanosine

nucleobases bind within hydrophobic clefts on the
surface of the zinc knuckles. Specificity for
guanosines is conferred by hydrogen bonds from the
guanosine O6 and N1H atoms to backbone amide and
carbonyl groups of the zinc knuckle domains (Figure
8B). The adenine base in the tetraloop forms a hydro-
gen bond to the side chain NeH of Arg32. RNA
binding does not change the folding of the individual
knuckles but resulted in a dramatic change in the
overall topology of the protein. Thus, the linker that
connects the two zinc knuckles becomes ordered, the
two knuckle domains pack tightly together, and the
N-terminal tail forms a 310-helix that packs within the
major groove of the A-helical RNA stem.

CONCLUSIONS

Although it has been nearly a decade since the first
structure of a protein–RNA complex appeared, much
remains to be learned regarding the determinants of

FIGURE 8 (A) Structure of the HIV-1 NC protein bound to the SL3 stem–loop RNA. The
N-terminal zinc knuckle (F1) binds to the loop base G9, and the C-terminal zinc knuckle (F2) binds
G7. The N-terminal tail forms a 310-helix that packs in the major groove of the RNA stem. (B) The
N-terminal zinc knuckle F1 recognizes G9 by hydrophobic and hydrogen bonding interactions.
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RNA recognition. One might have expected to find
common binding modes among closely related sys-
tems, such as the aminoacyl tRNA synthetases. How-
ever, examination of the six x-ray structures currently
available reveals that binding among this related
group of complexes occurs via a diverse and even
dramatically different subset of interactions. In some
cases, such as for the tRNAGln aminoacyl synthetase,
the recognition portion of the RNA unstacks, afford-
ing a splayed single stranded segment that binds to an
extended protein surface. However, for other cases
such as the tRNAPheaminoacyl synthetase, the RNA
is be relatively unperturbed upon binding, with rec-
ognition mediated to a significant extent by electro-
static interactions. Proteins can also bind to double-
helical regions of RNA and recognize the backbone
phosphate and ribose groups of RNA by electrostatic
and hydrogen bonds, as seen in the EF-Tu and SerRS
complexes. In addition, the recent nmr structure of the
HIV-1 nucleocapsid protein complex with the SL3
stem loop recognition element provides an example of
a dramatically different mode of binding, where a
largely unstructured protein condenses on the RNA
and forms extensive protein–RNA and protein–pro-
tein interactions. This diversity contrasts with the
structures generally involved in protein–DNA recog-
nition, in which sequence-specific recognition occurs
in major groove of duplex, B-like DNA.4 The devel-
opment of new nmr methodologies for the study of
isotopically labeled RNA,49 as well as new methods
for crystallizing unusual RNA molecules and protein–
RNA complexes,50 will likely lead to the identifica-
tion of a variety of new and interesting protein–RNA
recognition motifs in the near future, and this should
lead to a more definitive identification of the general
determinants of RNA recognition by proteins.
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UMBC Meyerhoff Undergraduate scholarship.
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