Biochemistry 1989, 28, 71-76 71

Specific RNA Binding by Q8 Coat Protein’

Gary W. Witherell and Olke C. Uhlenbeck*
Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215
Received May 10, 1988; Revised Manuscript Received August 8, 1988

ABSTRACT: The interaction between the bacteriophage QB coat protein and its specific binding site on Q8
genomic RNA was characterized by using a nitrocellulose fiiter binding assay. Q@ coat protein bound to
a synthetic 29-nucleotide RNA hairpin with an association constant of 400 uM™ at 4 °C, 0.2 M ionic strength,
pH 6.0. Complex formation had a broad pH optimum centered around pH 6.0 and was favored by both
enthalpy and entropy. The salt dependence of K, revealed that four to five ion pairs may be formed in the
complex although approximately 80% of the free energy of complex formation is contributed by nonelec-
trostatic interactions. Truncation experiments revealed that coat protein binding required only the presence
of a hairpin with an eight base pair stem and a three-base loop. Analysis of the binding properties of hairpin
variants showed that the sequence of the stem was not important for coat protein recognition and only one
of the three loop residues was essential. A bulged adenosine present in the coat protein binding site was
not required for coat protein binding. Qg coat protein binding specificity is therefore primarily achieved
by the structure and not by the sequence of the operator.

As in other Escherichia coli RNA bacteriophage, the coat
protein of Q@ acts as a translational repressor by binding to
a site on the QB RNA that contains the initiation codon of
the replicase gene (Weber, 1976). Nuclease protection ex-
periments have established that the site includes a small hairpin
containing an eight base pair stem, a bulged A, and a three-
base loop (Figure 1). Similar hairpins are present in the
replicase translational operators of the related RNA bacter-
iophage R17, fr, and GA (Uhlenbeck, 1986). Extensive
characterization of the interaction between the R17 coat
protein and its translational operator has shown that binding
specificity is achieved by the structure of the hairpin and the
presence of four essential single-stranded residues, including
a bulged purine (Romaniuk et al., 1987; Wu & Uhlenbeck,
1987).

In this paper, the interaction between the QS coat protein
and its translational operator is studied in detail. A filter
binding assay was established to examine the solution prop-
erties of the interaction. Variants of the QB operator were
synthesized to determine the size of the binding site and the
sequence and structural requirements of binding. Many sim-
ilarities to the R17 system were found as well as several re-
markable differences.

MATERIALS AND METHODS

Coat Protein. Bacteriophage QB was propagated on E. coli
Q13 and purified according to Carey et al. (1983a). Purified
phage was stored at approximately 10'¢ pfu/mL in 150 mM
NaCl/15 mM sodium citrate, pH 6.7, at 4 °C. Qg coat
protein was prepared by a modification of the cold acetic acid
method of Sugiyama et al. (1967). Approximately 10’5 pfu
of QB phage in 2.2 mL of cold 66% acetic acid was vortexed
for 30 s every 10 min for 1 h. QB RNA was precipitated by
centrifugation at 10000 rpm for 20 min at 4 °C. The su-
pernatant was removed to within 0.5 cm of the pellet and
dialyzed against 3 X 1 L changes of 1 mM acetic acid/10 mM
dithiothreitol, pH 3.2, overnight at 4 °C. The dialysis tubing
had a molecular weight cutoff of approximately 12000 and
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was EDTA treated before use. The coat protein was stored
at a concentration of 50 uM in 1 mM acetic acid/20 mM
dithiothreitol, pH 3.2 at 4 °C. Stored protein maintained its
activity for greater than 5 months with bimonthly additions
of dithiothreitol. Protein concentrations were determined by
the Bio-Rad protein assay using R17 coat protein as a
standard.

RNAs. Qg and R17 genomic RNAs were purified from
bacteriophage by phenol extraction (Kolakofsky, 1971) fol-
lowed by EtOH precipitation. Yeast tRNAP* was purchased
from Boehringer Mannheim.

Sixteen different RNA fragments were prepared by in vitro
transcription from synthetic DNA templates by T7 RNA
polymerase (Milligan et al., 1987). Transcription reactions
contained 40 mM Tris-HCI (pH 8.1 at 37 °C), 1 mM sper-
midine, 5 mM dithiothreitol, 50 ug/mL bovine serum albumin,
0.01% (v/v) Triton X-100, and 80 mg/mL poly(ethylene
glycol) (M, 8000). Labeled RNAs were prepared in a 40-uL.
transcription reaction with 1 mM each of three NTPs, 0.25
mM [a-*?P]NTP (5 uCi), 6 mM MgCl,, 100-400 nM
template, and 0.037-0.11 mg/mL T7 RNA polymerase.
Unlabeled RNAs were prepared in a 10-mL reaction with 4
mM of each NTP, 24 mM MgCl,, 400 nM template, and
0.037-0.11 mg/mL T7 RNA polymerase. RNA fragments
were gel purified by electrophoresis on 20% denaturing poly-
acrylamide sequencing gels, cut out, soaked in 0.5 M NaOAc
(pH 5.2), and ethanol precipitated (Carey et al., 1983a). The
sequence of each fragment was confirmed by complete T1
digestion patterns.

Nested sets of 3’ and 5’ truncated RNA fragments were
obtained by partial alkaline hydrolysis of fragment 1. The
5’-triphosphate of unlabeled fragment 1 was removed by di-
gestion with calf intestine phosphatase. The RNA was then
gel purified and either 5-32P labeled with T4 polynucleotide
kinase and [y-32P]ATP or 3’-32P labeled with T4 RNA ligase
and [5-32P]pCp (England & Uhlenbeck, 1978); 12 uCi of
gel-purified 5’-3?P-labeled RNA and 6 uCi of gel-purified
3/-32P-labeled RNA were incubated in 120 mM NaHCO,/
Na,CO; and 3 mM EDTA, pH 9.0, for 10 min at 95 °C. The
reactions were terminated by freezing in a dry ice/ethanol bath
and partial digestion products separated by electrophoresis on
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20% denaturing polyacrylamide gels. Each band was cut out,
soaked in 0.5 M NaOAc (pH 5.2), and ethanol precipitated.
The length of each RNA was determined by comparison to
partial T1 digestion patterns of the 5’- and 3’-32P-labeled
full-length RNA.

All RNAs were stored in 10 mM Tris/0.1 mM EDTA, pH
7.0 at -20 °C.

Filter Binding Assays. Q@ coat protein was diluted to
appropriate concentrations in coat protein storage buffer,
added to 32P-labeled RNA in 500 uL of MMK buffer [0.1 M
MES, pH 6.0, 80 mM KOAc, 10 mM Mg(OAc),, and 80
ug/mL BSA], and incubated at 4 °C for 1 h. All RNAs were
heated in RNA storage buffer to 90 °C for 3 min and
quick-cooled on ice before use; 450 uL of each reaction was
filtered through 24-mm, 0.45-um pore size, nitrocellulose filters
(MSI, Westborough, MA) which had been presoaked in
MMK buffer at 4 °C for 1 h. Filters were dried in scintillation
vials at 180 °C for 10 min and counted in 0.4% 2,5 di-
phenyloxazole in toluene. Backgrounds obtained in the absence
of protein were less than 10% of the input radioactivity and
subtracted in all cases. Protein excess assays contained 3?P-
labeled RNA (~10 pM) and coat protein dimer concentra-
tions from 0.1 nM to 0.5 uM. Retention efficiencies of the
RNA ranged from 40% to 60%. RNA excess assays contained
50 nM coat protein dimer and 10 nM to 0.15 uM 32P-labeled
RNA.

Dissociation rates for coat protein~-RNA complexes were
determined by incubating 32P-labeled RNA (~10 pM) with
15 nM active coat protein dimer in 4.2 mL of MMK buffer
under standard assay conditions. Dissociation was observed
by the addition of unlabeled QB operator RNA to 1 uM, and
400-uL aliquots were filtered at 0.5-min intervals. The half-life
of the complex (#;/;) was obtained from a plot of log (complex
remaining) versus time and K calculated from K5 = (In
2)/t1)2

Competition assays were performed by incubating 10 nM
32p_labeled fragment 1 and 30 nM active coat protein dimer
in MMK buffer at 4 °C for 1 h. Unlabeled competitor RNA
at concentrations up to 0.5 uM was added and the reaction
incubated an additional hour before filtration. The data were
analyzed by the method of Lin and Riggs (1972), and a X,
was estimated for each competitor RNA.

Computer Search. Nucleic acid sequences were searched
for putative Q@ coat protein binding sites by using the program
SEARCH from the Delila system (Schneider et al., 1982). Two
sets of sequences were used to search for coat protein binding
sites: N1-N2-N3-N4-N5-N6-N7-X1-X2-A-N7¢-N6S-N5¢-
N4¢-N2¢-N1¢ and N1-N2-N3-N4-N5-N6-X1-X2-A-Né6°-
N5¢-N4°-N3°-N2°%N1¢ Xn is any nucleotide, and Nn® is any
nucleotide complimentary to Nn. The searches located any
six base pair stem with a three-base loop containing an A at
the +8-position. The first search located hairpins with a
nucleotide bulge at the +1-position, and the second search
located bulgeless hairpins.

RESULTS

Binding of the Q8 Operator. The relevant region of the Q3
genome near the start site of the replicase gene is shown in
Figure 1. The minimum RNA fragment protected from T1
digestion by the Qg coat protein (indicated by arrows) can
be drawn as an eight base pair hairpin with additional 5'- and
¥-nucleotides (Weber, 1976). The synthetic QB operator used
for filter binding studies (fragment 1, Figure 1) was identical
with the minimal genomic coat protein binding site except for
the removal of one 3’-nucleotide and the addition of two 5’-
terminal guanosines. These changes were made in order to

Witherell and Uhlenbeck

D

G- ¢ U A +6 U A+8

Al-U C-6 C-6G

Uj-A U-A U-A

U-A -C -c

C-6 éLJ]A -A

Gy.at €-6 96 TAL.6

G-U G-C G G-C

c-6 U-A 6 U-A

U-A— A-U A A-U  +20
uucce S~~p cuucee N o cuuc

FIGURE 1: (Left) Possible secondary structure of the Q8 genomic RNA
near the translational start site of the replicase gene. The A1 protein
(Hofstetter et al., 1974) stop sites and the replicase start site are boxed.
Arrows indicate the minimum size fragment protected from T1 di-
gestion by the QB coat protein (Weber, 1976). (Right) RNA hairpin
transcribed from synthetic DNA used for coat protein binding assays
(fragment 1). Numbers indicate the nucleotide position relative to
the A(+1) of the replicase start codon.
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FIGURE 2: (A) Coat protein excess binding curve for 32P-labeled
fragment 1 assayed in MMK buffer, pH 6.0, 4 °C. The solid line
is a theoretical binding curve calculated by using a retention efficiency
of 54% and a half-saturation of 5.5 nM. (B) RNA excess binding
curve. 25 pmol of QB coat protein dimer (50 nM) was incubated at
4 °C with 5-75 pmol of RNA in MMK buffer, pH 6.0, 4 °C. 4.2
pmol of RNA was bound at saturation.

increase the yield of T7 transcription (Milligan et al., 1987).

A two-step procedure was used to determine the binding
affinity of the coat protein for the synthetic binding site.
Protein~RNA complexes were formed by incubating coat
protein and RNA together in MMK buffer at 4 °C for 1 h
and detected by retention on a nitrocellulose filter. Figure 2A
shows a typical protein excess assay in which a constant, low
concentration (~ 10 pM) of 3?P-labeled RNA is incubated with
varying concentrations of coat protein. The protein concen-
tration at half-saturation is equal to the inverse of the equi-
librium constant for the reaction if the fraction of protein active
in RNA binding is known. A RNA excess assay was used to
calculate the percentage of active coat protein. In this assay,
the coat protein concentration is held constant well above
half-saturation, and the labeled RNA concentration is varied
in the neighborhood of the coat protein concentration. As
shown in Figure 2B, the amount of RNA bound increases with
the RNA concentration until the protein becomes saturated.
By correcting for the 54% retention efficiency in Figure 2A,
7.8 pmol of RNA is calculated to be bound at saturation. This
corresponds to approximately 16% of the moles of coat protein
present. Early studies on the R17 coat protein—-RNA inter-
action suggested a stoichiometry of one protein per RNA
(Gralla et al., 1973; Carey et al., 1983a), but a more complete
investigation (Beckett & Uhlenbeck, 1988) using fluorescence
quenching, filter binding, and gel filtration chromatography
showed that each dimer of R17 coat protein binds one operator.
If we assume that like R17 and other T = 3 phage (Rossman,
1984) each Qg coat protein dimer binds a single hairpin, we
conclude that 32% of the protein is active. Thus, the K, in
Figure 2A is 570 uM~!. This method was used for all sub-
sequent X, determinations. The percentage of active protein
varied from between 29% and 35% from one coat protein
preparation to another but did not vary with buffer conditions
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FIGURE 3: pH dependence of K,. Filtration assays were performed
with fragment 1 at 4 °C, 0.2 M ionic strength, and either sodium
citrate (Q), NaOAc (@), Tris—acetate (0), MES (m), MOPS (a),
or Tris (&) adjusted to the indicated pH.
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FIGURE 4: Salt dependence of K,. Filtration assays were performed
in MMK buffer, pH 6.0, 4 °C, with the KOAc concentration adjusted
to give the total cation concentration, [M*], indicated. The slope of
the line corresponds to 4.8 ion pairs formed between the protein and
the RNA when ¥ is assumed to be 0.85, as for the R17 synthetic
operator (Carey & Uhlenbeck, 1983).

or temperature. The precision in determining K, by this
method was within a factor of 2 for independent replicates.
~ Filter binding assays were obtained as a function of pH by
substituting a buffer with an appropriate pK, for the standard
MES buffer. The Qg coat protein-RNA interaction showed
a broad pH optimum from pH 5.5 to pH 6.5 (Figure 3). The
moderate pH dependence indicates that only a small number
of titratable groups are involved in the interaction.

The ionic strength dependence of K, was determined by
performing standard filter binding assays in which KOAc was
added to give the indicated cation concentration. Figure 4
shows that K, decreases with increasing ionic strength, indi-
cating that there are ionic interactions involved in complex
formation. Record and co-workers have developed a quan-
titative analysis of the salt dependence of K, for DNA-protein
interactions based on ion displacement (Record et al., 1976).
Because application of this analysis to RNA-protein inter-
actions requires several untested assumptions, the number of
ion pairs determined is considered to be an upper limit. From
the slope of Figure 4, approximately 4.8 nucleotide phosphates
on the RNA are involved in ion pairs with cationic groups on
the protein. It has been estimated that at 1 M salt each lysine
phosphate type ion pair contributes about +0.2 kcal/mol
(Lohman et al., 1980). According to this estimate and a AG
= ~7.7 kcal/mol of complex at 1 M salt, the nonelectrostatic
contribution to AG is —8.7 keal /mol of complex, approximately
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FIGURE 5: Temperature dependence of X, for fragment 1. Filtration
assays were performed in MMK buffer, pH 6.0, with the temperature
adjusted as indicated. The slope of the line corresponds to AH = —6.7
kcal/mol of complex.

80% of the total free energy of the interaction at standard assay
conditions.

The temperature dependence of K, was measured by per-
forming standard filter binding assays at various temperatures.
A van’t Hoff plot of the data is shown in Figure 5. The AH
obtained from the slope of the line is —6.7 kcal/mol of complex,
and AS is calculated to be +15.2 cal K™! (mol of complex)™
at 4 °C. Complex formation is therefore favored by both
enthalpy and entropy.

Specificity of the Interaction. The specificity of the in-
teraction was examined by measuring the competition for coat
protein binding between 32P-labeled fragment 1 and a variety
of unlabeled RNAs. Figure 6A shows that intact unlabeled
QB genomic RNA competes for coat protein binding with a
K, = 156 uM™!. Thus, the two RNAs bind Qg coat protein
with approximately the same affinity. Identical results were
obtained using unlabeled fragment 1 as competitor (Figure
6A). These results suggest that fragment 1 contains all the
nucleotides required for specific binding.

Relatively weak competition was observed between fragment
1 and either a synthetic R17 translational operator or R17
genomic RNA (Figure 6B). Direct binding of labeled R17
translational operator to QB coat protein was not detected
(data not shown). No competition was observed with yeast
tRNAPe, Tt is therefore clear that the Q@ coat protein binds
quite specifically to the Qg translational operator site.

Size of the Binding Site. The size of the Q8 coat protein
binding site was determined by performing standard filtration
assays on oligomers truncated from either the 5/ or the 3’
terminus of fragment 1 (Table I). Only two nucleotides (-9,
—8) could be removed from the 5’ terminus without affecting
K,. Removal of the next five nucleotides (-7, —6, -5, —4, -3)
showed a small gradual reduction in K, and further removal
of nucleotides from the 5’ terminus reduced K, below the
detection limit of the assay. Four nucleotides (+20, +19, +18,
+17) could be removed from the 3’ terminus of fragment 1
without affecting K,. Removal of the next two nucleotides
(+16, +15) reduced K, 1.7-fold and 4.8-fold, respectively.
Further removal of nucleotides from the 3’ terminus reduced
K, below the detection limit of the assay.
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FIGURE 6: Competition for coat protein binding between 10 nM
32p.labeled fragment 1 and unlabeled RNAs. (A) Q@ genomic RNA
(0); fragment 1 (®). (B) R17 genomic RNA (3); R17 synthetic
operator (M); yeast tRNAF® (4), Solid lines are theoretical curves
calculated for K, = 400 uM! for 3?P-labeled fragment 1 and K, values
of 156, 156, 25, and 7.7 uM™! for QB genomic RNA, fragment 1, R17
genomic RNA, and the R17 synthetic operator, respectively. 8 is
defined as the ratio of radioactivity bound to the filter in the presence
of competitor to the radioactivity bound in the absence of competitor.

Table I: Coat Protein Binding to Fragment 1 Truncated on the 5 or
3’ End?®

S’-nucleotide 3’-nucleotide

removed K, (uM™) removed K, (uM™)

400 400
-9 440 +20 400
-8 440 +19 560
-7 240 +18 560
-6 330 +17 400
-5 240 +16 240
-4 150 +15 83
-3 150 +14 <30
-2 <30 +13 <30
-1 <30 +12 <30
+1 <30 +11 <30
+2 <30 +10 <30
+3 <30

Numbers of the nucleotides removed refer to the nucleotide posi-
tion relative to A(+1) of the AUG start codon shown in Figure 1.

These results suggest that full binding requires the eight base
pair hairpin from nucleotides —4 to +16 while a detectable level
of binding can be achieved with nucleotides -2 to +14, en-
compassing only the upper six base pair hairpin. The much
lower K, values of fragments truncated further may be due
either to the loss of specific coat protein contacts or to a
decrease in the stability of the hairpins with shorter stems.

Sequence and Structural Requirements of the Q8 Coat
Protein Binding Site. The sequence and possible secondary
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FIGURE 7: Sequences and possible secondary structures of RNA
fragments. Nucleotides which differ from the QB operator are boxed.
K, values are given in Table II.

Table II: Coat Protein Binding to QB8 Operator Variants Shown in
Figure 7

type of variant fragment K, (uM™)
1 400
stem sequence 2 800
3 480
bulge nucleotide 4 330
5 310
6 250
loop sequence 7 310
8 330
9 310
10 220
11 <4
12 <4
loop size 13 82
14 12
15 <4
16 <4

structures of a series of QB operator variants are shown in
Figure 7. K, values were measured under standard assay
conditions and are shown in Table II. Dissociation rates
measured for variants 1, 2, 5, 7, and 9 were consistent with
K, values measured by the equilibrium assay (data not shown).

The sequence of the stem is not important for coat protein
binding. Variants 2 and 3 have altered stem sequences but
retain the same number of base pairs as fragment 1. Only
a slight increase in K, was measured for either variant.

The bulged A residue could be substituted or removed
without affecting K,. Placing a bulged U (variant 4) or a
bulged G (variant §) at the +1-position lowered K, only
slightly. The bulged U was placed in the stem sequence of
variant 3 to avoid the possible formation of alternative sec-
ondary structures. Removing the bulged A entirely (variant
6) gave only a slightly lower K, than fragment 1. This result
was checked under several assay conditions which showed that
the bulgeless variant had the same salt and temperature de-
pendence as fragment 1 (data not shown).

The three-base loop contains only one essential residue for
coat protein binding. Substituting a C (variant 7) or an A
(variant 8) for the U at +6 had little effect on K,. Similar
results were obtained when the A at +7 was substituted with
a G (variant 9) or a U (variant 10). When the A at +8 was
substituted by a G (variant 11) or a U (variant 12), K, was
reduced by more than 100-fold to below the detection limit
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FIGURE 8: Binding sites (left) and models for binding sites (right)
of the QB (top) and R17 (bottom) coat proteins. The start codon
of the replicase gene is boxed. N represents G, A, C, or U, and N-N
represents any Watson—Crick base pair.

of the assay. These results suggest that the A at +8 is essential
for coat protein binding while the sequence of the other two
loop nucleotides is unimportant.

Combination of the above results suggested that variant 13,
which has a 6 base pair stem, no bulged A, and a sequence
which differs from fragment 1 at 10 of 17 positions, should
bind the coat protein reasonably well. As shown in Table II,
this variant bound the Qg coat protein with an affinity only
5-fold lower than fragment 1. Most if not all of this decrease
in the binding affinity can be attributed to the loss of the two
lower base pairs in the stem since as seen in Table I, removal
of 5-nucleotides to position -3 reduces K, 3-fold and removal
of 3’-nucleotides to position +15 reduces K, 5-fold.

A series of hairpins, related to variant 13 and made pre-
viously for a separate study (Groebe & Uhlenbeck, 1988), were
used to determine the size dependence of the loop for coat
protein binding. When the loop size was increased to four
bases (variant 14), a large decrease in K, was seen. Further
increases in loop size to five bases (variant 15) or to seven bases
(variant 16) lowered K, below the detection limit of the assay.
A three-base loop is therefore required for efficient coat protein
binding.

Model of the Q8 Coat Protein Binding Site. The truncation
experiment results and the binding properties of the hairpin
variants suggest a model for the binding site of the Qg coat
protein. As shown in Figure 8, the site requires 19 nucleotides
folded into a hairpin with an 8 base pair stem and a 3-base
loop. The only sequence requirement is that the +8-position
must be an A. As noted previously, the absence or presence
of a bulged nucleotide at the +1-position has no effect on the
binding affinity of the protein.

The model QB coat protein binding site contains 17 bits of
binding information according to the criteria of Schneider et
al. (1986). This method assigns an information value to the
binding site based on the sequence variability of each nu-
cleotide position in the model. The bulged nucleotide was
assigned a value of -1 bit since neither its presence nor its
absence was required. The information content of the Qg8
binding site corresponds to a probability of finding 1 full-af-
finity Q@ binding site in 130000 random nucleotides.

A search program was used to locate possible binding sites
in the Q@ plus and minus strands and the MS2 plus strand.
The search was designed to locate potential low-affinity binding
sites by requiring only 6 base pairs in the stem and allowing
for G-U base pairs, thereby increasing the probability of
finding a binding site to 1 in 700 random nucleotides. A search
of the QB plus strand revealed 9 possible binding sites, in-
cluding the Qg operator, and a search of the Q8 minus strand
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revealed 10 possible binding sites. Only 4 of the 18 nonop-
erator sites (positions 708 and 4132 of the plus strand and
positions 71 and 3495 of the minus strand) had a high enough
G-C content to form reasonably stable hairpin structures. The
highly structured QB genome may prevent several of these sites
from forming stable hairpins in vivo. Since the two plus strand
sites lie within genes, it is unclear whether they have a role
in regulating phage RNA or protein synthesis. Multiple coat
protein binding sites could aid, however, in the initiation of
capsid assembly (Beckett et al., 1988).

A search of the MS2 plus strand revealed six possible
binding sites, two of which (positions 1455 and 2248) could
form stable hairpin structures. One of these hairpins has been
shown to exist in the secondary structure of the MS2 genome
by structure mapping (Min Jou et al.,, 1972). This may explain
the moderate competition observed between the R17 genomic
RNA and fragment 1 for QB coat protein binding.

DiscussIoN

Establishment of a filter binding assay for the Q8 coat
protein and its translational operator permits comparison with
the well-characterized R17 system (Carey & Uhlenbeck, 1983;
Romaniuk et al., 1987; Wu & Uhlenbeck, 1987). In a general
sense, the Q8 and R17 coat proteins recognize rather similar
RNA structures (Figure 8). Both coat protein binding sites
are small hairpins containing 19 nucleotides. The hairpins are
approximately 30 X 20 X 20 A in size which corresponds
closely to the estimated size of the 28 000-dalton QB and R17
coat protein dimers. The length dependence of K, suggests
that contacts may be made between the surface of the protein
and the entire hairpin in both systems. The QB and R17
binding sites also contain approximately the same amount of
binding information. The greater number of base pairs re-
quired for binding the QB operator compensates for the fewer
number of sequence-specific recognition sites. Thus, the
probability of finding a Q@ coat protein binding site in a
random sequence is approximately the same as the probability
of finding a R17 coat protein binding site.

The solution properties of the two interactions are similar
but not identical. Complex formation in both the Q8 and R17
systems involves only a small number of titratable groups. The
pH optimum of the Qp system is 2.5 pH units lower than the
pH optimum of the R17 system, suggesting that the two
systems utilize different sets of titratable groups for binding.
Ionic interactions contribute to binding with four to five ion
pairs formed in each homologous complex. In both cases,
approximately 80% of the binding free energy is the result of
nonelectrostatic interactions. The Q8 and R17 interactions
have nearly the same AG under optimal in vitro binding
conditions. The Q@ interaction, however, has a small favorable
AH and a small favorable AS while the R17 system has a large
favorable AH and a large unfavorable AS. The unfavorable
AS is believed to be due to configurational constraints on the
protein, RNA, or solvent upon binding that are not entirely
compensated for by ion displacement. Any unfavorable con-
figurational constraints in the Q@ system are apparently not
of the magnitude found in the R17 system.

The sequence-specific recognition sites on the QB operator
are quite different from those of the R17 operator (Figure 8).
Four single-stranded residues are essential for coat protein
binding of the R17 operator, including a bulged purine. In
the Q@ operator, only one single-stranded residue is essential
for binding. It is very surprising that the bulged A residue
of the Q@ operator is not important for binding. Bulged A
residues have been found in the binding sites of several phage
coat proteins (Uhlenbeck, 1986) and several ribosomal proteins
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(Garret et al., 1984), leading to the proposal that bulged A
residues are a general feature of protein recognition (Peattie
et al., 1981; Wickens & Dahlberg, 1987). Recognition could
be specific for the bulged nucleotide or specific for the structure
of the stem which may be bent as much as 20° by the bulge
(Woodson & Crothers, 1988). The Qg coat protein may be
flexible enough to bend with the helix so that it can recognize
a hairpin with or without a bulged nucleotide. The Qg8 system
illustrates the fact that the bulged A residue, often found in
protein binding sites, may not always be essential and each
case must be examined experimentally.

A Michael adduct has been proposed to occur between a
cysteine of the R17 coat protein and a single-stranded U
residue of the R17 translational operator (Romaniuk & Uh-
lenbeck, 1985). While the QB coat protein contains two
cysteine residues located at similar positions to those in R17
coat protein and the Q@ operator contains a single-stranded
U residue in the hairpin loop, no evidence of a Michael adduct
was found. Substitution of the U at +6 by either a C or an
A had no effect on K. In the R17 system, the U to C change
stabilizes the covalent interaction and increases K, approxi-
mately 50-fold (Lowary & Uhlenbeck, 1987). Michael ad-
ducts do not form with purines, and thus the U to A change
decreases K, approximately 10-fold in the R17 system (Carey
et al., 1983b). The very different behavior of the two systems
suggests that the Qg system does not utilize the formation of
a Michael adduct for binding.

Thus, we find that while the overall secondary structures
of the QB and R17 translational operators are quite similar,
the sequence-specific features required for recognition are
idiosyncratic.
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