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RNA Recognition by the MS2 Phage Coat Protein
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The interaction of MS2 coat protein and its translational operator hairpin is a very well-characterized
RNA—protein complex. The recent high-resolution cocrystal structure successfully explains many
biochemical experiments measuring the affinity of the protein—RNA interaction for mutant proteins and
chemically modified RNAs. However, an analysis of a tight binding variant of the RNA suggests that the

conformation of the free RNA is also an important determinant of the affinity.
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INTRODUCTION

About 10 min after infection of Escherichia coli by
RNA bacteriophage MS2, the product of the phage coat
protein gene reaches a high enough concentration to
bind to an RNA hairpin at a unique site on the phage
genome. This specific RNA-protein interaction has
two important consequences. First, it represses transla-
tion of the phage-encoded subunit of the phage repli-
case, which is only expressed early in infection. Repres-
sion occurs by simple competitive inhibition, where
the coat protein binds directly to the replicase initia-
tion region and thereby blocks ribosome entry. Second,
the protein—-RNA interaction identifies the phage RNA
for later assembly into virus particles after the coat
protein reaches much higher concentrations later in
infection. Since cellular RNAs are not packaged into
virus unless the binding hairpin is introduced (1, 2),
this can be considered a classic “packaging” site that
acts by nucleating phage assembly.

Since the initial RNase protection experiment that
defined this RNA-protein complex (3), this system has
been studied as an example of a sequence-specific
RNA-—protein interaction. The relatively small size and
high abundance of the protein, the comparative simplic-
ity of the RNA target, and the ease of assaying the
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interaction in vivo or in vitro have led to numerous
genetic (4-8), biochemical (9-18), and biophysical stud-
ies (15, 18-22) aimed at understanding how recogni-
tion is achieved. In addition, the high affinity and
specificity of the interaction inside cells has made it
useful for studying eukaryotic translation (23), tran-
scription (24-26), and RNA transport (27). The MS2
system has also been used in the *“three-hybrid”
system to find new RNA-protein complexes (28). The
interaction of phage coat proteins with RNA has been
reviewed (9, 14). In this review, we will focus on the
MS2 coat protein system and discuss how the available
structural information can relate to biochemical assays
measuring the affinity of the interaction.

The 129-amino-acid MS2 coat protein is present as a
dimer at protein concentrations below 1 pM. The
minimal RNA fragment containing all the determi-
nants needed for binding is a hairpin which includes
the Shine-Dalgarno sequence and initiation codon of
the replicase gene (Fig. 1A). However, RNA mutagen-
esis (29) and in vitro selection (30) experiments show
that neither of these signals is directly involved in coat
protein recognition. Instead, tight binding requires the
presence of four specific single-stranded residues held
in place by the characteristic secondary structure
(Fig. 1B). RNA binding by MS2 coat protein is very
specific since little competition is observed when high
concentrations of other RNAs are included in the
presence of the RNA hairpin. In addition, many point
mutations in the RNA-binding site reduce binding
affinity 100-fold or more (29, 31-33).
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FIG. 1. (A) The replicase initiation region of MS2 where +1 is the
first residue of the replicase gene. The Shine-Dalgarno and AUG are
highlighted. (B) A minimal “consensus” RNA-binding site for MS2
coat protein where N is any nucleotide and Nc is its complement.

At concentrations higher than 1 pM, MS2 coat
proteins aggregate to form structures that closely
resemble empty viral shells. Such coat protein capsids
are also produced when the gene is overexpressed in E.
coli (12, 34, 35). Coat protein capsids are extremely
stable and can only be disaggregated under denatur-
ing conditions. The formation of capsids in vitro is
stimulated by the presence of RNA with a preference
for RNAs containing the hairpin-binding site (1, 2).

STRUCTURES

The structure of the complex between the MS2 coat
protein dimer and the RNA hairpin was studied by
soaking the hairpin into crystals of particles formed by
recombinant coat protein expressed in E. coli (36, 37).
These particles are very similar to native virus particles
and contain 90 coat protein dimers. Due to the prin-
ciples of quasi-equivalent packing of subunits in an
icosahedral shell, 60 of the dimers are (slightly) asym-
metric while the remaining 30 are symmetric. One
RNA hairpin binds to each dimer. While the symmetric
dimer binds RNA in two orientations making the
interpretation more difficult, the asymmetric dimers
bind RNA in a unique orientation allowing unambigu-

ous modeling of the complex. A 10-stranded B-sheet in
the dimer faces the interior of the particle, and the
RNA hairpin binds to this sheet contacting both sub-
units of the dimer (Fig. 2). The RNA is bound to the
sheet with the helical axis of the short stem roughly
parallel to the strands of the sheet. The 5’ side of the
stem and part of the loop is facing the protein. The
lower part of the stem is disordered, prohibiting
modeling of two base pairs. The total surface involved
in the interaction is 1700 A2,

A total number of 21-amino-acid residues in the
dimer are involved in direct interactions with the
hairpin (Fig. 3). Thirteen of these contacts are with the
bases A —4, U =5, and A —10, known to be important
for the RNA specificity (see below). The backbone
contacts are mostly to phosphates; the single exception
is a hydrogen bond between the 2" OH of one ribose
and a glutamic acid side chain. The phosphate interac-
tions are mainly through lysine and arginine side
chains, which form charged hydrogen bonds and ion
pairs with the phosphate oxygens. There is thus a
significant electrostatic contribution to the stability of
the complex. The inner surface of the dimer has a net
positive charge, with totally 10 positive charges and 6
negative charges well exposed. There are very few
water-mediated contacts in the complex.

Two almost identical pockets, one on each protein
subunit (denoted A and B), seem to partly determine
the specificity by binding the bulged A —10 and A —4
in the loop. The bases are sandwiched between the
aliphatic part of the Lys 61 side chain and to some
extent the methyl group of Thr 59 on one side and the
side chain of Val 29 on the other (Fig. 4). The pocket is
limited by the Thr 45 and Ser 47 side chains which
form direct hydrogen bonds to the bases. In spite of the
similarity of the pockets, the bases are bound differ-
ently. A —4 is inserted such that N1 is bound to Ser 47
and N6 and N7 are bound to Thr 45. N6 is in addition
forming a hydrogen bond with the carbonyl oxygen of
Thr 59. A —10 is bound to Ser 47 by N3, while N1 and
N6 form hydrogen bonds with Thr 45. This is due to
the asymmetry of the RNA and the restricted possibili-
ties of rearrangements without losing other important
contacts. No interactions similar to these adenine-
specific interactions have as yet been found in other
protein-RNA complexes. The pocket is highly con-
served in related phages; residues corresponding to
Thr 45, Ser 47, and Lys 61 are found in all known small
RNA phage sequences (9, 38).

The U —5 base in the loop is stacked below the Tyr 85
side chain (Fig. 5). This type of interaction is quite
common in protein nucleic-acid complexes (39). In this
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FIG. 2. Overview of RNA binding to an MS2 dimer. (A) Tangential view showing the RNA (thin lines) interacting with the central part of the
10-stranded sheet of the dimer. Side chains interacting with the RNA are drawn as ball-and-stick objects. (B) Radial view from the inside of the
particle. The RNA is drawn schematically with thick lines connecting the phosphates and the bases drawn as thin lines. This figure and Figures

4-6 were drawn using the programs Raster3D (52, 53) and Molscript (54).

particular case, the hydroxyl group of the tyrosine forms a
hydrogen bond to the phosphate of nucleotide —5, and a
neighboring asparagine side chain makes a hydrogen
bond with O2 of the base, an interaction which might
be determining the specificity for pyrimidine at this
position. The side chain of Thr 91 is also close to the
base. The ribose 2'-hydroxyl of this nucleotide is
forming a hydrogen bond with the side chain of Glu
63. The base of A —7 in the loop and the 5’ side of the
stem (bases —8, —9, —11, —12, and —13) are stacked
below the U —5 base.

A comparison of the protein dimer in capsids with
and without the RNA hairpin generally shows very
small changes in protein conformation, the exception
being modest rearrangement of some side chains. This
is what might be expected for a binding site on the
floor of a large, rigid B-sheet. The RNA, in contrast,
seems to undergo extensive conformational changes
upon binding to the protein. In the NMR solution
structure of a variant of the hairpin (40), the bulged
A —10 is intercalated in the stem, and there is no
evidence of stacking of bases —9 and —11 (Fig. 6). The
conformation of the loop is uncertain due to flexibility,

but in contrast to protein-bound RNA there is no
evidence for stacking of U —5and A —7.

CORRELATING STRUCTURE
WITH FUNCTION

The wealth of structural information and the com-
parative simplicity of this system have made it ideal
for detailed structure—function studies. In such experi-
ments the free energy of the protein—-RNA interaction
is measured with various protein mutations and/or
chemically modified RNAs with three general objec-
tives. The first is to confirm that the RNA-protein
interaction in the cocrystal is the same as the one
observed in solution. This issue is of greater concern
than usual since the cocrystal structure is part of a
virus-like capsid while the complex found in solution
is a protein dimer bound to a hairpin. Furthermore,
since there is substantial stimulation of capsid assem-
bly by RNA, it is possible that some of the interactions
are unique to the capsid. Nevertheless, all of the
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FIG.3. Summary of the protein-RNA complex. (A) Side chains in A or B subunits which interact with hairpin residues. (B) RNA-binding sites

on the B-sheets.

biochemical and mutagenic studies performed thus far
are consistent with the two interactions being identi-
cal. However, this analysis is still incomplete and there
are only relatively few experiments which directly
compare the sequence specificity in both complexes.

A second important goal is understanding how the
total free energy of binding is achieved. Thus, within
the relatively large area of interaction between the two
macromolecules, which intermolecular hydrogen bonds
contribute most significantly to the binding energy
and which are energetically neutral due to compensat-
ing interactions with the solvent in the unbound form?
Are there “hot spots” in the binding free energy such
as found in the human growth hormone-receptor
complex (41)? The thermodynamic contribution of the
ion pairs between phosphates and charged amino
acids is also expected to be important. To estimate their
contribution, an analysis must be performed of the
counterions bound in the free state that must be
released upon binding. Finally, evaluating the energet-
ics of the large RNA conformational change observed
upon protein binding is expected to be especially
challenging since several residues are taken out of a
favorable stacked environment in the free form and
placed in another environment in the complex. Only

the net free energy of this process will contribute to the
overall AG of binding.

A final goal is to understand how the specificity of
the RNA-protein interaction is achieved. Thus, why
does the protein bind the target RNA tightly, but bind
similar sequences with much lower affinity? While the
cocrystal structure can help to rationalize the reduced
affinity of other sequences, it is important to analyze
other RNAs in detail in order to understand why they
bind poorly.

A typical structure—function experiment involves
making several point mutations in an amino acid that
interacts with the RNA and measuring their affinities
to the normal RNA as well as to RNAs containing
changes in the interacting atoms or functional groups.
In general, the easiest protein mutations to interpret
are ones that reduce (or maintain) the size of the amino
acid side chain so as to minimize the unpredictable
rearrangements that would occur to accommodate
steric bulk. A wide variety of modified RNAs is
available to make the corresponding RNA “mutagen-
esis” comparatively easy. Although a decrease in affin-
ity will often reflect the disruption of an interaction in
the structure of the complex, it is important to note that
the binding energy can also be affected by changes that
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FIG. 4. The pockets for binding of A —4 and A —10. The protein is in light gray. The main chain of the protein is drawn as a smooth line with
selected side chains attached. The RNA is in dark gray. Hydrogen bonds are shown as thin rods. Two roughly perpendicular views are shown.
(A, B) Pocket for A —4 in the A subunit. (C, D) Pocket for A —10 in the B subunit.
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alter the structure of the free protein or free RNA. In
this regard, it is useful to consider the following
thermodynamic cycle:

AGnative
P+R ——> P-R
AGfree AGcomplex
AG'mutant

Pr+R —=—> P*-R

Thus, making a mutation in the protein (P — P*) can
alter the energy of binding (AGpative — AGmutant) b€-
cause of a thermodynamic change in the complex
(AGgompiex) @nd/or the free protein (AGy.e). For ex-
ample, removing a charged amino acid could reduce
AGompiex by deleting an ion pair with the RNA, but
also affect AGy, by disrupting an ion pair that forms
with another amino acid on the surface of the free
protein.

In order to study the RNA-binding properties of coat
protein mutants over a wide range of protein concen-
trations, it was necessary to prevent the ability of coat
protein to aggregate into capsids. This was done by
preparing mutations in the FG loop (12) or deleting it
entirely (42). Since the FG loop participates in several
interdimer contacts but is far away from the RNA-

FIG.5. Binding of U —5. The contact is mostly with the A subunit
(hydrogen bonds to Glu 63, Tyr 85, and Asn 87). Three of the bases
stacked to Tyr 85 are shown.

FIG. 6. The RNA conformation as (A) in complex with the protein
and (B) in solution (NMR structure). The orientation is chosen to
show the exposed adenines —10 (leftmost base) and —4 in the
protein complex.

binding site, capsid formation was blocked without
affecting the affinity or specificity for RNA. A more
complicated problem is that the symmetric protein
dimer can bind the asymmetric RNA in two orienta-
tions and, as shown in Fig. 3, several of the amino acids
in each subunit interact with different parts of the
RNA. Mutations of these amino acids will thus reflect
an average of the effects in both contacts. In order to
make mutations in one subunit selectively, a gene that
fuses the two protein dimers has been prepared and
the resulting protein has been shown to be active (5).
Mutating this fusion protein in one of the amino acids
that only contacts RNA in one of the subunits should
give a protein that binds RNA in only one orientation.
Such a protein can be used as background for analyz-
ing mutations in the amino acids that bind in both
subunits.

Peabody and co-workers have constructed an in vivo
translational repression system that involves connect-
ing the hairpin initiator to lacZ and preparing muta-
tions in an overexpressed coat protein gene. Mutagen-
esis experiments in both the wild-type (4) and the
dimer fusion (5) genes have confirmed that all the
amino acids that participate in protein—-RNA contacts
observed in the cocrystal structure are sensitive to
mutation. Since most of the mutations increase the size
of the amino acid side chains that protrude from the
B-sheets, steric clashes might explain the reduced
affinity. Several interesting mutations which increase
protein affinity have also been identified, some of
which appear to introduce or alter ionic interactions
(17). More recent experiments from this lab have
focused on selections that alter the specificity of MS2
coat protein so that it binds the apparently quite
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different QB operator. Remarkably, quite effective speci-
ficity swaps can be achieved with only a few amino
acid changes that appear to introduce new contacts
neither used by MS2 nor by QB (7, 42a).

The affinity of MS2 coat protein with RNA is gener-
ally measured by a nitrocellulose filter binding assay.
Trace concentrations of labeled RNA are mixed with
varying concentrations of coat protein, filtered, and
counted. The apparent binding curve is fit to a binding
constant and a filter retention efficiency. The fraction of
active protein is determined in a separate titration
experiment where RNA concentration is varied at a
constant protein concentration above Ky While the
filter binding method involves separation of complex
from free RNA, its validity has been confirmed by
direct comparison with an equilibrium fluorescence
titration assay (43). By using a microtiter well format
and a phosphorimager, rapid acquisition of binding
and rate constants of many different modified RNAs in
a single experiment is feasible. In this system, gel
mobility shift experiments only work for very tight
binding RNAs (K4 < 0.1 nM) and thus are less conve-
nient. Most structure—function experiments performed
thus far have either focused on modified RNAs (13, 15,
33, 44) or those amino acids that interact with RNA in
only one subunit. An example of such a structure-
function experiment is presented in the next section.

THE SPECIFICITY AT -5

Over the years the recognition of the —5 residue by
coat protein has received a lot of attention. The wild
type operator hairpin contains a U at this site (Figs. 1
and 5). Substitutions with A or G give hairpins with 15-
to 100-fold weaker affinity for the coat protein (9, 45).
The situation is reversed for hairpins with a C (C-
RNASs) such that the affinity in vitro, measured by
off-rate experiments, is 50- to 100-fold tighter (31, 46).
Such operators would be predicted to confer a pheno-
type of superrepressors in vivo and might therefore be
selected against by the virus. Early attempts to explain
the dramatically higher affinity for C-RNAs proposed
the formation of a Michael adduct between the C and a
nearby cysteine in the coat protein (45), in analogy to
those found between E. coli Ala- and lle-tRNAs and
their respective synthetases (47, 48). Biochemical experi-
ments to directly test this model using D,O (46),
halogenated base substitutions, and tritium exchange
(44) all proved negative. In addition, the suggested
pairing partner in the coat protein, the side chain of
either cysteine 46 or 101, can be mutated without effect

on RNA binding (49). The subsequent cocrystal struc-
did not show cysteine or any other nucleophile near
the C6 position of the pyrimidine (36). Clearly, the
explanation had to be sought elsewhere.

A recent critical clue for explaining the tighter
bonding of C-RNAs comes from a comparison of the
cocrystal structures of C-RNA and U-RNA (37). The
two RNAs are arranged the same way on the inner
surface of the protein and the —5 bases are found in
nearly identical positions. The side chains of Glu 63,
Tyr 85, and Asn 87 interact with the —5 nucleotide the
same way in both complexes (Figs. 7A and 7B),
effectively locking it into place. Thr 91 (not shown)
packs hydrophobically against both U and C —5.
Remarkably, the only difference is found between the
discriminatory groups and the neighboring —6 phos-
phate. O4 is located 3.7 A away from O1P in the wt
RNA. Thus, U =5 is most likely in its keto-form and
does not participate in a direct hydrogen bond, which
would require the base to be in an enol-tautomeric
form. In the C-RNA the phosphate has moved ~0.5 A
closer and the 4-amine of C —5 directly contacts the
backbone. Water molecules in the vicinity of the
pyrimidines (not shown) could make additional con-
tacts that may be involved in the specificity. Biochemi-
cal experiments with 4-thio U-RNA and 2-pyrimidone
RNA showed that the 4 keto-oxygen of U contributed
very little to the affinity (14, 18). Further experiments
with RNAs containing modifications at —5 showed
only slight differences in affinity, most likely contribut-
able to inherent stacking differences (14, 33). In conclu-
sion, both structural and biochemical data suggest that
added binding energy for C-RNA is provided by a
charged hydrogen bond between the 4-amine of C and
phosphate —6.

The importance of the —5 interaction to the overall
binding energy has been confirmed by studies with
mutated coat proteins (15 and H. E. Johansson et al.,
unpublished results). Replacement of the tyrosine ring
of the conserved residue 85 by alanine reduced bind-
ing affinity >200-fold. Changing Tyr 85 to Phe reduced
binding affinity less, but suggested that the hydrogen
bond to the —5 phosphate was important, a fact
confirmed by modification of the neighboring —5
phosphate to phosphorothioate (15). Somewhat surpris-
ingly, changes of Asn 87, which directly contacts the
—5 base, to Ala or Ser only marginally perturb the
interaction (15 and H. E. Johansson et al., unpublished
results). Finally, changing either partner in the contact
between —5 2’-OH and Glu A63 indicates that it also
contributes substantially to protein affinity (13 and
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FIG. 7. Details of the interactions at position —5. (A) In the wild-type complex. (B) In the complex of the C variant showing an extra hydrogen
bond between N2 of the base and the phosphate group of —6. Other interactions are the same.

H. E. Johansson, K. A. LeCuyer, and O. C. Uhlenbeck,
unpublished results).

How do these protein modifications affect the speci-
ficity of the interaction? Steric exclusion seems most
important in the discrimination against purines at —5.
The size of the binding pocket may be modulated by
the side chain of residue 87 and Ala or Ser mutant
proteins accommodate purines more easily (16 and H.
E. Johansson et al., unpublished). From inspection of
the structures with a —5 U or C, it is clear that other
protein side chains close to the pocket would have to
adopt different conformations in order for purines to
fit. The related phage GA, which carries an A =5 in the
loop, alters four nearby amino acids (Lys 43 Ser, Asn 55
Lys, Asn 87 Ser, and Ser 51 Ala). Apart from Asn 87 Ser,
none of the other amino acids was found to alter the
specificity for U over A at —5 alone (16). To extend the
current knowledge on purine discrimination, cocrystal
structures with A- and G-RNAs would clearly be
beneficial. The pyrimidine specificity for coat proteins
with mutations of Asn 87 and Tyr 85 has also been
assessed (H. E. Johansson et al., unpublished results).
Removal of the hydrogen bond with O2 of the —5 base
by mutation of Asn 87 to Ala did not alter binding to
either U- or C-RNA. Mutations of Tyr 85 to Phe, His, or
Ser only slightly reduced the preference of C over U
even though the absolute affinity varied substantially.
This small effect might be attributable to the differ-

ences in stacking properties for both the amino acid
side chains and the —5 base.

Both structural analysis and binding experiments
with chemically modified RNAs indicate that the
tighter binding of the C-RNA must involve one or
more phosphates. The ionic strength dependence of Ky
suggested that four to five ion pairs contributed to the
overall binding energy (50). This number correlates
well the five salt bridges found in the cocrystal struc-
tures (36, 37). Binding experiments with thiophosphate-
modified RNAs made by transcription located four
phosphates that affect the affinity (51). Recently, a more
thorough analysis of RNAs with singly substituted
phosphorothioates has identified eight phosphates
sensitive to this modification (D. Dertinger, L. S.
Behlen, and O. C. Uhlenbeck, unpublished results).
One of these is phosphate —6. U- and C-RNAs, which
contain a single sulfur atom in place of either of the
nonbridging oxygens at —6, bound coat protein with
affinities only twofold tighter than all-oxygen U-RNA.
U- and C-RNA with a dithiophosphate at —6 had equal
affinities that were both approximately 10 times greater
than the all-oxygen U-RNA. Finally, singly methylphos-
phonate substituted U- and C-RNAs bound with the
same affinity as the all-oxygen U-RNA (H. E. Johans-
sen et al., unpublished). In other words, although the
absolute affinity of the different phosphate —6 modifi-
cations varied, the C-RNA no longer bound more
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tightly. Thus the selective binding of C-RNA over
U-RNA by the MS2 coat protein is primarily due to the
internal charged RNA hydrogen bond between the
amino group of C and the phosphate at —6. Although
this hydrogen bond is not present in the structure of
the free RNA, the higher affinity must be a conse-
quence of the increased propensity of this conforma-
tion to form in the free state.
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