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Interaction of R17 Coat Protein with Synthetic Variants of Its

Ribonucleic Acid Binding Sitef

Jannette Carey, Peggy T. Lowary, and Olke C. Uhlenbeck*

ABSTRACT: The specificity of the interaction between R17 coat
protein and its site of translational repression on R17 RNA
was studied by enzymatically synthesizing 23 sequénce variants
of the RNA binding site and measuring their affinity to the
coat protein by a nitrocellulose filter binding assay. Experi-
ments using oligomers truncated on the 3’ and 5 termini
allowed precise determination of the edges of the binding
domain. Several oligomers which disrupted one or more of
the base pairs in the binding site failed to bind coat protein,
establishing the importance of RNA secondary structure for

’Ee translational repression of the bacteriophage R17 rep-
licase gene by the phage coat protein is a convenient system
in which to study the molecular basis of a specific protein—-
RNA interaction. About 10 min after phage infection, phage
coat protein accumulates to a concentration high enough to
saturate a specific binding site on the phage RNA (Lodish &
Zinder, 1966; Bernardi & Spahr, 1972). Since this site con-
tains the initiator region for translation of the phage replicase
subunit, repression of synthesis of replicase protein occurs. The
binding site for coat protein consists of a single small RNA
hairpin (Steitz, 1974; Jansone et al., 1979), the total synthesis
of which has been recently achieved (Krug et al., 1982). The
synthetic fragment binds coat protein with unit stoichiometry
and an equilibrium constant identical with that of intact R17
RNA (Carey et al., 1983). Since other RNAs compete poorly
with the fragment for coat protein binding, the interaction
appears to be highly specific.

In this paper, we report the synthesis and coat protein
binding properties of 23 sequence variants of the RNA binding
site. The approach of using synthetic variants to define a
protein binding site has been used successfully to identify the
type and number of protein—nucleic acid contacts in the /ac
repressor—operator interaction (Caruthers, 1980). Since
several of the physical properties of the R17 system differ
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the interaction. Substitution at two single-stranded positions
with each of the common bases affected K, very differently.
In one case, K, was reduced substantially no matter which base
was substituted for an adenine. At the other position, when
a uracil was substituted with a purine, K, decreased 10-100-
fold, whereas when it was substituted by a cytosine, K, in-
creased about 5-fold. These studies indicate that the protein
and the RNA hairpin loop interact over an extensive area and
that several different types of contacts form to stabilize the
complex.

substantially from those of /ac (Carey & Uhlenbeck, 1983),
it was of interest to compare the binding properties of variants.
The results show that, like the /ac system, there are several
points on the RNA which contact the protein and other sites
that are not essentidl for binding. In addition, the RNA
secondary structure is found to be an important element in
the specific interaction with the protein.

Materials and Methods

Synthesis of Variant Binding Fragments. RNA binding
fragments were synthesized enzymatically according to the
general protocol described by Krug et al. (1982) and sum-
marized in Figure 1. The 21-nucleotide fragment is made
by the ligation of a dodecanucleotide acceptor with a nona-
nucleotide donor. These two “half”-molecules were each
prepared by the addition of two “quarter”-molecules. The
synthesis of the 23 variants is summarized in Table I. In most
cases, a variant was prepared by introducing one or sometimes
two unique quarter-molecules in the synthetic scheme. These
are identified by underlining in Table I.

Variant quarter-molecules were prepared in polynucleotide
phosphorylase reactions using buffer A [0.4 M NaCl, 10 mM
MgCl,, and 0.2 M tris(hydroxymethyl)aminomethane hy-
drochloride (Tris-HCl), pH 8.2] or in RNA ligase reactions
with buffer B [20 mM MgCl,, 3 mM dithiothreitol, and 50
mM N-(2-hydroxyethyl)piperazine-/N-2-ethanesulfonic acid
(Hepes), pH 8.0]. Reactions were terminated by heating to
65 °C for 5 min. In many cases, 100 ug/mL bacterial alkaline

© 1983 American Chemical Society
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FIGURE 1: Synthesis of the R17 coat protein binding site adapted from
Krug et al. (1982). Residues are numbered with respect to the first
nucleotide of the synthetase gene. Changing the boxed nucleotide
in UAC, results in a variant at —4.

Table I: Synthesis and Numbering of Variant Binding Fragments®

natural sequence
[AAACAUG + AGGAU] + [UACCC + AUGU] 1
5' truncates
[AACAUG + AGGAU] + [UACCCAUGU]
[AUG + AGGAU] + [UACCCAUGU]
[AGGAU] + [UACCCAUGU]
3' truncates
[AAACAUGAGGAU] + [UACCC + AUG]
[AAACAUGAGGAU] + [UACCC + AU]J
[AAACAUGAGGAU] + [UACCC + Al
[AAACAUGAGGAU] + [UACCC]
[AAACAUGAGGAU] + [UACC]
—4,~5 variants
[AAACAUGAGGAU] + [XYCCC + AUGU]
5’ stem
[AAACAUG + AAAAU] + [UACCCAUGU] 17
[AAACAUG + GGAUJ + [UACCCAUGU] 18
3' stem
[AAACAUGAGGAU] + [UACC + AUGU] 19
[AAACAUGAGGAU] + [UACCCC + AUGU] 20
[AAACAUGAGGAU] + [UAAAA + AUGU]| 21
[AAACAUGAGGAU] + [UAUUC + AUGU] 22
[AAACAUGAGGAU] + [UACCU + AUGU} 23
[AAACAUG + AAAAU] + [UAUUU + AUGU] 24

¢ Unique quarter-molecules are underlined. Brackets indicate
the two half-molecules used in the final ligation. ® Group of
seven variants where XY is replaced by UG, UC, UU, GA, CA, AA,
and AC, respectively.
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phosphatase was added and incubation continued for an ad-
ditional 3 h at 37 °C to remove terminal phosphates from
oligomers or to degrade nucleoside di- or triphosphates that
interfered with product purification. Oligomers were purified
by descending paper chromatography as described by Krug
et al. (1982) using solvents, A, B, C, or D, which correspond
to 60:40, 50:50, 30:70, or 70:30 v/v ratios of 95% ethanol and
1 M ammonium acetate. The syntheses of quarter-molecules
not previously described in Krug et al. (1982) are reported
here.

ApApCpApUpPG was prepared in a 0.45-mL reaction by
incubating 1 mM ApApC, 1 mM pApUpGp, 1.3 mM ATP,
and 75 pg/mL RNA ligase in buffer B for 12 h at 12 °C.
After treatment with alkaline phosphatase, the product was
purified in 88% yield by using solvent B.

The seven pentamers XpY pCpCpC were prepared in 0.5-
mL reactions by incubating 6 mM XpY, 20 mM CDP, and
10 units/mL polynucleotide phosphorylase in buffer A for 36
hat 37 °C. After treatment with phosphatase, the oligomers
were purified by using solvent A. UpApCpC and
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UpApCpCpCpC were obtained as side products of the
UpApCpCpC synthesis of Krug et al. (1982). UpApUpU and
UpApUpUpU were prepared from UpA and UDP in an
identical fashion except that solvent D was used in purification.
UpApApApA was prepared from UpA and ADP in a similar
fashion except that incubation was for 18 h and solvent C was
used in purification. In each of these equilibrium reactions,
the yields were about 15% of the dimer incorporated into
product.

UpApCpCpU was prepared in a 1.0-mL reaction containing
1.2 mM UpApCpC, 1.5 mM pUp, 2.5 mM ATP, and 195
ug/mL RNA ligase in buffer B. After 12 h at 12 °C followed
by phosphatase treatment, the product was purified in 75%
yield by using solvent D. UpApUpUpC was prepared in a
0.20-mL reaction by incubating 0.5 mM UpApUpU, 1.35 mM
pCp, 2.5 mM ATP, and 245 pg/mL RNA ligase for 16 h at
12 °C. Following phosphatase treatment, the product was
purified by using solvent D in 39% yield. ApApApApU was
prepared by RNase A digestion of poly(A-U) as described in
Uhlenbeck & Cameron (1977).

pGpGpApUp was prepared in three steps. First, ApAp-
CpGpGpApUp was made by incubating 0.5 mM ApApCpG,
0.5 mM pGpApUp, | mM ATP, and 80 ug/mL RNA ligase
in buffer B for 18 h at 12 °C. The heptamer was purified with
solvent B in 60% yield. Ribonuclease A digestion of this
product and 5’-phosphorylation of the resulting GpGpApUp
were accomplished simultaneously in a reaction containing 0.24
mM ApApCpGpGpApUp, 2.5 mM ATP, 17 ug/mL RNase
A, and 13 units/mL pseT 1 polynucleotide kinase. Incubation
at 37 °C for 2 h followed by chromatography in solvent B
resulted in a 27% yield of pGpGpApUp.

The synthesis of variant half-molecules from quarter-mol-
ecules followed the general protocol of Krug et al. (1982). For
the synthesis of 3’ half-molecules, 0.1-mL reactions contained
0.8 mM donor, 0.8 mM acceptor, 2 mM ATP, and 200 ug/mL
RNA ligase in buffer B. After incubation for 8 h at 25 °C,
the product was purified by paper chromatography using
solvent A. Yields ranged from 10 to 70%. For the synthesis
of 5/ half-molecules, the 0.1-mL reactions contained 0.1 mM
acceptor, 60 uM donor, 2.5 mM ATP, and 250 ug/mL RNA
ligase in buffer B. After incubation for 8-12 h at 12 °C,
alkaline phosphatase was added. The product was purified
by using solvent B. Yields ranged from 50 to 70%.

The binding fragment and the 23 variants were prepared
with an internal 3P label from half-molecules in two steps.
In the first step, the 3/ half-molecule was 5’-32P labeled in a
10-uL reaction containing 20—~50 uM oligomer, 30 uM [v-
32P]ATP (160 Ci/mmol), and 300 units/mL pseT 1 poly-
nucleotide kinase in buffer B. After incubation for 2 h at 37
°C, the reaction was heated for 5 min at 65 °C to inactivate
the enzyme. In the second step, the 5’ half-molecule acceptor
was added to the 5-32P-labeled donor in a 10-uL reaction
containing 3 pL of the above kinase reaction, 14 uM 5’
half-molecule, | mM ATP, and 300 ug/mL RNA ligase in
buffer B. After incubation for 12 h at 14 °C, the reaction was
terminated by the addition of 10 uL of 0.6% bromophenol blue
and 0.3% xylene cyanol in 10 M urea, and each reaction was
applied in two 1-cm-wide wells of a 150 X 260 X 0.75 mm
gel of 20% polyacrylamide~7 M urea. Electrophoresis was
at 1000 V for 6 h. Product oligomers were localized by au-
toradiography, excised, and eluted from the crushed gel slice
by soaking at 4 °C for 12 hin 1.5 mL of 0.1 M Tris-HCI, pH
7.5, 0.1 mM ethylenediaminetetraacetic acid (EDTA), and
200 ug/mL Escherichia coli mixed tRNA. The eluate was
filtered and ethanol precipitated. Recoveries ranged from 0.5
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to 5 uCi. The purified RNAs were dissolved in water at about
5 uCi/mL and stored at —20 °C. No degradation of the
purified RNAs was observed on analytical gels in up to 60 days
of storage. .

Product Characterization. Digestion of internally 3?P-la-
beled variants with mixed nucleases to give nucleoside 3’-
monophosphates or with snake venom phosphodiesterase to
give nucleoside 5’-monophosphates and analysis by two-di-
mensional thin-layer chromatography are described in Krug
et al. (1982). Ribonuclease T, digestion of 1-10 nCi of each
variant was performed in 15-uL reactions containing 20 mM
sodium citrate, pH 5.3, 1 mM EDTA, and 7 M urea. Re-
actions were incubated 15 min at 50 °C, and then 0.5 unit of
RNase T, was added in 1 L and incubation continued at 50
°C for an additional 15 min. Ribonuclease A digestions were
performed on 1-10 nCi of each variant in 5-uL reactions
containing 40 mM Hepes, pH 7.5, and 0.6 ng of RNase A.
Incubation was for 2 h at 37 °C. Partial base hydrolysis of
5’-32P-labeled 21-mer was carried out as described in Carey
et al. (1983). When base hydrolysis and RNase A or T,
digestions were complete, an equal volume of 10 M urea—dye
mixture was added, and the reactions were applied to analytical
polyacrylamide gels.

Nitrocellulose Filter Assay. The filter retention assay for
the interaction of R17 coat protein and its binding fragment
is described in detail in Carey et al. (1983). Since each ra-
diolabeled variant is available only in relatively small molar
amounts, the association constant is determined from a protein
excess binding experiment. In a series of reactions, a constant,
low concentration of labeled RNA (~10 pM) in TMK buffer
(10 mM magnesium acetate, 80 mM KCIl, and 0.1 M Tris-
HCI, pH 8.5) is mixed with varying concentrations of coat
protein (1071°-107% M). After incubation at 2 °C for 20 min,
an aliquot of each reaction is filtered without dilution or
subsequent washing on a nitrocellulose filter. A binding curve
is plotted as the fraction of input RNA bound as a function
of coat protein concentration. Binding curves typically reach
a plateau at which less than 100% of the input RNA is bound.
The fraction of RNA bound at the plateau is assumed to
represent complete binding of active RNA molecules (Carey
et al., 1983). The coat protein concentration required to reach
half-plateau binding of the RNA is equal to the inverse of the
association constant (K,).

Results

Synthesis of Variant RNAs. The 23 variant coat protein
binding fragments compiled in Table I were synthesized en-
zymatically according to the general scheme of Krug et al.
(1982). As indicated by the boxed nucleotide in Figure 1, this
scheme permits the synthesis of a variant fragment by
changing just one of the starting oligomers. Since only ra-
diochemical amounts of each variant were needed to determine
the binding constant to the protein, only 1-10 nmol of each
variant half-molecule was made. The 2P label was introduced
during the final joining of the two half-molecules, thereby
avoiding the additional steps necessary for subsequent labeling
of purified variants. The products of the final ligation reaction
were applied to a denaturing polyacrylamide gel for purifi-
cation of each variant. An autoradiogram of the preparative
gel for the synthesis of variants 19, 20, and 21 is shown in
Figure 2A. The major bands have the expected relative
mobilities for oligomers 20, 22, and 21 nucleotides long, re-
spectively. The resolution of the gel permitted excision of the
major band free from side products one nucleotide shorter such
as those seen for variants 19 and 21 in Figure 2A. Each
variant was eluted from the gel slice, ethanol precipitated, and
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FIGURE 2: Autoradiograms of preparative (A) or analytical (B)
polyacrylamide gels of the indicated variants. XC is xylene cyanol
marker.

reanalyzed on an analytical gel. An example of an analytical
gel of variants 5-9 is shown in Figure 2B. In all cases, a major
band of the correct length was recovered, although some
variants contained contaminants which constituted less than
10% of the radioactivity of the main band.

The sequence of 1 synthesized previously (Krug et al., 1982)
was verified by enzymatic RNA sequence determination. The
molecules prepared in this work, however, were labeled in-
ternally with the [*P]phosphate between positions —5 and —6
and therefore could not be sequenced by those methods.
Different criteria for their identity and homogeneity had to
be applied. Since each variant was prepared by combining
a well-characterized new quarter-molecule with the previously
characterized quarter- and half-molecules, the sequence ver-
ification focused on the accuracy of the final ligation reaction.
As shown for nine variants in Figure 3A, mixed nuclease
digestion of each variant to nucleoside 3’-monophosphates gave
[*?P]JUMP. This result was expected since each 5’ half-
molecule had a 3’-terminal uridine residue. In addition, snake
venom phosphodiesterase hydrolysis of each variant to nu-
cleoside 5’-monophosphates gave the 32P-labeled mono-
nucleotide corresponding to the 5’-terminal nucleotide of the
donor molecule, as shown for nine variants in Figure 3B. Thus,
the expected UpN internucleotide linkage between donor and
acceptor was formed in each case.

An additional criterion for the identity of a variant is that
a labeled oligomer of the correct size results from total RNase
A or RNase T, hydrolysis of the variant. The products of the
digestion reactions are separated on a 20% or 30% poly-
acrylamide—urea gel and their lengths compared with those
of the hydrolysate of 1. As can be seen in Figure 4A, digestion
with RNase A gives a single labeled product of the same size
for each of nine representative variants. Comparision of this
product with the base hydrolysate and size markers indicates
that it is a hexamer, as expected on the basis of the sequences
of all the variants in Figure 4A. For 1, this hexamer has the
sequence GAGGAUp. Figure 4B shows that RNase T, di-
gestion of seven variants yields unique labeled products of
different sizes. For 1, this product is a decamer with the
sequence AUUACCCAUGp. The products resulting from
RNase T, digestion of the remaining variants in Figure 4B
have the mobilities expected on the basis of their sequences.

The purified variants are thus of the expected lengths, and
they are homogeneous; they give products of the predicted sizes
upon digestion with either RNase A or RNase T, and the
ligase joints have the correct identity and orientation of the
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FIGURE 3: Autoradiograms of two-dimensional thin-layer chroma-
tograms identifying the nucleotides flanking the [*2P]phosphate in
the indicated variants. (A) Digestion to nucleoside 3’-monophosphates
with mixed nucleases. (B) Digestion to nucleoside 5-monophosphates
with snake venom phosphodiesterase.
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FIGURE 4: Autoradiograms of gels analyzing the products of ribo-
nuclease A (A) or ribonuclease T, (B) digests of the indicated variants.
The lanes marked OH contain a partial alkaline digest of 5'-*2P-labeled

21-mer, and those marked M are a mixture of standards 21, 15, and
4 nucleotides in length.
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adjoining bases. Thus, in each synthesis, the desired product
was recovered and shown to have the characteristics predicted
on the basis of its presumptive sequence.

Coat Protein Binding to Truncated Variants. The results
of coat protein binding experiments with 1, the 21-nucleotide
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froction RNA bound

fraction RNA bound

10 108 107
[coat protein], M

FIGURE 5: Coat protein binding to variants truncated at the 3’ terminus
(A) or the 5’ terminus (B) in TMK buffer at 2 °C. K, values which
can be reliably determined are 3 X 10% (1), 4 X 108 (5), 2 X 10® (6),
and 5 X 107 (7) ML,

fragment synthesized by Krug et al. (1982), and with five
variants truncated on the 3’ terminus are compared in Figure
SA. As successive nucleotides are removed from the 3’ ter-
minus of the 21-mer, K, at first does not change and then drops
abruptly, indicating the edge of the binding domain. Thus,
variants S and 6, which are missing one and two 3’-terminal
nucleotides, bind the protein just as well as 1. Variant 7, which
terminates at A, has a 4-fold lower K, than 1, and variant
8, which terminates at C_,, has an estimated K, 50-fold lower
than 7. Little binding is detectable for 9, which terminates
at C_,. It is unclear exactly which nucleotide constitutes the
3’ terminus of the binding domain. The relatively small dif-
ference in K, between variants 6 and 7 suggests that U, may
contact the protein weakly. Alternatively, U, may be required
to help position nearby nucleotides for proper protein binding.
The low K, for variant 8 clearly implicates A, as part of the
protein binding site. Since 8 terminates with a 3’-hydroxyl
and 7 with a 3-phosphate, the 50-fold difference in K, between
7 and 8 is the result of removing two phosphates and nucleoside
A+1.

Three nucleotides can thus be removed from the 3’ terminus
of the 21-mer without substantially altering its affinity for the
protein. This result clearly shows that the base pairs at the
bottom of the hairpin stem are dispensable. The much lower
K, for the variant missing A, may be the result of deleting
an essential contact between the protein and the A, -U_;, base
pair. Alternatively, the A, -U_;, base pair may be essential
for maintaining the correct structure in the upper part of the
stem. Although a hairpin loop with three G-C base pairs and
a bulged nucleotide would be expected to be stable at 2 °C,
extensive fraying of the terminal base pair could alter the
environment of the potentially important A_,,. The presence
of the A,,-U_,, base pair would reduce such fraying and
maintain proper orientation of the upper part of the hairpin
loop.

Coat protein binding to a series of variants truncated on the
5’ terminus is shown in Figure 5B. Although the series is less
complete, a similar picture emerges. In this case, variant 2,
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which lacks only A_,;, already binds with a greatly reduced
K,, indicating that this nucleotide is essential. Variants 3 and
4, which lack four and seven nucleotides from the 5’ terminus,
respectively, show no detectable binding. Since extending the
sequence of 1 further in the 5’ direction does not increase K,
(Carey et al., 1983), the edge of the binding site is at A_;,.
Since A_, is in a single-stranded portion of the molecule, it
is most likely that A_, directly contacts the protein and
thereby contributes to K,. The interaction of A_;; with the
protein appears to be insensitive to the secondary structure
of the RNA. Since residues G,; and U4 can be removed
without affecting K,, residues C_,, and A_;5 do not need to
be base paired for proper interaction of A_;; with the protein.
In addition, elongating the 21-mer with two U residues on the
3’ end, forming two additional base pairs, does not lead to
altered coat protein binding (J. Carey, V. Cameron, M. Krug,
and P. de Haseth, unpublished results). Thus, A_;; can be base
paired and still interact normally with the protein. These data
suggest that the contact between A_;; and the coat protein is
more likely to involve the sugar-phosphate backbone than the
base functional groups. Variants with sequence changes at
position —17 will be required to establish this point.

Variants at Positions —4 and —5. The coat protein binding
properties of variants in which the adenine at position -4 is
replaced by each of the other common bases are shown in
Figure 6A. In each case, very poor binding of variant RNAs
is observed. Even at the highest protein concentration used
(5 uM), the binding curves do not reach saturation. Although
it would be possible to estimate values of K, for these variants
by extrapolation, at least two limitations of the assay make
it unlikely that such values would be accurate. First, when
the input coat protein concentration in the assay exceeds 100
nM, uncomplexed protein bound to the filter is capable of
binding free RNA passing through the filter (Carey et al.,
1983). This effect could lead to an erroneously high estimate
of K, for variants which bind poorly. Second, coat protein is
known to aggregate at concentrations above 10 nM (Shaf-
ranski et al.,, 1975). Since the RNA binding properties of the
aggregates are unknown, it is difficult to evaluate the filter-
bound radioactivity at high protein concentrations.

A third potential difficulty in evaluating weak K, values with
the filter binding assay is that the complex might undergo
significant dissociation during the filtration time. Since the
half-life of the complex with 1 is about 1 min and the filtration
time is a few seconds, variants with K, values 100-fold weaker
than 1 might be expected to dissociate during filtration. This
possibility was tested by obtaining a binding curve for variant
15 with or without two 1-mL washes of binding buffer. Just
as was previously found for 1 (Carey et al., 1983), washing
the filter did not alter the binding curve. It is thus unlikely
that dissociation of complexes on the filter alters the K, ob-
served for variants.

Although it is not possible to deduce the K, values for
variants 10, 11, and 12 from the data in Figure 6A, it is clear
that a substantial reduction in K, occurs when the adenine is
changed to any other base. These data therefore clearly
identify A_, as a site of contact with the protein. The inter-
action appears to be highly specific at this site since neither
another purine nor bases with some of the same functional
groups can even partially replace the adenine.

As shown in Figure 6B, the result of making single base
substitutions at position ~5 in the hairpin loop is somewhat
different from the effects seen at the adjacent position. The
magnitude of the effect on coat protein binding of a base
change at position —5 depends on the identity of the replace-
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FIGURE 6: Coat protein binding to variants at positions —4 and -5
in TMK buffer at 2 °C. (A) Variants 1 (0), 10 (4), 11 (®), and
12 (@) which contain the indicated nucleotide at position —4 and variant
16 (O) containing the change at positions —4 and —5. (B) Variants
1(0), 13 (A), 14 (m), and 15 (@) which contain the indicated nu-
cleotide at position —5. K, values which can be reliably determined
are 3 X 108 (1), 4 X 106 (13), 1.5 X 10° (14), and 4 X 107 (15) M.

ment base. Changing U_s to an adenine results in only about
a 10-fold decrease in K,, while changing it to a guanine results
in about a 100-fold decrease. These data suggest that the base
substitutions not only prevent formation of one or more con-
tacts between the coat protein and the uracil at ~5 but also
may introduce unfavorable constraints that prevent additional
contacts as well. The adenine at this position is in some way
less disruptive than the guanine.

The substitution of U_s with a cytosine results in a variant
which binds slightly better than 1 to coat protein. Although
the data are somewhat variable, several determinations with
the same set of protein dilutions give a K, for the C variant
about 5-fold higher than the natural sequence. It is therefore
clear that the contact between coat protein and the RNA at
position —5 must involve structural features common to both
pyrimidines. The reason the variant containing cytosine ac-
tually binds somewhat better than that containing uracil is
presently unclear.

Variant 16 (Figure 6A) is a double substitution in which
positions U_sA_, are changed to A_sC_,. This variant does not
bind coat protein to an appreciable extent. Since the U —
A substitution has only a small effect on K, it is presumably
the A — C substitution that is primarily responsible for the
poor binding.

Other Variants. The three base pairs which comprise the
upper part of the helix appear to be essential for coat protein
binding. Variant 17, in which G_g and G_ are replaced with
A residues, and variant 21, which substitutes C_;, C_;, and C_;
with A residues, do not bind coat protein to a detectable extent
(Figure 7). Variant 19, which is missing one of the C residues
and therefore cannot make all three G-C pairs, also fails to
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bind coat protein. Since these three variants disrupt the
secondary structure in addition to changing the nucleotide
sequence of the binding site, it is not possible to determine
whether the three G-C base pairs directly contact the protein
or are needed simply to maintain the orientation of essential
single-stranded residues. In an attempt to distinguish between
these possibilities, two variants were prepared which were
expected to maintain the secondary structure but change the
sequence. Variant 22 replaces C_, and C_; by U residues and
should thus permit two adjacent G-U pairs to form in the upper
part of the helix. The finding that 22 does not bind coat
protein suggests that an essential contact in the helical region
has been lost. However, the low stability of adjacent G-U pairs
and the possibility that 22 can adopt two alternate secondary
structures prevent this from being a firm conclusion.

Variant 24 was constructed to determine the effect on coat
protein binding of replacing the G-C base pairs by A-U pairs.
However, as shown in Figure 8, 24 can adopt three alternate
conformations only one of which is similar to 1. Free-energy
calculations suggest that the conformation which is similar to
1is less favored than the other two. For this reason, it is not
surprising that 24 does not bind coat protein. It will be
necessary to construct variants which cannot adopt alternate
conformations to evaluate the role of the G-C pairs.

A striking feature of the coat protein binding site is the
bulged A at position —~10. Variant 18, in which A_j, is deleted,
shows little detectable interaction with coat protein, suggesting
that this nucleotide is also essential for protein binding.
However, since essential contacts at A_;; and U_; are located
on either side of A_jq, it is possible that the deletion disrupts
binding by changing the distance between these two contacts.
Although it was not possible to easily construct base substi-
tutions at position 10, two variants were prepared which could
potentially alter the conformation in the neighborhood of —10.
As shown in Figure 8, variant 23 can potentially form an A-U
base pair by using A_;; and have G_;, as a bulged nucleotide.
Variant 23 binds rather well to coat protein, with a K, only
about 10-fold below that of 1. However, since 23 can also
adopt an alternative conformation with a G-U pair that re-
sembles 1 (Figure 8), it seems more likely that the good
binding observed is due to this alternate conformation and not
to one with a paired A_,, residue.

Variant 20 contains an extra cytidine in the upper part of
the helix. Either this molecule can have a conformation which
places the extra nucleotide opposite A_,,, creating an internal
loop, or it can form a five-residue loop and have the correct
placement of A_, (Figure 8). Since variant 20 binds poorly
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to coat protein, it is likely that both these conformations disrupt
the interaction with the protein. The five-residue loop in the
one conformation disrupts essential contacts at —4 and -5, and
the internal loop in the other conformation disrupts a contact
at —10. In any case, although other variants must be made
to confirm the point, it appears likely that A_;; must be present
as a bulged nucleotide for effective protein binding.

Discussion

In the case of several DNA binding proteins, systematic
analysis of protein binding to variant DNAs has been used to
develop detailed models of the number and types of interactions
in the protein—nucleic acid complex. A decrease in K, for
protein binding to a variant compared to the natural sequence
has been interpreted as resulting from the loss or disruption
of one or more stabilizing contacts between the protein and
the DNA. Analysis of a variety of natural and synthetic
variants of the /ac operator enabled Caruthers (1980) to
propose that the /ac repressor protein contacts several nu-
cleotides on one face of the operator DNA helix. Similarly,
Ohlendorf et al. (1982) estimated the number of hydrogen
bonds involved in contacts between cro protein and its primary
DNA binding site in A Og3 from the reduced K,’s of mutant
and secondary operator sites.

In the R17 case, virtually nothing was known about the coat
protein binding behavior of natural variants, nor was chemical
modification data available. Therefore, two general consid-
erations governed the choice of synthetic variants made in this
work. First, it was necessary to prepare a series of RNA
molecules with alterations at a wide range of positions so that
a general idea of the size and complexity of the binding site
could be obtained. Since the binding site consists of a hairpin
loop of four nucleotides with a single bulged adenine in the
stem, these structural features were especially of interest. The
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second major consideration in the choice of variants was the
ease of synthesis. The branched scheme used in the synthesis
of the native sequence was designed to make use of six easily
obtained short oligomers. The protocols for variants prepared
in this work avoided any major departures from the general
protocol and concentrated on making changes at positions
where new short oligomers could efficiently be introduced.
Later experiments will attempt more complicated syntheses
as they become necessary.

The binding of coat protein to each variant was determined
with a nitrocellulose filter assay by varying the concentration
of coat protein at a constant low concentration of labeled
RNA. Although it is not an equilibrium method, this assay
was previously shown to give a valid measure of the equilibrium
constant for coat protein binding to the wild-type 21-mer
(Carey et al., 1983). A major disadvantage of this assay is
that, due to the uncertainties about coat protein aggregation
and filter surface effects, the accuracy of K, values below about
107 M™! is unknown. Since many of the variants bind less well
than 107 M}, it is not possible to assess the contribution of
a given nucleotide to the total X, of the interaction.

The interpretation that a decrease in the K, of a variant is
due to alteration of a contact with the protein is complicated
by the structure of RN A molecules. A precise structure ap-
pears to be an important requirement for specific binding of
coat protein to the natural 21-mer sequence (Carey et al.,
1983). Although we know that the natural sequence adopts
a hairpin loop structure as depicted in Figure 1, the secondary
structure of each variant has not been determined. Since some
of the variants are predicted to have altered secondary
structures, a decrease in K, may be due to structural rear-
rangment in these RNA molecules. We cannot distinguish
this case from simple loss of a protein contact.

Although the collection of variants presented here is in-
complete, the general features of the RNA binding site are
relatively clear. The size of the binding site was determined
to extend from A_j; to A,; by measuring the K, of variants
shorter than the 21-nucleotide fragment. These results agree
quite well with the less quantitative selection experiments of
Carey et al. (1983). The binding domain is asymmetric with
respect to the hairpin secondary structure of this region. It
is clear that the upper portion of the hairpin loop, encom-
passing residues —12 to +1, is essential for protein binding.
This conclusion is substantiated by the fact that variants with
additions, deletions, or substitutions in this region or variants
in which the upper four base pairs are disrupted all show
reduced values of K,. On the other hand, a base-paired
structure in the lower part of the hairpin does not appear to
be necessary for protein binding, since residues Uy, to Uy,
can be deleted without affecting K,. Since deletion of A_;,
results in a very large decrease in K, it is clear that this residue
is part of the binding site. Thus, taken together, the affinities
of these variants can be understood in terms of protein contacts
with two different locations of the RNA molecule: the upper
part of the hairpin loop and the 5’-terminal A residue.

Two presumably independent sites of contact between the
coat protein and a single-stranded region of the RNA were
studied in greater detail by substituting each of the three
common bases for the naturally occurring base. Changing the
adenine at position —4 to any of the other bases reduces X,
dramatically. Although the magnitude of the decrease in K,
is not known with certainty, it seems quite large considering
that only 1 base in 21 was altered. In contrast, single base
pair replacements in the /ac operator typically give relatively
small (5-50-fold) reductions in K, for the Jac repressor (Gilbert
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et al., 1975; Goeddel et al., 1978). It is possible that the
single-stranded structure of A_, permits more extensive contact
between the nucleotide and the coat protein than generally
occurs with DNA binding proteins. More extensive contact
could result in a much larger contribution of a single nucleotide
to the total binding free energy and a greater decrease in K,
upon substitution. Another protein—nucleic acid interaction
which appears to be very sensitive to single base substitution
is the interaction of tRINA with its cognate synthetase.
Substitution of single nucleotides in the anticodon of E. coli
tRNASY and tRNAM® can cause greater than thousandfold
reductions in the rate of aminoacylation (Squires & Carbon,
1971; Schulman & Pelka, 1977; Schulman et al., 1983).

The interaction between coat protein and the uracil at
position —5 seems to be quite different than the interaction at
-4. The substitution of bases for U_s does not lead to as large
a reduction in K, suggesting that fewer or less extensive
contacts are made at this position. In addition, the value of
K, obtained depends upon the particular substitution made.
This result is also observed at several locations in /ac (Betz
& Sadler, 1981) and cro (Johnson et al., 1979) operators and
suggests that the substituting bases can accommodate the
protein to different extents. Because each base may be the
site of more than one contact with the protein, some contact
sites will be only partially fulfilled by certain base substitutions.
Furthermore, some base replacements could additionally de-
stabilize the interaction by preventing contacts with other sites
nearby.

It is particularly interesting that the substitution of U_s by
a C leads to a tighter binding variant. This result shows that
the binding site sequence was selected to give a particular value
of the equilibrium constant, rather than the highest possible
one. An R17 mutant having a C at position —5 would make
less replicase protein because translational repression would
occur earlier during infection at a lower coat protein con-
centration.

Two other potential sites of interaction between coat protein
and RNA are at A_jj and A_;. Since these two sites have
been identified only by the fact that their deletion reduces X,
considerably, much less is known about them than about sites
where base substitutions were made. It is interesting to note
that the analogous region on phage Q8 RNA which binds Q8
coat protein also has a bulged adenine and several 5’ single-
stranded adenines at similar positions (Weber, 1976). The
existence of bulged adenines in the binding sites of several
RNA binding proteins has recently been noted (Peattie et al.,
1981).

Four of the seven single-stranded nucleotides in the binding
hairpin were therefore identified as potential sites of contact
with the protein. These four residues are dispersed over the
entire hairpin, implying that the protein and RNA are in
contact with one another over an extensive area. We have
previously calculated that the sizes of the hairpin and the coat
protein monomer are approximately the same (Carey et al.,
1983). Since the remaining three single-stranded nucleotides
lie within the calculated contact area, they may also bind the
coat protein. In addition, although we have demonstrated the
importance of the hairpin secondary structure, we do not know
whether contacts between the protein and the base-paired
nucleotides occur. Additional variants will be required to settle
these points.

The molecular details of each of the contacts identified here
cannot be determined from the present results. As exemplified
by the case of the lac operator (Goeddel et al., 1978; Ca-
ruthers, 1980) quite subtle functional group replacements are
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required to infer molecular level details. The broad substrate
specificity of RNA ligase (Gumport & Uhlenbeck, 1981)
should permit incorporation of a wide variety of nucleotide
analogues at the contact sites identified here. Such variants
should also be useful for understanding the energetic conse-
quences of alterihg a contact, since the more subtle substitu-
tions are expected to show smaller changes.in X,.
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On the Determination of Deoxyribonucleic Acid-Protein Interaction
Parameters Using the Nitrocellulose Filter-Binding Assay'

Charles P. Woodbury, Jr.,* and Peter H. von Hippel

ABSTRACT: We examine the effects of filter efficiency on
DNA-protein binding data obtained by the popular nitro-
cellulose filter-binding assay. Graphical procedures for de-
termining the efficiency parameter ¢ (for the efficiency of
retention of DNA on the filter, per bound protein molecule)
are established. Filter efficiency modified formulas for de-
termining thermodynamic binding parameters are derived for

'Il‘-ne nitrocellulose filter assay is a popular tool for studying
protein—nucleic acid interactions. As is well-known, double-
stranded DN A binds very poorly to nitrocellulose while many
proteins bind quite strongly; a protein molecule can thus retain
on the filter (more or less efficiently) any double-stranded
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four simple prototypes of DN A—protein binding systems. The
effects of experimental error on discrimination between models
are considered. Finally, we discuss conceptual errors often
made in calculating binding stoichiometry from filter-binding
experiments and suggest a general protocol for the analysis
of filter-binding data.

DNA molecule bound to it, since “free” DNA molecules are
flushed through the filter. Typically, the DNA is radioactively
labeled, and the extent of protein~DNA binding is determined
by liquid scintillation counting of the filter.

A basic difficulty with interpreting results of the assay is
that it monitors only the amount of DNA retained on the filter
rather than the actual number of protein—-DNA complexes in
solution. Thus dissociation of weak complexes during the
course of filtration may bias the results considerably. Further,
since one protein molecule suffices (in general) to bind an
entire DNA molecule to the filter, the assay does not dis-
criminate among DNA molecules carrying one, two, or more
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