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The thermodynamic contribution of a stacking inter-
action between Tyr85 in MS2 coat protein and a single-
stranded pyrimidine in its RNA binding site has been
examined. Mutation of Tyr85 to Phe, His, Cys, Ser and
Ala decreased the RNA affinity by 1-3 kcallmol under
standard binding conditions. Since the Phe, His and Cys
85 proteins formed UV photocrosslinks with iodouracil-
containing RNA at the same rate as the wild-type
protein, the mutant proteins interact with RNA in a
similar manner. The pH dependence of KD for the Phe
and His proteins differs substantially from the wild-
type protein, suggesting that the titration of position
85 contributes substantially to the binding properties.
Experiments with specifically substituted phosphoro-
thioate RNAs confirm a hydrogen bond between the
hydroxyl group of tyrosine and a phosphate predicted
by the crystal structure.
Keywords: phosphorothioates/photocrosslinking/RNA-
protein interactions

Introduction
Stacking interactions between nucleic acid bases and
aromatic amino acids have been observed in several RNA-
protein and single-stranded DNA-protein complexes
(Mattaj and Nagai, 1995). The existence of such inter-
actions was proposed 25 years ago, based on the observ-
ation that the intrinsic fluorescence of aromatic amino
acids was quenched when they were mixed with nucleic
acid bases (Montenay-Garestier and Helene, 1971).
Although fluorescence quenching is often seen in nucleic
acid-protein complexes, stronger evidence for the close
proximity between a nucleic acid base and an aromatic
amino acid comes from NMR spectroscopy and photo-
chemical crosslinking experiments. The NMR chemical
shifts of certain Tyr and Phe residues in the Ff bacterio-
phage gene V protein are substantially changed when
single-stranded DNA is bound to the protein (King and
Coleman, 1988). Irradiation of a complex of bacteriophage
T4 gp32 protein and dT8 results in a crosslink to Phel83
(Shamoo et al., 1988). More recently, co-crystal structures
of DNA-protein complexes have revealed several base-
amino acid stacking interactions. For example, in the

complex of dT4 in the 3',5' exonuclease active site of

( Oxford University Press

Klenow polymerase, Phe473 stacks on the 3' terminal T
residue (Beese and Steitz, 1991). The more recent co-
crystal structure of T4 gp32 protein and dT6 confirmed
the stacking of Phe183 on a thymidine residue (Shamoo
et al., 1995).
Many of the co-crystal structures of RNA-protein

complexes also show examples of stacking between bases
and aromatic amino acids. The single-stranded anticodon
residue U35 in tRNAASP stacks on Phe127 of the aspartyl-
tRNA synthetase, a conserved residue in this group of
synthetases (Cavarelli et al., 1993). The terminal A76 of
tRNAGln stacks beneath Phe233 and Tyr211 of glutaminyl-
tRNA synthetase (Perona et al., 1993). Finally, the co-
crystal structure of the UIA RNA binding domain with a
small RNA hairpin reveals two such stacking interactions:
Tyr13 with C-10 and Phe56 between A-il and C-12
(Oubridge et al., 1994). In the UIA complex, Tyrl3
efficiently photocrosslinks to a 5-iodouracil-substituted
RNA at position 10 (Stump and Hall, 1995).
The interaction of the MS2 (R17) bacteriophage coat

protein with its operator RNA contains an example of a
stacking interaction between a tyrosine and a cytidine
residue. In the crystal structure of this RNA-protein
complex within an assembled capsid, Tyr85 protrudes
from the D sheet and stacks on one side of a single-
stranded cytidine residue in a four-base RNA loop (Figure
1) (Valeg'ard et al., 1994). Mutation of this cytidine to
other RNA bases strongly reduces the binding constant of
the RNA-protein complex (Carey et al., 1983b; Stockley
et al., 1995). This RNA-protein contact also shows
efficient UV photocrosslinking when the RNA contains
5-iodouracil or 5-bromouracil in place of the cytidine
residue (Willis et al., 1993). In order to evaluate the
contribution of this stacking interaction to the RNA-
protein affinity, mutation of Tyr85 to different aromatic
and aliphatic amino residues was performed, and the
affinity of the mutant proteins for RNA was studied in
detail. The mutant proteins were also studied for their
ability to form UV photocrosslinks.

Results
Structural considerations
In order to interpret the thermodynamic effects of mutating
an amino acid side chain, it is critical to know the
structures of the protein, the RNA and the RNA-protein
complex. In the MS2 system, a co-crystal structure of a
19-nucleotide synthetic RNA fragment bound to coat
protein inside of an assembled capsid is available at 3 A
resolution (Valeg'ard et al., 1994). Tyr85 protrudes from
the 3 sheet and is stacked onto the C-5. The other side of
C-5 is stacked on A-7 and forms the end of the RNA
structure (Figure 1). A hydrogen bond is predicted to form
between the hydroxyl group of Tyr85 and the O1P 5' to
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Fig. 1. Structure of the RNA-protein complex in the region around
Tyr85 (ValegArd et al., 1994).

C-5. The C-5 is held in place by additional hydrogen
bonds between the 02 of C-5 and the amide of Asn87,
and the N4 of C-5 and the O1P of the residue at -6. There
are two crystal structures available for the free MS2 coat
protein. One is the structure of an empty capsid in which
Tyr85 is not significantly displaced from its position in
the RNA-protein complex (Golmohammadi et al., 1993).
In a structure of a coat protein dimer which does not
assemble into capsids, Tyr85 is displaced 6A from its
position in the capsid (Ni et al., 1995). It is unclear
whether the difference between these two structures is a

consequence of the different packing constraints in the
two systems or a result of flexibility in Tyr85. The structure
of a free RNA hairpin with a similar sequence determined
by NMR was found to be quite different from the crystal
structure of the RNA in the RNA-protein complex (Borer
et al., 1995). In the free RNA, the C-5 is stacked onto
the A-4, while G-8, A-7 and U-6 form a separate stack.
However, the NMR data suggest that the loop nucleotides
are flexible and easily adopt the structure in the RNA-
protein complex.

RNA binding properties of 85 position mutants
When the wild-type MS2 coat protein is overexpressed in
Escherichia coli, phage-like capsid particles are formed.
Treatment with 50% acetic acid is required to dissociate
these capsids into dimers suitable for studying the RNA-
protein interaction in solution (Beckett and Uhlenbeck,
1988). However, this acetic acid treatment frequently
denatures mutant proteins. In a recent paper, we have
shown that the Val75Glu;Ala8lGly double-mutant coat
protein forms stable dimers that have identical affinity
and specificity for RNA as wild-type coat protein, but
cannot form capsids in vivo and in vitro (LeCuyer et al.,
1995). All of the mutants studied in this work also contain
the Val75Glu and Ala8lGly mutations. These proteins
were purified by ammonium sulfate precipitation and
S-Sepharose chromatography as described in LeCuyer
et al. (1995).

Plasmids where Tyr85 was changed to Phe, His, Cys,
Ser, Trp, Leu and Ala were prepared by cassette muta-
genesis. The Phe, His, Cys, Ser and Ala85 mutations all
produced proteins which overexpressed to similar levels
as the wild-type protein. The Trp and Leu mutations,
however, produced no detectable protein upon over-

expression.

Fig. 2. Sequences and secondary structures of RNA hairpins. The
phosphate 5' to position -5 is substituted with a thiophosphate for
experiments involving RNA 2 and RNA 3.
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Fig. 3. Coat protein excess binding curves for the mutant proteins and
RNA 1. The KD values were determined by fitting a bimolecular
equilibrium. Curves were normalized to 100% binding at the highest
protein concentrations. The actual retention efficiencies varied from
30 to 60%. Symbols are: Tyr (U), His (@), Phe (A), Cys (*), Ser (+)

and Ala (v).

Dissociation constants for the various protein-RNA
complexes were determined using a nitrocellulose filter
binding assay (Carey et al., 1983a). All filter binding
experiments were performed with RNA 1 which has a U
at the -5 position despite the fact that the structures of
both the RNA-protein complex and the free RNA have a

C at -5 (Figure 2). This was done because C-5 RNAs
bind significantly tighter than U-5, making it difficult to
obtain accurate equilibrium KD measurements (Lowary
and Uhlenbeck, 1987). The recently refined co-crystal
structure containing a U-5 RNA demonstrates that U-5
and C-5 RNAs bind protein virtually identically
(K.Valegard and L.Liljas, personal communication). In the
standard binding conditions, the Phe, His, Cys, Ser and
Ala proteins all bind less well than the wild-type Tyr
(Figure 3, Table I). The Tyr85Ala substitution corresponds
to the lowest-affinity protein with a AAG relative to wild
type of +3 kcal/mol. The Phe, Ser and Cys substitutions
all result in a AAG of about +2 kcal/mol. The His85
substitution is the least detrimental, with a AAG of
+1 kcal/mol.

If the mutant proteins are not fully active for RNA
binding, the KD values measured in protein excess may

be in error. To determine the fraction of protein active in
RNA binding, RNA excess titrations were performed
(Witherell and Uhlenbeck, 1989). The amount of RNA
bound increases with increasing amounts of RNA until
saturation is reached. The ratio of RNA to protein at
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Table I. RNA affinities of mutant proteins for RNA 1

Position 85 KD (nM) Relative KD

Tyr 6.2 (1)
Phe 170 27
His 33 5.3
Cys 280 45
Ser 300 48
Ala 1000 160

The dissociation constants are determined in 100 mM Tris-Cl
(pH 8.5), 10 mM Mg (OAc)2 and 80 mM KCl at 4°C.

1C

C

E

(on 6
0

S
4

O-0

His'

0 ~~~~~~~~~~~Tyr30 ~~~~~~~~Phe-
30 ' > ; H

20

0K
0 20 40 60 80 100 120 140

Time, Minutes

Fig. 4. Time courses of UV photocrosslinking to 5-iodouracil-
substituted RNA 2 for the Tyr (U), His (0), Phe (A) and Cys (-)
proteins.

saturation gives the fraction of active protein. All of the
mutant proteins >95% were active for RNA binding when
they were first purified (data not shown). Because the
mutant proteins purify in an identical manner to the wild
type and are fully active for RNA binding, we believe
that the mutants are not trapped in a denatured form.
Furthermore, the KD values reported in the previous
paragraph require no correction for the presence of in-
active protein.

Photocrosslinking
Photocrosslinking of each mutant protein with 5-iodo-
uracil-substituted RNA 2 was performed with 325 nm
laser light in order selectively to excite the 5-iodouracil
and prevent the degradation of RNA and protein observed
at lower wavelengths (Figure 2) (Willis et al., 1993). For
each mutant, the protein concentration was saturating
and time courses of photocrosslinking were determined.
Proteins with Tyr, Phe, His and Cys at position 85 all
crosslink to 5-iodouracil-substituted RNA 2 to similar
extents with half-lives of 44, 47, 32 and 17 min, respect-
ively (Figure 4). The Ser and Ala85 proteins do not
crosslink, and are not expected to undergo this photo-
crosslinking reaction efficiently (data not shown) (Dietz
and Koch, 1991). Because the Phe, His and Cys mutant
proteins all crosslink similarly to the wild-type Tyr, they
are presumed to interact with the RNA in a similar manner.
Thus, the measured differences in RNA affinity are likely
the result of small, local differences in the interaction and
not large structural rearrangements.

pH dependence of KD
Binding constants for the Tyr, Phe and His proteins were
determined as a function of pH. As has been reported
previously, the Tyr protein binds tightest at pH 7.5, with
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Fig. 5. Dependence of KD on pHi for the Tyr (U), His (0) and Phe
(A) proteins with RNA 1. The vertical lines indicate the error among
duplicate measurements.

the KD increasing modestly with either an increase or
decrease in pH (Figure 5) (LeCuyer et al., 1995). The
Phe protein shows a modest pH dependence of KD with
a minimum at pH 8.0. In contrast, the His protein has a
pronounced pH profile with a minimum around pH 6.5.
It is, therefore, clear that the amino acid at the 85 position
contributes significantly to the pH dependence of KD. In
the case of Tyr and His, this increase in KD at higher pH
may be due to deprotonation of Tyr or His. While the pKa
of free Tyr is 9.7 and that of His is 6.2, the pKaS of these
residues in the protein are unknown. All three proteins
have some decrease in RNA affinity below pH 6.0 or 7.0,
possibly due to other titratable groups in the protein.

In order to determine whether His85 participates in an
ion pair with the RNA when it is protonated, the ionic
strength dependence of KD was examined. When a protein
and a nucleic acid form a complex, counter-ions are
released from the surface of the macromolecules. This
counter-ion release results in a dependence of the dissoci-
ation constant on salt concentration. The thermodynamic
analysis of the salt dependence of KD based on ion
displacement has been developed for DNA homopolymers
(Lohman et al., 1980). Although the analysis was per-
formed for DNA-protein complexes, the same analysis
may be used to approximate the number of ionic contacts
in an RNA-protein complex. Past experiments with MS2
coat protein conclude that, at pH 8.5, 4-5 ion pairs are
formed upon RNA binding (Carey and Uhlenbeck, 1983),
which correlates well with the five ionic contacts observed
in the co-crystal structure (Valegard et al., 1994). Although
this analysis gives only an estimate of the number of ionic
contacts in an RNA-protein complex, any differences
between Tyr and His should be apparent.

The salt dependence of KD was determined to evaluate
the number of ionic contacts in the Tyr and His complexes.
A buffer containing 50 mM each of MES and HEPES
was used so that both pH 6.0 and pH 8.2 could be tested
in the same buffer. The cation concentration was changed
by the addition of KCI. The slope of the log KD versus
log [M+] plot indicates that the wild-type coat protein
makes five ionic contacts at pH 6.0 and four at pH 8.2
(Figure 6). Thus, the wild-type protein gains an additional
ionic contact at low pH. In the case of the His85 protein,
the data in Figure 6 indicate four ionic contacts at pH 8.2
and six at pH 6.0. The His protein thus gains one additional
ionic contact at low pH, suggesting that His85 may form
an ion pair with the RNA.
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Table II. pH dependence of His85 protein binding to RNA 3 with
phosphate -5 substitution

pH KD (nM)

Oxygen pro-Rp sulfur pro-Sp sulfur

6.0 1.4 1.5 3.6
7.5 2.8 3.1 5.4
8.5 9.0 9.0 26

Experiments were performed in 100 mM Tris-Cl, 10 mM Mg(OAc)2
and 80 mM KCl at the indicated pH.

Fig. 6. Ionic strength dependence of KD for the Tyr (U) and His (@)
proteins with RNA 1 at pH 6.0 (A) and pH 8.2 (B). The number of
ionic contacts is given by the slope of the line log KD versus log
[M+] divided by 0.85. The calculated slopes are 3.6 at pH 8.2 and 4.5
at pH 6.0 for Tyr, and 3.2 at pH 8.2 and 5.2 at pH 6.0 for His.
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Fig. 7. Protein excess binding curves for the Tyr (A) and Phe (B)
proteins with all-oxygen (0), (aS)-U-containing (l) and (aS)-A-
containing (A) RNA 2.

Probing RNA backbone contacts with
thiophosphate modification
The crystal structure of the MS2 RNA-protein complex
shows that the hydroxyl group at Tyr85 hydrogen bonds
to one of the phosphate oxygens of the C-5 (Valeg'ard
et al., 1994). Thiophosphate substitution has been used
previously to probe interactions of the MS2 coat protein
with the RNA phosphate backbone (Milligan and
Uhlenbeck, 1989). RNA 2 was used for these experiments
because UTP (axS) can be inserted uniquely at the -5
position by transcription. When the affinity for UTP (aS)-
substituted RNA 2 is examined, the wild-type protein
shows a 15-fold increase in KD as compared to all-oxygen
RNA (Figure 7A). This increase in KD observed upon
thiophosphate substitution is presumably due to a disrup-
tion in the hydrogen bond between the hydroxyl of Tyr85
and the pro-Rp oxygen of the -5 phosphate. RNA 2
transcribed with ATP (aS) contains five thiophosphates
and shows a 10-fold decrease in KD compared to the all-
oxygen RNA (Figure 7A). The hydrogen bonds of Lys6l
to phosphate -10 and Lys57 to phosphate -7 seen in the
co-crystal structure are presumably responsible for this
increased RNA affinity. While the ATP (aS) experiment
agrees with the previous results, the UTP (axS) experiment
does not (Milligan and Uhlenbeck, 1989). Because no
effect was previously seen with UTP (aS)-substituted
RNA 2, it is possible that the RNA used in that experiment
did not contain a thiophosphate.
The experiment with thiophosphate-substituted RNA 2

was repeated with the Phe85 protein (Figure 7B). Because

Phe is missing the hydroxyl group of Tyr, it cannot
hydrogen bond with the phosphate oxygen at -5. Unlike
the case of the Tyr protein, the affinity of the Phe protein
for the UTP (ocS)-substituted RNA 2 is identical to that
for the all-oxygen RNA. Like the wild-type Tyr protein,
the Phe85 protein shows a 10-fold decrease in KD with
the ATP (xS)-substituted RNA, indicating that it contacts
the -10 and -7 phosphates in a similar manner to the wild-
type protein. These thiophosphate substitution experiments
provide biochemical evidence for the hydrogen bond
between the hydroxyl group of Tyr85 and the -5 pro-

Rp oxygen.
In order to test the hypothesis that the protonated His85

protein forms a charged hydrogen bond with the -5
phosphate oxygen, the same thiophosphate substitution
experiments were performed with His85 at pH 6.0 and
pH 8.2. When the affinity of His for the UTP (xS)-
substituted RNA 2 is determined, the KD is identical to
that of the all-oxygen RNA at both pHs (data not shown).
This result does not support the idea that the protonated
His protein is stabilized by interaction with the pro-Rp
oxygen at -5. In order to investigate this result more

thoroughly, experiments were performed with RNA 3
which can be chemically synthesized with a phos-
phorothioate at position -5 as either a pro-Rp or pro-Sp
isomer (Figure 2). The pro-Rp isomer of 3 has the same

affinity as the all-oxygen RNA, in agreement with the
results obtained with RNA 2 (Table II). However, the pro-

Sp isomer shows a 2- to 3-fold decrease in affinity,
suggesting that the His protein may interact with one of
the phosphate oxygens 5' to U-5. Unexpectedly, the KD
values for all three RNAs vary with pH in an identical
manner (Table II), indicating that the weaker binding of
the pro-Sp isomer does not depend on the protonation
state of His85.

Discussion
Mutagenesis of Tyr85 of the MS2 bacteriophage coat
protein clearly indicates that this amino acid side chain
contributes substantially to the free energy of binding to
the RNA hairpin. The total binding energy of 12 kcal/mol
is reduced by 1-3 kcal/mol when the Tyr is replaced by
Phe, His, Cys, Ser or Ala. This result is consistent with
the observation that RNA mutations of C-5, the stacking
partner of Tyr85, also substantially alter complex stability
(Carey et al., 1983b). Stacking contacts are thus not
only common in complexes between proteins and single-
stranded nucleic acids, but they make a significant con-

tribution to the binding energy. A similar conclusion was
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reached when Tyrl3 of the UIA RNP domain was
substituted with a Phe or a Thr (Jessen et al., 1991; Stump
and Hall, 1995).

Attempts to interpret the decrease in binding energy of
the different position 85 mutations in terms of molecular
interactions are complicated by several issues. First of all,
the interactions of the tyrosine with the RNA involve not
only stacking, but also a hydrogen bond between the
hydroxyl group of tyrosine and a phosphate oxygen. Since
this hydrogen bond involves a charged residue, its intrinsic
energy may be quite large (Fersht et al., 1985). In addition,
the hydrogen bond will fix the dipole of the Tyr with
respect to the dipole of the uridine ring, thus influencing
energy derived from stacking. The second major com-
plexity in interpreting the mutagenesis data in a detailed
way is shared with many mutagenesis experiments (Jessen
et al., 1991; Brown et al., 1994). Since the structure of
the mutant protein in either its free form or when com-
plexed with RNA is unknown, it is difficult to attribute a
change in binding energy to a particular molecular inter-
action. For example, the KD could be increased because
of an alternative structure of the mutant protein which
must be disrupted in order to bind RNA. Alternatively,
the structure of the mutant protein in the complex may
have altered side chain packing or extensive changes
in solvent hydration that could have substantial energy
associated with them. Although the free energy differences
measured for the mutant proteins are more complex than
the simple removal of an interaction, conclusions can be
drawn about the contribution of the mutated amino acid
to the formation of a stable complex.
The only available information about the structure

of the mutant protein complexes is that efficient UV
photocrosslinking is observed when the adjacent uridine
is replaced with 5-iodouridine. Proteins with Tyr, Phe, His
and Cys all crosslink with similar efficiencies and rates.
The details of the photocrosslinking reaction are likely to
be different in each case and oriented model compound
studies are not yet available (Dietz and Koch, 1987).
Thus, the only conclusion which can be made is that the
side chain must remain close to the U-5 in the complex.
Crosslinks to Tyr, His and Phe have been previously
reported (Willis et al., 1993, 1994; Stump and Hall,
1995). A crosslink between 5-iodouracil and Cys, although
predicted from model compound studies, has not been
previously observed in an RNA-protein complex (Dietz
and Koch, 1991). As expected, the Ser and Ala proteins
do not crosslink to the 5-iodouracil-substituted RNA (Dietz
and Koch, 1991). Our results are in agreement with those
for the UlA protein in which a 5-iodouracil-substituted
RNA crosslinks with Tyrl3 and Phe 13, but not with Thrl3
(Stump and Hall, 1995). It therefore appears that this UV
crosslinking reaction is an efficient means of detecting
stacking interactions in RNA-protein complexes.
Of all the mutations of position 85, the 27-fold weaker

binding of the Phe protein corresponding to a AAG of
2 kcal/mol is the easiest to understand. A significant
fraction of the reduced binding energy is due to the
inability of the Phe protein to form a hydrogen bond with
the -5 phosphate oxygen. The importance of this hydrogen
bond in the wild-type protein is confirmed by the observ-
ation that replacement of the phosphate with a pro-Rp
thiophosphate reduces affinity by 10-fold. Although the

sulfur in a thiophosphate contains a greater portion of the
electronegativity, it is a poor hydrogen bond acceptor
compared to oxygen (Fersht, 1987). As would be expected,
the Phe protein does not show an altered affinity for the
thiophosphate-substituted RNA. It is unlikely, however,
that the entire reduction in binding energy can be attributed
to the absence of this hydrogen bond. The dipole moment
of Tyr is substantially greater than that of Phe, resulting
in improved stacking with a nucleotide ring (Montenay-
Garestier and Helene, 1971). In addition to its weaker
dipole moment, Phe lacks the hydroxyl group of Tyr
which may act favorably to stack the Tyr on the U-5. The
weaker binding of the Phe protein is thus due to a
combination of its altered hydrogen bonding and stacking
properties as compared to Tyr.

Another interesting characteristic of the Phe mutant is
the modest pH dependence of its KD While the wild-type
Tyr has a dramatic decrease in RNA affinity at higher pH,
the KD for Phe changes very little in the 7.5-9 pH range.
This result suggests that the sharp pH dependence of KD
for the wild-type coat protein at higher pH is due to
Tyr85. It is possible that deprotonation of the Tyr (pKa
9.7) is responsible for this decrease in RNA affinity. Both
Phe and Tyr show an increase in KD at lower pH. Because
this feature is present in both proteins, it must be due
either to other titratable groups on the protein or pH-
dependent changes in the RNA structure.
The His mutation is interesting because it introduces a

significant pH dependence to the RNA affinity. At high
pH, the His protein binds less well than the wild-type Tyr,
while at low pH, it binds somewhat tighter. Since the
apparent pKa of this 18-fold change in binding affinity is
close to the pKa of free histidine, the protonated form of
His must be able to form an additional productive inter-
action with the RNA. Because the ionic strength depend-
ence of the KD for this His protein is greater at low pH
rather than at high pH, it appears that the extra binding
energy has substantial ionic character. A somewhat similar
situation has been observed for the interaction of the Mnt
transcriptional repressor with its DNA operator (Vershon
et al., 1985). In the case of Mnt, a His present in the
wild-type protein is responsible for a 13-fold decrease in
KD between pH 8.0 and 6.5. This pH dependence of KD
is attributed to protonation of the His residue which can
then donate a hydrogen bond at low pH.

Although the structure of the His protein complexed to
RNA is unknown, the efficient crosslinking of the His
protein to 5-iodouracil-substituted RNA suggests that its
structure must be quite similar to Tyr. The additional
binding energy at low pH may thus be the result of
interaction with the -5 phosphate group. Protonation of
His results in a charged hydrogen bond donor. In tyrosyl-
tRNA synthetase, deletion of a side chain that forms a
hydrogen bond with the substrate decreases the free energy
of binding by 0.5-1.5 kcal/mol (Fersht et al., 1985).
Deletion of a side chain which hydrogen bonds to a

charged group on the substrate decreases the binding
energy by 3.5-4.5 kcal/mol. Thus, hydrogen bonds, where
one of the partners is charged, are higher energy than
normal hydrogen bonds. If, however, the His hydrogen
bonds to a negatively charged phosphate oxygen, an ion
pair will be formed.

If the His residue forms an ionic contact with the same
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phosphate group which contacts the Tyr hydroxyl group,
thiophosphate interference with the phosphate group 5' to
U-5 should be observed. Thiophosphate-substituted RNA 3
was used so that both the pro-Rp and pro-Sp isomer could
be examined. While the pro-Rp isomer has the same
affinity as the all-oxygen RNA, the pro-Sp isomer has
decreased affinity. The His thus interacts with one of the
phosphate oxygens 5' of U-5. Interpreting the interference
results, however, is complicated because changing 0 to S
changes the identity of the hydrogen bonding group as
well as the charge distribution. In the all-oxygen RNA,
each of the phosphate oxygens will have a partial negative
charge. In a thiophosphate, the sulfur takes the bulk of
the negative charge (Frey and Sammons, 1985). Thus, in
a pro-Rp thiophosphate, the oxygen in the pro-Sp position
will effectively have no charge. A further complication is
that oxygen is a better hydrogen bond acceptor than sulfur.
A study of thiophosphate interference at many positions
in the MS2 hairpin gives results which are difficult to
interpret in detail (D.Dertinger, personal communication).
The simplest conclusion one can draw is that if there is a
contact, one or both of the isomers will show a change in
KD. In the case of the His mutant, there is an interaction
between the protonated His and one of the phosphate
oxygens 5' to U-5.
The current study uses a variety of amino acid changes

to assess the importance of Tyr85 to the formation of a
stable RNA-protein complex. The Ala protein is of interest
because it removes the possibility of any stacking or
hydrogen bonding and results in a AAG of 3 kcallmol.
Both Ser and Cys may restore the ability to hydrogen
bond and bind 1 kcal/mol better than Ala. Phe, which can
stack but not hydrogen bond, also binds 1 kcal/mol better
than Ala. Thus, an amino acid which either stacks or
hydrogen bonds restores part of the interaction energy.
This conclusion is supported by His which can both stack
and hydrogen bond, and binds RNA tighter than Ser, Cys
or Phe. The combination of amino acid mutagenesis and
RNA modification thus allows one to probe in detail an
interaction observed in the crystal structure. In the MS2
complex, Tyr85 is clearly important for RNA recognition.
All of the mutants, except His at low pH, show a
significant loss in binding energy. Many of the other E.coli
bacteriophage coat proteins, including fr, GA and Qp,
have a Tyr at the equivalent position (Witherell et al.,
1991). Interestingly, all of these proteins recognize
different hairpin RNAs. It may be that stacking of Tyr is
a key feature of all of these complexes.

Materials and methods
Cloning and purification
The parent plasmid for cloning (pKCONA) contains substitutions Val75-
Glu;Ala81Gly and produces a coat protein that does not form capsids
when overexpressed (LeCuyer et al., 1995). Self-complementary oligo-
nucleotides containing the 85 position mutations were cloned into the
BglII-EcoRI fragment of this plasmid. The sequence of the mutagenic
oligonucleotides was: 5'-TGC AGA TCT NNN TTA AAT ATG GAA
CTA ACC ATT CCA ATT TTC GCT ACG AAT TCG T-3', where
NNN = TTC for Phe, CAC for His, TGC for Cys, TCC for Ser, GCC
for Ala, TGG for Trp and CTC for Leu. The insert was annealed,
extended by adding dNTPs and Klenow polymerase, and then digested
with BglII and EcoRI. Vector and insert were ligated overnight with T4
DNA ligase (NEB). Ligation mixtures were transformed into JM83 cells.
Sequencing was performed with the USB sequenase protocol. Clones

with the correct sequence were transformed into BL21(DE3)pLysS cells
(Studier et al., 1990). All of the mutant proteins were purified as

described previously (LeCuyer et al., 1995). The proteins were stored
at high concentrations and at 4°C in the FPLC buffer [25 mM HEPES
(pH 7.0), -40 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT)].

RNAs
[a-32P]CTP-labeled RNAs were prepared by in vitro transcription from
synthetic DNA templates as described in Gott et al. (1991). RNA 2
containing either 5-iodouracil, UTP(aS) or ATP(axS) was prepared using
2 mM modified nucleotide in place of the unmodified nucleotide in the
transcription reaction. Thiophosphate-substituted RNA 3 was chemically
synthesized and the isomers separated by HPLC (D.Dertinger, unpub-
lished experiments).

UVphotocrosslinking
Mixtures (250 ,ul) containing 50 nM 32P-labeled RNA 2, either 0.5 ,uM
(Tyr, His) or 10 tM (Phe, Cys, Ser) protein, 80 ,ug/ml bovine serum
albumin (BSA), 5 mM DTT in TMK buffer [100 mM Tris (pH 8.5);
10 mM Mg(OAc)2; 80 mM KCl] were incubated on ice for 30 min prior
to crosslinking. An Omnichrome HeCd laser at 35 mW power was used
to obtain 325 nm light. Samples were irradiated in methacrylate cuvettes.
Samples of 20,ul were removed over the course of 2 h. Crosslinked and
uncrosslinked RNA were separated on 20% denaturing polyacrylamide
gels, and the yields were quantitated using a Molecular Dynamics
PhosphorImager. Rates of crosslinking were determined from the slope
of the line log (% crosslinked) versus time.

Nitrocellulose filter binding assays
Protein excess filter binding was performed in TMK buffer. A constant
(<100 pM) concentration of 32P-labeled RNA 1 was mixed with varying
0.7-fold dilutions of coat protein in a reaction volume of 100 tl. After
incubation for 45 min, the reactions were filtered through a 0.45 gm
Nitro ME filter (MSI, Westborough, MA) using the Schleicher and
Schuell dot-blot apparatus described in Wong and Lohman (1993). The
amount of radioactivity retained on the filter was quantitated using a
Molecular Dynamics Phosphorlmager. The data points were fit to a
retention efficiency and KD assuming a bimolecular equilibrium using
the Kaleidagraph program.

To determine the active fraction of protein, a fixed concentration of
protein above the measured KD value was mixed with increasing amounts
of RNA 1 in ratios ranging from 1:10 to 4:1 RNA to protein. All proteins
were >95% active when first purified, with activity decreasing to 50%
over several months. The KD values determined in the protein excess
experiments were corrected for the fraction of active protein.

The pH dependence of KD was determined in 100 mM of several
different buffers to give the appropriate pH range: MES (5.5, 6.0, 6.5),
HEPES (7.0, 7.5, 8.0), Tris (8.5) and Ches (9.0).

The salt dependence of KD was determined in a buffer of 50 mM
MES + 50 mM HEPES so that both pH 6.0 and pH 8.2 could be
obtained in the same buffer. The Mg(OAc)2 concentration is 10 mM in
all buffers and the KCl concentration is varied from 50 to 600 mM. The
total ion concentration, [M+], is defined as the sum of [MES] +
[HEPES] + 2[Mg(OAc)2] + [KCl].
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