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ABSTRACT The Ff gene 5 protein (g5p) is considered to be a nonspecific single-stranded DNA binding protein, because it
binds cooperatively to and saturates the Ff bacteriophage single-stranded DNA genome and other single-stranded polynucle-
otides. However, the binding affinity Kv (the intrinsic binding constant times a cooperativity factor) differs by over an order
of magnitude for binding to single-stranded polynucleotides such as poly[d(A)] and poly[d(C)]. A polynucleotide that is more
stacked, like poly[d(A)], binds more weakly than one that is less stacked, like poly[d(C)]. To test the hypothesis that DNA base
stacking, a nearest-neighbor property, is involved in the binding affinity of the Ff g5p for different DNA sequences, Kv values
were determined as a function of NaCl concentration for binding to six synthetic sequences 48 nucleotides in length: dA48,
dC48, d(AAC)16, d(ACC)16, d(AACC)12, and d(AAACC)9A3. The binding affinities of the protein for these sequences were
indeed found to be related to the nearest-neighbor compositions of the sequences, rather than to simple base compositions.
That is, the g5p binding site, which is spanned by four nucleotides, discriminates among these sequences on the basis of the
relative numbers of nearest neighbors (AA, CC, and AC plus CA) in the sequence. The results support the hypothesis that the
extent of base stacking/unstacking of the free, nonbound ssDNA plays an important role in the binding affinity of the Ff gene
5 protein.

INTRODUCTION

The multifunctional Ff gene 5 protein (g5p) is produced by
the closely related M13, F1, and fd strains of filamentous
bacterial viruses, collectively known as Ff viruses. The g5p
is among the smallest of proteins that bind nonspecifically,
cooperatively, and preferentially to single-stranded DNA
(ssDNA) and are required in the life cycles of viruses,
prokaryotes, and eukaryotes (Alberts et al., 1972; Wold and
Kelly, 1988; Heyer and Kolodner, 1989; Heyer et al., 1990).
The g5p monomer has 87 amino acids and a molecular
weight of 9690, and it exists as a stable dimer, even at
concentrations as low as 53 10210 M (Terwilliger, 1996).
It is a key regulator of the expression and replication of the
Ff phage genome during infection ofEscherichia colibac-
teria. The protein has been most studied for its non-se-
quence-specific binding ability and high cooperativity,
which results in the contiguous binding of g5p dimers to
coat the viral ssDNA genome. The resulting superhelical
structure, a precursor to the mature phage particle, has been
found by electron microscopy to be a left-handed helix
(Gray, 1989), it has been studied by solution scattering
techniques (Gray et al., 1982; Olah et al., 1995), and it has
been modeled by several groups (Skinner et al., 1994;
Folmer et al., 1994; Guan et al., 1995; Olah et al., 1995).
Moreover, the g5p recognizes specific DNA and RNA se-
quences, as discussed below.

High-resolution crystallographic data are available for the
Ff g5p and mutants in the absence of nucleic acid (Skinner
et al., 1994; Guan et al., 1994; Zhang et al., 1996). One
feature that is shared with known structures of other single-
stranded nucleic acid-binding proteins (Pf3 ssDBP, T4
g32p, adenovirus ssDBP, RNA-binding domains of the
small nuclear ribonucleoprotein U1A, the ssDNA-binding
domain ofE. coli topoisomerase I, theE. coli SSB protein,
human replication protein A, andE. coli rho factor) is that
they all use aromatic side chains from proximalb-strands to
interact with bases or to form base-binding concavities
(Folmer et al., 1995, 1997; King and Coleman, 1988;
Shamoo et al., 1995; Yu et al., 1995; Raghunathan et al.,
1997; Bochkarev et al., 1997; Briercheck et al., 1998; Al-
lison et al., 1998).

G5p binds to specific RNA sequences to autoregulate
translation of its own mRNA, and it regulates translation of
mRNAs for other viral genes (Zaman et al., 1991, 1992).
The RNA binding sequences have weak homology and are
devoid of obvious secondary structure, but are rich in ura-
cils. The translational regulation by g5p is very different
from that described for the autoregulation of phage T4 g32p,
which depends on binding to an unstructured sequence of
unique length terminated by hairpins (von Hippel et al.,
1982). In vitro, the g5p binds preferentially to the 16-mer
DNA analog of the gene 2 mRNA binding sequence, so this
DNA sequence might function as a nucleation site for
cooperative binding of g5p to nascent viral ssDNA mole-
cules (Michel and Zinder, 1989). A (G1 C)-rich dsDNA
hairpin of 32 bp is oriented at one end of the g5pz ssDNA
intracellular complex (Bauer and Smith, 1988) and remains
at one end of the mature phage after exchange of g5p for the
g8p coat protein (Ikoku and Hearst, 1981; Webster et al.,
1981). An analysis of the effects of g5p mutations has
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identified a set of five amino acid residues that differentially
affect the processes of DNA packaging and RNA transla-
tional repression (Stassen et al., 1992). These residues are
located in a region of the protein distant from the DNA
binding site, but they apparently affect the ability of the
protein to conform to different nucleic acid structures and/or
sequences.

How the protein distinguishes among different DNA or
RNA sequences is not known. Like most other single-strand
DNA-binding proteins, g5p binds more tightly to some
homopolymers (e.g., poly[d(T)], poly[d(U)], and poly[d(C)])
than to others (e.g., poly[d(A)]; Newport et al., 1981; Po¨rschke
and Rauh, 1983; Bulsink et al., 1985; Overman et al., 1988;
Sang and Gray, 1989a; Lohman and Bujalowski, 1990;
Ferrari and Lohman, 1994). The measured binding affinity
of g5p for poly[r(U)] is greater than its affinity for
poly[r(A)] at 5°C, but the binding preferences are calculated
to be reversed at 37°C (Bulsink et al., 1985). From1H NMR
studies by Alma et al. (1983b), a specific overlap of Phe-73
with the five-membered ring of bound d(A)25–30 was pro-
posed. Other NMR studies also showed the interaction of
aromatic residues (Tyr-26 and Phe-73) in the DNA binding
loop of the protein with bound nucleotides (King and
Coleman, 1988; Folkers et al., 1993). The binding site has
recently been modeled using the crystallographic structure
(Guan et al., 1995), and NMR data have been used to model
the site with a bound oligonucleotide tetramer (Edwards et
al., 1997). These studies all suggest that there is some direct
interaction between residues of the protein and the bases of
bound nucleotides, which are perturbed from their single-
stranded conformation. A question is whether such interac-
tions confer binding preferences for certain bases.

The binding site of each g5p monomer accommodates
four nucleotides in the most stable binding mode (Kansy et
al., 1986). The g5p lends itself to a nearest-neighbor test of
the influence of nucleic acid sequence on binding affinity,
because of the protein’s small binding site size and large
protein dimer-dimer cooperativity factor. Homopolymers
and simple sequences of three or five nucleotide repeats
readily sample the possible positions of each nearest-neigh-
bor within the binding site, while retaining the sensitivity of
nearest-neighbor effects provided by simple sequence re-
peats. We chose to study ssDNA sequences because (a) an
important function of g5p is to form a specific complex with
the circular ssDNA phage genome, (b) the g5p is a model
for other ssDNA-binding proteins, (c) differences in binding
affinities for ssDNA cover a large range of experimental
values, and (d) ssDNA is less subject to degradation than
ssRNA. With this system, we have been able to show that
differences in the binding affinity for DNA sequences of A
and C bases are nearest-neighbor in their origin. This im-
plies that specific protein-base interactions may be less
important in determining sequence-dependent binding af-
finities than interactions between nucleotides in the free
nucleic acid.

MATERIALS AND METHODS

Protein and oligomers

Wild-type Ff g5p was isolated fromE. coli infected with fd virus as in
previous work (Gray, 1989; Thompson et al., 1998). The purity was
.96–99%, as determined by digital analysis of bands stained with Coo-
massie Blue on 18% sodium dodecyl sulfate-polyacrylamide gels. Protein
concentrations were determined from absorption measurements using a
molar extinction coefficiente(276) of 7074 M21 z cm21 (Day, 1973). Six
oligomers, each 48 nucleotides long, were purchased from Oligos Etc.
(Wilsonville, OR). The sequences were dA48, dC48, d(AAC)16, d(ACC)16,
d(AACC)12, and d(AAACC)9A3. Their concentrations were determined
from absorption measurements ande(260) values of 12,030, 7,440, 10,600,
9,090, 9,820, and 10,400 M21 z cm21, respectively, determined as in Gray
et al. (1995).

UV absorption and CD measurements

UV absorption spectra were measured in Cary model 118 (Varian Asso-
ciates, Houston, TX) and Olis-modified Cary model 14 (On-Line Instru-
ment Co., Bogart, GA) spectrophotometers. CD spectra were measured
using Jasco models J710 and J500A spectropolarimeters (Jasco, Easton,
MD). Spectra were taken at 206 0.5°C with samples in 1.0–2.0-cm path
length cylindrical cells or rectangular cuvettes. Run scan speeds were 50
nm/min (J710) or 0.5 nm/s (J500A), the sensitivity was 50 mdeg/cm,
response times were generally 1 s, and spectra with the J710 were the
averages of four to six accumulations. Spectropolarimeters were calibrated
as described by Gray et al. (1995). CD spectral data from the J710 were
collected at 0.1-nm intervals and smoothed by the Savitzky and Golay
(1964) method over 99 points with a third-order function. Data from the
J500A were collected at 0.1-nm intervals and then subjected to two rounds
of averaging by a seven-point quadratic function; spectra containing every
10th point were finally smoothed by a 13-point quadratic-cubic function
(Savitzky and Golay, 1964). Baselines were subtracted before Savitzky-
Golay smoothing. The smoothed CD data were plotted at 1-nm intervals as
eL 2 eR in units of M21 z cm21, per mol of nucleotide.

Titrations of oligomers with g5p

Titrations of different oligomers with gene 5 protein were performed as
described by Kansy et al. (1986). The buffer was 2 mM Na1 (phosphate),
5 mM Tris-HCl, and 0.1 M NaCl (pH 7.6), except that titrations of dA48

were at a lower NaCl concentration of 0.05 M. Final nucleotide concen-
trations were 4–73 1025 M in titrated g5pz oligomer complexes. The
volume of added g5p was calculated by weighing before and after each
addition.

Salt dissociations

Complexes formed at 1:4 protein monomer/nucleotide ratios in the above
buffers, with g5p concentrations ranging from 3.2 to 20.1mM, were
dissociated by increasing the salt concentration with weighed aliquots of a
4 M NaCl solution. The density of the salt solution was taken into account
in calculating salt concentrations and sample dilution. Corrections to the
plotted dissociation data to account for protein dilution during salt titra-
tions, relative to the protein concentration at the 50% dissociation value,
were imperceptible. Light scattering due to protein precipitation during salt
dissociations was minimal. The UV absorption at 320 nm for complexes (at
a [protein monomer]/[nucleotide] molar ratio, [P]/[N], of 0.25 and at the
highest protein and salt concentrations) ranged from 4.3 to 7.5% of the
absorption at 260 nm of the respective complexes in the starting buffers.

The fraction of dissociated complex was monitored by CD spectros-
copy. CD values at 270 or 280 nm for free oligomers in 2 mM Na1

(phosphate), 5 mM Tris-HCl, with 1.0 M or 1.5 M NaCl were taken as
reference values for completely dissociated complexes. The percent disso-
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ciation was equal to 1003 {CD(free oligomer at high [NaCl])2 CD-
(complex at given [NaCl])}/{CD(free oligomer at high [NaCl])2 CD-
(saturated complex)}. Dissociation curves, plotted as percent dissociation
(Y) as a function of [NaCl] (X), were fitted by the following nonlinear
function, using a Marquardt-Levenberg algorithm as programmed in Sig-
maplot (Jandel Scientific Software, San Rafael, CA):

Y5 1003 $1 2 1/@1 1 ~X/C!B#%. (1)

C is the desired [NaCl] at the midpoint of the dissociation curve, andB is
the slope at the midpoint. Standard errors of the fits were less than 5%. This
fitting procedure was only used to determine the [NaCl]50 concentration
needed for 50% dissociation. The free protein concentrationL50 at this
[NaCl]50 was related to an apparent binding affinityKvappas discussed in
the next section.

THEORY

Binding to finite lattices

Salt dissociation curves, obtained by monitoring the pertur-
bation of the nucleic acid CD, were highly cooperative for
complexes formed with the 48-mer DNA oligomers (see
Fig. 1). The finite lattice binding model of Epstein (1978)
was used in two sets of calculations to compare with the
measured dissociation data. In the first set, the dissociation
was assumed to be all or none for a given lattice. In the
second set, it was assumed that each lattice contained only
one cluster of bound proteins, where the cluster could be of
any size and at any position on the lattice, and that disso-

ciation occurred from the ends of the cluster. Lattice lengths
were taken to be either 24 or 48 nucleotides, because g5p
dimers could bind to two linear oligomers or to one oli-
gomer folded into a hairpin. The binding site per g5p dimer
was taken to be four nucleotides on each of two strands,
following the simultaneous dimer binding model described
by Terwilliger (1996). For the relatively simple all-or-none
and one-cluster models in which the number of cooperative
dimer-dimer interactions is fixed relative to the number of
bound dimers per lattice, the fraction of occupied sites,u,
could be calculated for different values of the productKvL.
K is the intrinsic binding constant per dimer,v is the
cooperativity parameter for binding of adjacent g5p dimers,
and L is the concentration of free, nonbound g5p dimers.
Because the total protein concentration,Ltot, was fixed at a
value sufficient to saturate the available sites, thenL 5
Ltot(1 2 u), where (12 u) is the fraction of sites dissociated.

The u was related to [NaCl] by using the equation
log[Kv] 5 c log[NaCl] 1 b, wherec is the measured slope
of the log[Kv]/log[NaCl] relationship andb is the intercept
(Record et al., 1978). This equation allows one to relate
the NaCl concentration, [NaCl]x, for any (Kv)x value to
the [NaCl]50 for the (Kv)50 value at 50% dissociation.
Specifically,

@NaCl]x 5 @NaCl#50$@~Kv!x/~Kv!50#
1/c%

; @NaCl#50$@~~Kv!xLtot!/~~Kv!50Ltot!#
1/c%.

SubstitutingLtot 5 Lx/(1 2 ux) andLtot 5 L50/(1 2 u50),

@NaCl]x

5 @NaCl#50$@~KvL!x~1 2 u50!/~~KvL!50~1 2 ux!!#
1/c%.

(2)

That is, the calculated (KvL)x versus ux values [which
include (KvL)50 at u50] from the all-or-none or one-cluster
models, together with the value of [NaCl]50 from Eq. 1 and
the value of the constantc, give the [NaCl]x concentration
dependence of the fraction of sites dissociated (12 ux) for
a given complex. (The values ofKv from the two models
differed by a constant factor at 50% dissociation, so the
slopesc separately determined from log[Kvapp]50 versus
log[NaCl]50 plots were the same for all-or-none or one-
cluster models.)

The calculated curves for different models are compared
in Fig. 2 with the measured dissociation data for complexes
with two of the oligomers. The data are all plotted relative
to [NaCl] 5 1 M at 50% dissociation. The extremes in
breadth of the measured dissociation data are represented by
the data for complexes with the repeating pentamer
d(AAACC)9A3 and the repeating trimer d(ACC)16. The
all-or-none model closely approximates the dissociation
data above 50% dissociation. Calculated curves for the
all-or-none model with lattices of 24 and 48 nucleotides
were very close on this scale; the curve shown is for the
48-mer lattice. The one cluster model fits the observed data
for d(ACC)16 better at the beginning of the dissociation. We
interpret this to mean that the complexes essentially disso-

FIGURE 1 Representative salt dissociation curves of complexes formed
between Ff g5p and different oligomers. Identical dissociation curves were
obtained by monitoring CD values at 270 nm (E) and 280 nm ({). The
complexes and total g5p concentrations in these examples were (A) g5p z

dA48 with 18.3 mM g5p; (B) g5p z dC48 with 20.1 mM g5p; (C) g5p z

d(AAC)16 with 18.6mM g5p; (D) g5p z d(ACC)16 with 17.2mM g5p; (E)
g5p z d(AACC)12 with 20.0 mM g5p; and (F) g5p z d(AAACC)9A3 with
16.6 mM g5p. Data points were fitted by Eq. 1 as described in Materials
and Methods to give the curves (——) from which 50% dissociation values
were obtained. Data in this and the following figures were all taken at
20°C.
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ciate in an all-or-none fashion except for any incompletely
saturated lattices, or complexes formed between slightly
misaligned DNA strands, which preferentially dissociate at
the beginning of the salt titrations.

Hence, apparent values of the product,Kvapp, per dimer
were derived with the assumption that the dissociation was
all or none by settingKvapp5 1/(2L), whereL was the free
dimer concentration at 50% dissociation. TheseKvapp val-
ues are those described by Terwilliger (1996) for the simul-
taneous binding model but are divided by 2 to correct for the
twofold symmetry of the g5p (Thompson et al., 1998). This
yields the Kvapp for binding of the g5p dimer in one
orientation to two DNA strands (McGhee and von Hippel,
1974; Terwilliger, 1996; Thompson et al., 1998).

The binding constant for binding ofm g5p dimers to a
finite lattice is K(Kv)m21, and the binding constant form
dimers in the midst of an infinite saturated polymer lattice is
(Kv)m. Thus the derived values ofKvapp will be less than
the values ofKvpol for binding to polymers, because, form
adjacent dimers,

~Kvapp)
m 5 K~Kvpol)

m21.

Therefore,

~Kvapp!/~Kvpol! 5 vapp/vpol 5 ~vpol)
21/m. (3)

The binding of g5p dimers to oligomers longer than 16
nucleotides may result in hairpin formation (Cheng et al.,
1996). Therefore, because g5p binds to the 48-mer oligo-
nucleotides in the present experiments with a nucleotide/
protein monomer ratio of 4, there could be as few as six
adjacent g5p dimers bound per 48-mer. This means that
values ofKvapp will be less than those for binding to long
polymers, by at most a factor ofKvapp/Kvpol 5 (vpol)

21/6,
assuming thatK is the same for binding to oligomers and
polymers. If the 48-mer oligomers bind without hairpin
formation, the factor will be (vpol)

21/12. The latter seems to

be the case, as shown below in comparisons of data for
oligomers and long polymers in Table 2. In any case, the
interrelation of binding affinities to oligomers of equal
length by the equations below is not at all affected, if the
values ofvappare the same for binding to all the sequences
involved.

Relationship of binding affinities for
different sequences

If the binding affinity of g5p for a dependent polynucleotide
of mixed base sequence depends on the nucleotide compo-
sition of the sequence, the free energy of binding to the
dependent sequence can be expressed in terms of the bind-
ing to independent homopolynucleotide sequences,i:

DG8~dependent sequence!

5 Oi fiDG8~independent sequencei!,
(4)

where fi is the fraction of nucleotidei in the dependent
sequence. This relationship describes the binding of random
polynucleotides by the T4 phage g32p single-stranded
DNA-binding protein (Newport et al., 1981; von Hippel et
al., 1982). Such binding does not depend on the juxtaposi-
tion of neighboring bases, and it will be termed “zero-
neighbor” binding. The independent sequences need not be
uniform homopolynucleotides, but they must have base
compositions different from that of the dependent sequence,
and there will be appropriate changes in the weighting
factors,fi. In terms of binding affinitiesKvapp for the g5p
dimer,

log@Kvapp(dependent sequence!]

5 Oi filog@Kvapp(independent sequencei!].
(5)

If the cooperativity parameter,vapp, is the same for binding
to all of the sequences involved in Eq. 5,vapp will cancel
and the relationship will only depend on the intrinsic bind-
ing constants,K.

log@K~dependent sequence!#

5 Oi filog@K~independent sequencei!#.
(6)

Zero-neighbor and nearest-neighbor models
compared by singular value decomposition

Two models were considered to explain the relative binding
affinities of g5p to the six oligomer sequences. In the
zero-neighbor model, the binding is dependent on base
composition, and there are six equations like Eq. 5 in two
unknown parameters, log[Kv(A)] and log[Kv(C)], that are
the logarithms of binding constants to individual A and C
bases. (For simplicity, the subscript “app” onv is dropped
in Eqs. 7–9.) The set of six equations to be solved according

FIGURE 2 Comparison of measured salt dissociation data for g5pz

d(ACC)16 (E) and g5pz d(AAACC)9A3 (F) complexes with calculated
curves for the all-or-none model with a 48-nucleotide lattice (——) and for
the one cluster model with 48-nucleotide (— — —) and 24-nucleotide
(- - -) lattices. The lattice in each case is assumed to have two strands for
binding of a g5p dimer by the simultaneous binding model described by
Terwilliger (1996). Plots are all at relative NaCl concentrations, scaled to
[NaCl] 5 1 M for 50% dissociation.
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to the zero-neighbor model was

log@Kv~A48!# 5 log@Kv~A)],

log@Kv~C48!# 5 log@Kv~C!#,

log@Kv~~AAC!16!# 5 0.67 log@Kv~A!#! 1 0.33 log@Kv~C!#,

log@Kv~~ACC!16!# 5 0.33 log@Kv~A!# 1 0.67 log@Kv~C!#,

log@Kv~~AACC!12!# 5 0.50 log@Kv~A!#, 1 0.50 log@Kv~C!#,

and

log@Kv~~AAACC!9A3!# 5 0.625 log@Kv~A!#,

1 0.375 log@Kv~C!#. (7)

In the nearest-neighbor model, parameters for binding to
at least three independent sequence combinations are
needed to define the binding to all dependent sequences
with two types of bases. The simplest set of parameters
consists of log[Kv(AA)], log[Kv(CC)], and log[Kv(AC 1
CA)]. These are the logarithms of binding constants to AA,
CC, and the average of AC plus CA nearest neighbors in the
middle of a DNA sequence. It was assumed in choosing this
set that end effects may be ignored and that the nearest
neighbors may be counted as 48 for a 48-mer (i.e., as if the
sequences were closed), although there are only 47 nearest
neighbors (or fewer if the oligomer forms a hairpin) that are
actually bound by g5p. Without this assumption, more than
three independent sequences are needed to apply the near-
est-neighbor model. Gray (1997a) has reviewed the num-
bers of independent sequences needed to describe a nearest-
neighbor property for polymers and oligomers having two
or more types of bases. The use of only three independent
sequences in the present work was justified by the results
below.

Thus the set of six equations to be solved according to the
nearest-neighbor model was

log@Kv~A48!# 5 log@Kv~AA !#,

log@Kv~C48!# 5 log@Kv~CC!#,

log@Kv~~AAC)16!# 5 0.33 log@Kv~AA !#

(8)1 0.67 log@Kv~AC 1 CA!#,

log@Kv~~ACC!16!# 5 0.33 log@Kv~CC!#

1 0.67 log@Kv~AC 1 CA!#,

log@Kv~~AACC!12!# 5 0.25 log@Kv~AA !#,

1 0.25 log@Kv~CC!# 1 0.50 log@Kv~AC 1 CA!#,

log@Kv~~AAACC)9A3!# 5 0.438 log@Kv~AA !#

1 0.188 log@Kv~CC!# 1 0.375 log@Kv~AC 1 CA!#.

Solutions to the sets of linear Eqs. 7 and 8 were obtained
from least-squares fits of the unknown parameters (two for
the zero-neighbor model or three for the nearest-neighbor

model) to the measured values. From log[Kv] versus
log[NaCl] data, measured values were extrapolated to 0.2 M
NaCl. Such sets of overdetermined equations may be solved
by singular value decomposition (SVD) (Press et al., 1992;
Gray, 1997b). In matrix notation, the above equations are
log[Kv(Dep)]i 5 Nij 3 log[Kv(Indep)]j, where the
[Kv(Dep)]i, i 5 1–6, are the measured values of binding
constants for the six dependent oligomer sequences, the
[Kv(Indep)]j are the values for thej 5 2 or 3 independent
sequences, andNij are the numbers of occurrences of thejth
independent sequence in theith oligomer. SVD ofNij /si

givesUSVt. (si is the standard deviation on log[Kv(Dep)]i
from the linear regression of log[Kv(Dep)]i versus
log[NaCl].) S is a diagonalj 3 j matrix of singular values,
which were all nonzero for the chosen sets of independent
sequences. The columns of the 63 j matrix U are orthonor-
mal basis vectors that together with the significant values of
S and the corresponding rows of thej 3 j matrix Vt (where
t denotes a transpose) provide the best least-squares approx-
imation to the original matrixNij /si. The values of
log[Kv(Indep)]j were obtained fromlog[Kv(Indep)]j 5
(VS1Ut) 3 log[Kv(Dep)]i/si, as described by others
(Press et al., 1992; Compton and Johnson, 1986). Finally,
substituting these values in Eqs. 7 and 8 gave the best-fit
zero-neighbor and nearest-neighbor values for the six values
of log[Kv(Dep)], from which calculatedKv(Dep) were
obtained. These best-fit values could be compared with the
original Kv(Dep) values (see Table 1).

Error analysis

A statistical test of the fit of the models is given by the
probability Q (Press et al., 1992) that thex2 value (where
x2 5 (iu(log[Kvmeas]i 2 log[Kvcalc]i)/siu

2) from a fit to the
data would be larger by chance. A largerQ indicates a better
fit. Values ofQ . 0.1 are adequate and may be acceptable
above 0.001 (Press et al., 1992).

Errors tabulated forKv were calculated from the errors
on log[Kv], which were either the measured standard devi-
ations,s, from linear regressions of log[Kv(Dep)]i versus
log[NaCl] or were the calculated standard deviations from
the variance/covariance matrix of the SVD. As derived by
Bevington and Robinson (1992), the errors,s, in Kv and
log[Kv] are related as follows:s(Kv) 5 s(ln[Kv]) 4
(ln[Kv])/(Kv) 5 2.3033 (Kv) 3 s(log[Kv]).

Models compared by simple zero-neighbor and
nearest-neighbor equations

The SVD of Eqs. 7 or 8 above is a means of deriving a
simultaneous best fit to measured values of log[Kv] for all
six oligomers. However, the value of log[Kv] for any one
individual (dependent) sequence can be expressed in terms
of the values for the remaining five (independent) se-
quences. Many combinations of independent sequences are
possible, because only two or three of the remaining five are
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needed for the zero-neighbor or nearest-neighbor approxi-
mations, respectively. We chose to use just dA48 and dC48

as the independent sequences for zero-neighbor calculations
of log[Kv] values of the remaining four sequences
d(AAC)16, d(ACC)16, d(AACC)12, and d(AAACC)9A3. The
combinations we chose for nearest-neighbor calculations for
these four sequences were as follows:

log@Kv~~AAC!16!# 5 $3 log@Kv~~ACC!16!#

1 log@Kv~A48!# 2 log@Kv~C48!#}/3,

log@Kv~~ACC!16!# 5 $3 log@Kv~~AAC!16!#

1 log@Kv~C48!# 2 log@Kv~A48!#}/3,

log@Kv~~AACC!12!# 5 $3 log@Kv~~AAC!16!#

1 3 log@Kv~~ACC!16!# 1 log@Kv~A48!#

1 log@Kv~C48!#}/8,

log@Kv~~AAACC)9A3!# 5 $4 log@Kv~~AACC!12!#

1 3 log@Kv~~AAC!16!# 1 3 log@Kv~~ACC!16!#

1 5 log@Kv~A48!#, 1 log@Kv~C48!#}/16. (9)

As for the SVD analysis, it was assumed that end effects
could be ignored (i.e., that the sequences were closed). In
Eqs. 9, each repeating trinucleotide sequence was chosen to
be dependent on dA48 and dC48 and the other repeating
trinucleotide. Equations for the repeating tetranucleotide
and pentanucleotide sequences expressed the nearest neigh-
bors in terms of all possible simpler sequences, weighted so
that the AC plus CA neighbors in the independent se-
quences were equally represented.

Analogous equations can be set up in terms of any near-
est-neighbor property. Equations analogous to Eq. 9 were
used to calculate CD spectra of the free and complexed
dependent oligomer sequences.

RESULTS

CD changes during formation and NaCl
dissociation of complexes

Titrations of five of the DNA oligomers, dC48, d(AAC)16,
d(ACC)16, d(AACC)12, and d(AAACC)9A3, with wild-type
Ff g5p were carried out in a buffer of 2 mM Na1 (phos-
phate), 5 mM Tris-HCl, and 0.1 M NaCl, pH 7.6. The
slightly elevated pH and 0.1 M NaCl were needed to elim-
inate the self-complexed form of dC48. The CD spectrum of
free dC48 (Fig. 3 B, inset) was that of single-stranded dC48.
Sequences with hemiprotonated C1 z C base pairs have
large positive and negative CD bands at 286 and 265 nm,
respectively, that were absent under these conditions (Gray
et al., 1988). The buffer for titration of dA48 contained only
0.05 M NaCl, because the binding affinity was weakest for
this oligomer and stoichiometric binding was desired. All of
the data were taken at 20°C.

The insets to Fig. 3 show representative spectra from
titrations of each of the six DNA oligomer sequences with
g5p. The addition of g5p caused the positive CD bands of
the nucleic acids at wavelengths above 260 nm to decrease
in magnitude or become negative. On this scale, the g5p has
negligible CD at wavelengths above 250 nm, and the CD in
this region reflects changes involving the DNA base chro-
mophores. The DNA CD changes result from the change in
nucleic acid conformation needed to span the binding sites
in the interior of a left-handed superhelical structure (Gray,
1989; Olah et al., 1995; Thompson et al., 1998). Although
the overall superhelical structure is left-handed, there could
be residual right-handed base stacking, as inferred from the
CD of complexes formed with poly[r(A)] (Sang and Gray,
1989b). Specifically, the changes in the DNA bands at long
wavelengths (Fig. 3,insets) are reminiscent of dehydration
effects on dsDNA (Johnson, 1996; Greve et al., 1987a,b). At
shorter wavelengths, CD bands of g5p and DNA overlap. A
tyrosyl CD band at 229 nm increases in magnitude because
of the additions of g5p, but the relative increase is not as
great as would be predicted from the known amount of
added g5p, because of the perturbation of a single tyrosine
(Tyr-34) at the interface of cooperatively bound proteins
(Day, 1973; Kansy et al., 1986; Mark et al., 1995; Thomp-
son et al., 1998). Making use of a Y34F mutant protein, we
found that CD bands of poly[d(A)] and fd ssDNA below
250 nm are perturbed as if the bases were partially un-
stacked by heating to 70–80°C (Mark and Gray, 1997).
Thus changes in the nucleic acid upon binding g5p are
qualitatively similar to the combined effects of dehydration
plus heating, with no obvious CD contributions from inter-
actions between the DNA bases and protein chromophores
at wavelengths above 210 nm (Mark and Gray, 1997).

The changes in absorbance at 260 nm upon forming
complexes at [protein monomer]/[nucleotide] molar ratios,
[P]/[N], of ;1/4 with dA48, dC48, d(AAC)16, d(ACC)16,
d(AACC)12, and d(AAACC)9A3 were, respectively, 12.8,
23.8, 3.6,24.2, 1.2, and 3.8% (with a maximum error
range of61.9%). These values were determined as 1003
[OD(complex) 2 OD(free nucleic acid)2 OD(free pro-
tein)]/[OD(free nucleic acid)1 OD(free protein)]. The
hyperchromicity of the d(AA)-containing oligomers and
hypochromicity or reduced hyperchromicity of d(CC)-con-
taining and d(AC1 CA)-containing oligomers were con-
sistent with previous results that poly[d(A)] is 17.5–21.7%
hyperchromic, whereas the pyrimidine polymers poly[d(C)]
and poly[d(AC)] are both hypochromic (10.8% and 7.8%,
respectively) upon complex formation with g5p (Sang and
Gray, 1989a). By this measure, neighboring d(A) bases
interacted less, whereas neighboring d(C) and alternating
d(AC) bases interacted more in the bound state than in the
free oligomers. These absorption data are in agreement with
the CD data that the free d(C)-rich oligomers were initially
single-stranded and less stacked than the free d(A)-rich
sequences and that after binding there was residual interac-
tion between neighboring bases.
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The main panels of Fig. 3 show representative CD spectra
during salt dissociations of the six g5pz oligomer com-
plexes. The complexes were all initially formed at a [P]/[N]
ratio of 0.25. At increasing NaCl concentrations, the com-
plexes dissociated, so the spectra above 260 nm had restored

positive bands and became essentially like those of the
respective free oligomers at comparably high salt concen-
trations (i.e., the dashed curves). The 229-nm band of the
complexes also increased as the complexes dissociated,
because of the relaxation of the perturbation of Tyr-34 (Fig.

FIGURE 3 Main panels show representative CD
spectra during example salt dissociations of the various
g5p z oligomer complexes formed at [P]/[N] ratios of
1:4. Insets show representative CD spectra during titra-
tions of the oligomers with g5p. The starting buffer was
2 mM Na1 (phosphate), 5 mM Tris-HCl, 0.1 M NaCl,
pH 7.6, for all of the oligomers except dA48, for which
the starting buffer contained 0.05 M instead of 0.1 M
NaCl. (A) Main panel: Salt dissociation of g5pz dA48;
NaCl concentrations were 0.05 M (——), 0.10 M (E),
0.12 M (‚), 0.15 M (h) and 0.22 M ({). The CD
spectrum of free dA48 at 1.0 M NaCl (- - - -) is shown
for reference. The [g5p] was 7.0mM in this sample.
(Inset) CD titration of dA48 with g5p; [P]/[N] ratios
were 0.00 (——), 0.05 (E), 0.10 (‚), 0.15 (h), and 0.25
({). (B) Main panel: Salt dissociation of g5pz dC48;
NaCl concentrations were 0.10 M (——), 0.50 M (E),
0.67 M (‚), 0.83 M (h), and 1.10 M ({). The CD
spectrum of free dC48 at 1.5 M NaCl (- - - -) is shown
for reference. The [g5p] was 8.2mM in this sample.
(Inset) CD titration of dC48 with g5p; [P]/[N] ratios were
0.00 (——), 0.10 (E), 0.19 (‚), 0.22 (h), and 0.26 ({).
(C) Main panel: Salt dissociation of g5pz d(AAC)16;
NaCl concentrations were 0.10 M (——), 0.24 M (E),
0.38 M (‚), 0.48 M (h), and 0.64 M ({). The CD
spectrum of free d(AAC)16 at 1.0 M NaCl (- - - -) is
shown for reference. The [g5p] was 9.3mM in this
sample. (Inset) CD titration of d(AAC)16 with g5p;
[P]/[N] ratios were 0.00 (——), 0.05 (E), 0.10 (‚), 0.19
(h), and 0.25 ({). (D) Main panel: Salt dissociation of
g5p z d(ACC)16; NaCl concentrations were 0.10 M
(——), 0.56 M (E), 0.67 M (‚), 0.78 M (h), and 1.03
M ({). The CD spectrum of free d(ACC)16 at 1.5 M
NaCl (– – –) is shown for reference. The [g5p] was 11.4
mM in this sample. (Inset) CD titration of d(ACC)16

with g5p; [P]/[N] ratios were 0.00 (——), 0.07 (E), 0.13
(‚), 0.19 (h), and 0.26 ({). (E) Main panel: Salt dis-
sociation of g5pz d(AACC)12; NaCl concentrations
were 0.10 M (——), 0.29 M (E), 0.48 M (‚), 0.66 M
(h), and 0.92 M ({). The CD spectrum of free
d(AACC)12 at 1.0 M NaCl (- - - -) is shown for refer-
ence. The [g5p] was 12.3mM in this sample. (Inset) CD
titration of d(AACC)12 with g5p; [P]/[N] ratios were
0.00 (——), 0.09 (E), 0.14 (‚), 0.23 (h), and 0.27 ({).
(F) Main panel: Salt dissociation of g5pz

d(AAACC)9A3; NaCl concentrations were 0.10 M
(——), 0.23 M (E), 0.37 M (‚), 0.44 M (h), and 0.89
M ({). The CD spectrum of free d(AAACC)9A3 at 1.0
M NaCl (- - - -) is shown for reference. The [g5p] was
11.9 mM in this sample. (Inset) CD titration of
d(AAACC)9A3 with g5p; [P]/[N] ratios were 0.00
(——), 0.05 (E), 0.10 (‚), 0.15 (h), and 0.26 ({). CD
data in Figs. 3, 4, and 6 are plotted aseL-eR in units of
M21 z cm21, per mole of nucleotide.
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3, main panels; compare thesolid curveswith the curves
with symbols).

Changes in the nucleic acid CD at wavelengths above 260
nm were used to monitor the binding and salt dissociations.

Binding stoichiometry

CD titrations of oligomers were performed in the presence
of 0.05 or 0.1 M NaCl, as described above. Plots of the
changes in the long-wavelength CD bands of the oligomers
at increasing [P]/[N] ratios are given in Fig. 4. Changes in
the CD bands of the oligomers were essentially stoichio-
metric and proportional to the amount of protein added,
until endpoints were reached at [P]/[N] ratios of 0.24–0.27.
At the NaCl concentrations of 0.05–0.10 M used in these
titrations of oligomers, only one endpoint was observed,
indicative of then 5 4 binding mode (n is the number of
nucleotides bound per g5p monomer). In previous work, CD
titrations of poly[d(A)] and fd ssDNA in 2 mM sodium
(phosphate), pH 7.0, revealed an additional binding mode at
higher [P]/[N] ratios (Kansy et al., 1986; Mark et al., 1995),
but this mode was absent in the present titrations of oli-
gomers at a higher salt concentration (Fig. 4). Titration
endpoints for the oligomers are summarized in Table 1.

Dependence of Kvapp on [NaCl]

Complexes were formed at initial [P]/[N] ratios of 0.25 in
the titration buffer described above, which contained 0.1 M
NaCl except for dA48, in which case it contained 0.05 M
NaCl. Salt dissociation data are shown for one sample of
each g5pz oligomer complex in Fig. 1. The total g5p
concentrations in these samples were comparable, at 16–20
mM, and the NaCl concentrations needed for 50% dissoci-
ation varied from 0.25 to;0.75 M. The g5pz dA48 complex
dissociated at the lowest [NaCl] (Fig. 1A), whereas com-
plexes with dC48 and d(ACC)16 dissociated at the highest
[NaCl] (Fig. 1,B andD). Dissociation data were fitted with
a function as described in Materials and Methods, from
which NaCl concentrations at 50% dissociation values were
obtained for complexes formed over a range of protein
concentrations.

Fig. 5 shows that the logarithm of the binding constant,
log[Kvapp], was linearly related to the logarithm of the salt
concentration, log[NaCl], for each complex. The data for
g5p z dA48 and g5pz dC48 complexes (open symbols) are
included in each panel for reference. Fig. 5,A–D, respec-
tively, shows data (closed symbols) for complexes formed
with d(AAC)16, d(ACC)16, d(AACC)12, and d(AAACC)9A3.
The slopes of the log[Kvapp] versus log[NaCl] plots are
listed in the second column of Table 1. These slopes give
the number of ions released per dimer, as explained by
Terwilliger (1996). The slopes are the constantsc used in
Eq. 2. The values of log[Kvapp]/log[NaCl] for binding to
these oligomers were similar and ranged from23.0 to

23.4. They were comparable to the slope of23.3 for
binding to M13 phage ssDNA (Bulsink et al., 1985), but less
than that of24.65 to24.7 for binding to poly[d(A)] (Bul-
sink et al., 1985; Terwilliger, 1996).

Of importance for the test of nearest-neighbor depen-
dence is the fact that the experimentalKvapp values for
binding to the six oligomers were significantly different and
varied by over two orders of magnitude. Values extrapo-
lated to the same [NaCl] of 0.2 M are shown in the third
column of Table 1.

Nearest-neighbor dependence of Kvapp

The log[Kvapp] values for each of the four sequences that
contained both A and C bases were calculated either using
the average of the values for dA48 and dC48 (for zero-
neighbor calculations) or using Eqs. 9 (i.e., nearest-neighbor
equations) as described under Theory. Values of log[Kvapp]
for the dependent sequences were calculated from values of
the independent sequences at the same NaCl concentrations,
and the resulting points described straight lines with slopes
that were the weighted averages of the slopes of the se-
quences whose log[Kvapp] values were combined. The val-
ues calculated according to the zero-neighbor and nearest-
neighbor models were very different, as seen by the

FIGURE 4 Titration plots showing the change in nucleic acid CD at long
wavelengths upon addition of g5p. (A) dA48. (B) dC48. (C) d(AAC)16. (D)
d(ACC)16. (E) d(AACC)12. (F) d(AAACC)9A3. The CD at 270 nm is
plotted for all of the oligomers except dC48; for dC48 the value at 280 nm
is plotted. Different symbols are data from separate titrations.
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separation of the dashed and dashed-dotted lines in Fig. 5.
Only the values calculated according to the nearest-neigh-
bor model were in agreement with the measured points.

The zero-neighbor and nearest-neighbor models were
also tested by simultaneously fitting the data from all six
sequences, using singular value decomposition to solve the
sets of Eqs. 7 and 8 in the Theory section. SVD was carried
out for values extrapolated to both 0.2 and 1.0 M NaCl. The
results are tabulated in the last two columns of Table 1 for
the values at 0.2 M NaCl. That is, the values for the six
oligomer sequences in these columns are those whose log-
arithms are in perfect agreement according to the respective
models. The calculated values were decidedly in favor of
the nearest-neighbor model. The significance of the agree-
ment for the nearest-neighbor model was provided by the

statistical probabilityQ (see Theory) for fits of calculated to
measured log[Kvapp]. Q was 0.36 with the nearest-neighbor
model but was negligibly small (,1028) with the zero-
neighbor model used to fit the logarithms of experimental
Kvapp values shown in Table 1 at 0.2 M NaCl. The results
were also significant for fits of data extrapolated to 1.0 M
NaCl (not shown), withQ values of 0.81 and,10215 for
fits with the nearest-neighbor and zero-neighbor models,
respectively.

The nearest-neighbor agreement among the log[Kvapp]
values for all six oligomers supported the notion that g5p
bound all of the oligomers in a similar fashion, reasonably
described as all or none, and that nearest neighbors at the
ends of the sequences could be neglected. The data were
clearly not in agreement with the zero-neighbor model.

FIGURE 5 Test of the nearest-neighbor
model for binding affinities to different se-
quences. The dependence of log[Kv] on
log[NaCl] for complexes with (A) d(AAC)16

(Œ), (B) d(ACC)16 (�), (C) d(AACC)12 (■),
and (D) d(AAACC)9A3 ( ). Data for dA48

({) and dC48 (E) are shown in all four
panels for reference. The binding affinities
of the different oligomer sequences were
consistent with nearest-neighbor (N-N)
equations (– – –) but not zero-neighbor
(Z-N) equations (–z z –).

TABLE 1 Summary of CD titration endpoints, log[Kvapp]/log[NaCl] dependence, and experimental and calculated Kvapp values
for complexes of wild-type gene 5 protein and simple DNA sequences at 0.2 M NaCl, 20°C*

Sequence
Titration endpoint#

[P]/[N]
Slope§

2log[Kvapp]/log[NaCl]
ExperimentalKvapp

(31025 M21)

CalculatedKvapp (31025 M21)¶

Zero-
neighbor

Nearest-
neighbor

dA48 0.246 0.02 3.236 0.39 1.16 0.07 1.66 0.2 1.16 0.2
dC48 0.276 0.02 3.446 1.12 1586 23 7396 122 1556 45
d(AAC)16 0.276 0.01 3.006 0.37 23.86 2.0 12.56 0.7 23.36 2.6
d(ACC)16 0.266 0.01 3.296 0.69 1446 13 96.66 8.2 1216 11
d(AACC)12 0.276 0.01 3.016 0.22 34.26 1.1 34.86 2.0 37.36 2.2
d(AAACC)9A3 0.266 0.02 3.236 0.42 18.56 1.0 16.26 0.9 15.56 0.9

*ExperimentalKvapp data at other salt concentrations were extrapolated to 0.2 M NaCl.
#Titration endpoints and standard deviations were determined by fitting CD titration data at 270 nm with two linear regressions.
§Slope and standard deviations from linear regressions of the data in Fig. 5.
¶Zero-neighbor and nearest-neighbor values are from singular value decompositions and with standard deviations derived as described in the text.
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Nearest-neighbor dependence of CD spectra

Because CD spectra are sensitive to the conformations of
neighboring nucleotides, it was possible to use CD mea-
surements to test whether the bound oligomers were in the
same conformation. The CD spectra of free (solid lines) and
complexed (dashed lines) oligomers are shown in Fig. 6.
The spectra of the complexed oligomers include a large
band at 229 nm from the g5p, but above 250 nm the spectral
contribution of the protein is negligibly small. Hence, above
250 nm the spectra are dominated by the nucleic acid optical
activity. The spectra of the free dA48 and dC48 oligomers
shown in Fig. 6,A and B, differed and were differently
perturbed by the g5p.

Nearest-neighbor equations analogous to Eq. 9 were used
to calculate the spectra of the four oligomers d(AAC)16,
d(ACC)16, d(AACC)12, and d(AAACC)9A3, when free and
when complexed with g5p. These spectra are shown in Fig.
6, C–F, along with the measured spectra. The CD spectrum
of a nucleic acid is predominantly a nearest-neighbor prop-
erty (Gray et al., 1992), and, consequently, spectra of the
free oligomers (solid lines) in Fig. 6,C–F, were essentially
identical to the spectra calculated from combinations of the
spectra of other oligomers (open circles), as expected for
sequences that were all in single-stranded conformations
and devoid of any self-complexed structures. The measured

spectra of the free oligomers did not agree with zero-
neighbor calculations that were the weighted averages of the
spectra of dA48 and dC48 (not shown).

If the average conformations of nearest neighbors in the
bound sequences are the same for all of the sequences, with
the CD contributions arising from interactions of the AA,
CC, and AC plus CA nearest neighbors, the spectra of the
complexes should obey the same nearest-neighbor relation-
ships that hold for spectra of the free oligomers. This was
the case, as seen by the comparisons of the measured
(dashed lines) and calculated (open triangles) spectra in Fig.
6, C–F. The measured spectra for the complexes were not in
agreement with simple zero-neighbor averages of the spec-
tra of bound dA48 and dC48 (not shown). CD spectra are
very sensitive to differences in average nucleotide geome-
try, yet the spectra of the bound oligomers were related by
nearest-neighbor equations as precisely as were the spectra
of the free oligomers. Therefore, CD spectra of the bound
oligomer sequences implied that each type of nearest neigh-
bor, regardless of the sequence, had a similar average struc-
ture within the binding site.

Estimates of vapp/vpol

As was described in the Theory section, binding to oli-
gomers results in a binding affinityKvapp, with a cooper-
ativity factor that is less than thevpol for binding to poly-
mers. This does not affect the nearest-neighbor
relationships, as long as the value ofvappis the same for all
of the oligomer sequences and can be omitted from Eq. 5.
However, the values of the ratiovapp/vpol can be estimated
from our present data and from data previously presented by
Sang and Gray (1989a) for binding to poly[d(A)],
poly[d(C)], and poly[d(AC)]. The results are shown in Ta-
ble 2. As expected, thevapp/vpol ratio is less than 1.0,
indicating that the binding affinity for oligomers that are 48
nucleotides in length is less than that for binding to poly-
mers. The ratio is calculated at 0.2 M NaCl for poly[d(A)]
and at 1.0 M for the other two polymers to minimize errors
from extrapolations of log[Kv]/log[NaCl] plots. (Others
have concluded that the value ofv is essentially indepen-
dent of salt concentration (Alma et al., 1983a; Po¨rschke and
Rauh, 1983; Terwilliger, 1996), so the ratio should be
insensitive to salt concentration.) The ratiovapp/vpol equals
(vpol)

21/m, wherem is the number of cooperatively bound
monomers (see Theory). The ratio is more sensitive tom
than to the value ofvpol. The last columns of Table 2 show
the values calculated forvpol 5 500 and 5000, covering the
range of values reported by Bulsink et al. (1985) and Ter-
williger (1996), and for 6 or 12 monomers bound per
48-mer oligomer. The conclusion is that the values ofKvapp

we have measured are most consistent with the binding of
two 48-mer oligomers to 12 g5p dimer binding sites, with
each 48-mer oligomer saturated by 12 contiguous g5p
monomers. This is in agreement with the values of satura-
tion endpoints in Fig. 2 and Table 1, which are close to four
nucleotides per g5p monomer.

FIGURE 6 Test of the nearest-neighbor model for CD spectra of differ-
ent sequences, free and complexed with g5p. (A) dA48. (B) dC48. (C)
d(AAC)16. (D) d(ACC)16. (E) d(AACC)12. (F) d(AAACC)9A3. In all
panels, experimental spectra of free oligomers (——) and bound oligomers
(– – –) are shown. InC–F, spectra calculated using nearest-neighbor equa-
tions for free (E) and bound (‚) oligomers are shown. Standard deviations
from measurements of five to eight samples of each of the complexes gave
error bars (not shown) that were approximately the width of the symbols.
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DISCUSSION

The above results show that differences in the binding
affinity of the g5p for different ssDNA sequences that have
A and C bases are related to the nearest-neighbor arrange-
ment of bases in the ssDNA sequence. Schematically, for a
single strand ofn nucleotides complexed with n/4 g5p
monomers,

. . . .CxxAxAxxCxxxCxxAxAxxC. . . .3 ~n/4!~g5p!

¢O¡
Kv

~g5p)n/4 z ~. . . .C-A-A-C-C-A-A-C. . . .), (10)

where decreasing nearest-neighbor interactions in the free
ssDNA are indicated by “x”, “xx”, and “xxx.” When bound
within the g5p binding site, the various nearest neighbors
continue to interact, as shown by the nearest-neighbor de-
pendence of the CD spectra of the bound sequences and
hypochromicity of CC and AC1 CA neighbors (present
results and Sang and Gray, 1989a). The simplest model for
explaining the present data is that higher binding affinities
(under our solution conditions) are correlated with the de-
gree of unstacking of the bases in the free DNA sequences,
with each type of nearest-neighbor having approximately
the same average base-base and base-protein interaction
energies, regardless of the sequence, once the sequence is
within the binding site. It should be noted that previous
NMR studies showed that the H2 protons of d(A)n oli-
gomers (n 5 25–30 or 40–60) shifted to a common reso-
nance upon binding that was consistent with a partially
unstacked d(A) structure in which the bases were in rapid
exchange between binding site positions (Alma et al.,
1983b; King and Coleman, 1988). Such an averaged struc-
ture is schematically depicted by the similar distances be-
tween the bases in the right-hand side of Eq. 10. Fig. 7
illustrates this simplest model of the nearest-neighbor de-
pendence of binding affinity.

This general notion is supported by other studies.
Poly[d(A)] is more extensively stacked than is poly[d(C)]
(Antao and Gray, 1993; other literature has been reviewed

by Ferrari and Lohman, 1994). Enthalpic stacking energies
have been calculated to be more favorable for d(ApA) than
for d(CpC) and to be intermediate for d(CpA) in single
strands of B-DNA (Gupta and Sasisekharan, 1978). Exper-
imental enthalpies are greater for stacking of purine bases
than for stacking of pyrimidine nucleosides in water
(Saenger, 1984). Bulsink et al. (1985) previously interpreted
the near-zero (62 kcal/mol) enthalpy change for binding of
g5p to poly[d(A)], compared with a value ofDH 8obs 5
217.2 kcal/mol protein monomer for binding to poly[d(U)],
as the compensation of a favorable base-protein enthalpy
interaction by the unstacking of bases in the case of
poly[d(A)]. Ferrari and Lohman (1994) concluded that the
binding of dA(pA)n by Escherichia coliSSB is accompa-
nied by significant base unstacking, which results in a
nonlinear van’t Hoff plot not found for the binding of
oligomers dT(pT)n and dC(pC)n that do not stack. The
DH 8obsfor binding of oligodeoxypyrimidines byE. coli SSB
is more negative (favorable) than for binding of oligode-
oxyadenylates, probably partly because of stacking of aro-
matic residues with bases that are already unstacked in the
case of the oligodeoxypyrimidines (Ferrari and Lohman,
1994; Kozlov and Lohman, 1998). Our data for the Ff g5p
are not only in agreement with these conclusions based on
homopurine and homopyrimidine sequences; they provide
new information that differences in stacking enthalpies of
the nearest neighbors might dominate the sequence depen-
dence of the binding of g5p to more complex sequences.

Sequence-dependent entropic effects could also play a
role. For binding of g5p to sequences such as poly[d(A)] at
a physiological salt concentration, whereDH 8obs ' 62
kcal/mol, the binding affinity is then dominated by a favor-
able (positive)DS8obs (Bulsink et al., 1985). The tabulated
data presented by Bulsink et al. (1985) suggest thatDS8obsis
unfavorable (i.e., negative) for binding of unstacked
poly[d(U)] at the same salt concentration, if one relies on
data extrapolated from a high salt concentration with the
assumption thatDH 8obs is not salt dependent.

The binding enthalpies summarized by Bulsink et al.
(1985) were for the binding of g5p to poly[d(U)] and

TABLE 2 Measured Kv values for three g5p z DNA polymer complexes and values derived from complexes with oligomers

Sequence

Experimental
for polymer*

Kvpol

(31023 M21)

Nearest-
neighbor calc.
for oligomer#

Kvapp

(31023 M21)
Ratio

vapp/vpol

Calculated ratio
for six dimers
per oligomer
5(vpol)

21/6

Calculated ratio for
12 dimers per

oligomer
5(vpol)

21/12

dAn or dA48 1616 10 1106 16 0.686 0.10
dCn or dC48 1116 7.5 63.66 18.7 0.576 0.17
d(AC)n or d(AC)24 1366 6.4 1086 20 0.806 0.15
Mean 0.686 0.08§ 0.24–0.35¶ 0.49–0.60¶

*Measured values at 20°C are from published data at 0.2 M NaCl for poly[d(A)] and at 1.0 M NaCl for the other two polymers (Sang and Gray, 1989a).
At these salt concentrations errors due to extrapolations are minimized.
#Nearest-neighbor calculated values are from singular value decompositions of data with six oligomers, derived as described in the text. The calculated
values are those of the independent sequences defined by Eq. 8, extrapolated to the desired salt concentrations.
§Weighted standard deviation of the mean.
¶The values are calculated forvpol 5 5000 and 500, respectively.
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poly[d(A)] at different NaCl concentrations of 0.7 M and
0.175–0.21 M, respectively. Different salt concentrations
can affect the values ofDH 8obs. In the case ofE. coli SSB,
the binding to poly[U], dA(pA)69, and dT(pT)69 has a sig-
nificant dependence on [NaCl], possibly caused by prefer-
entially bound Cl2, which results in aDH 8obs that is less
negative with increasing [NaCl] (Lohman et al., 1996; Ko-
zlov and Lohman, 1998). Detailed thermodynamic data are
not available to similarly characterize the binding of differ-
ent sequences by the Ff g5p. In the present experiments, the
sequence-dependent binding affinities maintain the same
dependence on nearest-neighbor compositions over a wide
range of [NaCl] from 0.2 to 1 M (Fig. 5, Table 1, and text).
Therefore, if there is an effect of [NaCl] onDH 8obs (the
stacking of bases relative to interactions in the binding site),
the effect is similar for all six oligomer sequences (assum-
ing that changes inDS8obs with NaCl concentration are due
primarily to counterion release (Mascotti and Lohman,
1997; Lohman et al., 1996) and are the same for all of the
oligomer sequences).

More complicated models would be consistent with a
nearest-neighbor dependence of binding affinities. For ex-
ample, each type of nearest neighbor (A-A, C-C, and the
average of A-C plus C-A) could have a different average
conformation and energy when bound, as long as the aver-
age remains essentially invariant for that nearest neighbor in
different bound sequences. It should be noted that the con-
formation of a given nearest neighbor (in sequences con-
taining A and C) appears to be approximately independent
of its position within the binding site, given the nearest-
neighbor agreement of the data for d(AACC)12 with the data
for the other sequences. This sequence should be phased in
the g5p binding site when bound in then 5 4 binding mode.
Because this sequence includes all four nearest neighbors, if

any one were to be unusually perturbed or to contribute in
a dramatically different manner to the CD or binding affin-
ity, the data for this sequence would not be consistent with
the data for the other sequences that are not phased in the
binding site.

Whatever the details of the interactions, our data support
the notion that the nearest-neighbor properties of the se-
quences themselves, at least for ssDNA sequences contain-
ing A and C, are major determinants of the binding prefer-
ences of g5p. Only three combinations of four types of
nearest neighbors have been tested in this work. A total of
16 different nearest neighbors (neglecting ends) and 13
independent sequence combinations would have to be tested
(Gray, 1997a) to determine whether g5p has the ability to
discriminate among ssDNA sequences using determinants
other than nearest-neighbor interactions. Moreover, the
binding of g5p to special RNA sequences, important for the
translational regulatory ability of the g5p (Zaman et al.,
1991), could be more complex. Because neither Ff g5p nor
T4 g32p represses translation of RNAs that are repressed by
the other protein, it has been suggested that binding involves
some specific sequence recognition (Fulford and Model,
1984). In fact, the binding to DNA, to inhibit replication,
and to RNA, to inhibit translation, has been shown to
involve different amino acid residues (Stassen et al., 1992).
Other ions or solution conditions may affect how the protein
binds to specific sequences. Therefore, the sequence dis-
crimination of g5p may not always be dominated by the
nearest-neighbor structural properties of the nucleic acid
sequence.

For other proteins that bind single-stranded nucleic acids,
the relative influence of stacking might be less than in the
case of Ff g5p. The sequence dependence of the binding of
the phage T4 g32p has been described as a zero-neighbor

FIGURE 7 A simple model. Our results show that differences in binding affinity of the g5p to ssDNA sequences having A and C bases are related to
the nearest-neighbor arrangement of bases in the ssDNA sequence. The origin of this effect could be the different nearest-neighbor interactions in the free
ssDNA, indicated in this illustration by base-base distances that are smallest for A-A and largest for C-C. Thus unstacked C-C neighbors are more easily
perturbed and bind more tightly than stacked A-A neighbors. A-C plus C-A nearest neighbors on average are also more easily perturbed than A-A neighbors.
When bound within the g5p binding site, the various nearest neighbors continue to interact, as shown by the CD spectra of the bound sequences and the
hypochromicity or reduced hyperchromicity values for C-C and A-C plus C-A neighbors. Once bound, the average interaction energies of the various types
of nearest neighbor could be similar. (Only two adjacent dimers in the midst of a long sequence are depicted in this illustration.)
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(i.e., base composition-dependent) property (Newport et al.,
1981), although this conclusion was drawn from binding
data for randomly copolymerized polyribonucleotides or
natural DNA, which were not designed to provide a clear
distinction between the zero-neighbor and nearest-neighbor
models. Natural RNA loading sites for theE. coli rho
protein are unstructured and rich in cytosine residues, but
base-paired RNA secondary structures may be particularly
important in influencing the in vivo activity of the rho
protein (Walstrom et al., 1998). TheE. coli helicase DnaB
protein has a higher affinity for poly[d(A)] than for
poly[d(T)], suggesting an important contribution of the base
to the binding affinity (Jezewska et al., 1996). In the case of
the DNA-binding domain of the human replication protein
A, for which a structure bound to dC8 has been solved, there
is evidence that there may be a plasticity in the binding and
that alternative residues may be involved in binding to
different ssDNA sequences (Bochkarev et al., 1997). The
extent to which the stacked structure of the free nucleic acid
influences the binding affinities of this and other ssDNA-
binding proteins will depend on whether subsets of alterna-
tive interactions for a wide range of bound sequences aver-
age out to be of similar energies.
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