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ABSTRACT. The gene 5 protein (g5p) of Ff bacteriophages is a well-studied model ssDNA-binding protein
that binds cooperatively to the Ff ssDNA genome and single-stranded polynucleotides. Its dfinity,

(the intrinsic binding constant times a cooperativity factor), can differ by several orders of magnitude for
ssDNAs of different nearest-neighbor base compositions [Mou, T. C., Gray, C. W., and Gray, D. M.
(1999)Biophys. J. 7615371551]. We found that the DNA backbone can also dramatically affect the
binding affinity. TheKw for binding phosphorothioate-modified S-dgaAyvas >300-fold higher than for
binding unmodified P-d(Ag at 0.2 M NaCl. CD titrations showed that g5p bound phosphorothioate-
modified oligomers with the same stoichiometry as unmodified oligomers. The CD spectrum of33-d(A)
underwent the same qualitative change upon protein binding as did the spectrum of unmodified DNA,
and the phosphorothioate-modified DNA appeared to bind in the normal g5p binding site. Oligomers of
d(A)ss with different proportions of phosphorothioate nucleotides had binding affinities and CD perturbations
intermediate to those of the fully modified and unmodified sequences. The influence of phosphorothioation
on binding affinity was nearly proportional to the extent of the modification, with a small nearest-neighbor
dependence. These and other results using d(AGfigpomers and mutant proteins indicated that the
increased binding affinity of g5p for phosphorothioate DNA was not a polyelectrolyte effect and probably
was not an effect due to the altered nucleic acid structure, but was more likely a general effect of the
properties of the sulfur in the context of the phosphorothioate group.

One of the most frequently employed modifications of mMRNA strand. However, S-DNAs also bind to cellular single-
antisense DNA oligomers is phosphorothioation. Phos- stranded nucleic acid binding proteins and to proteins
phorothioate DNA (S-DNA) differs from normal DNA involved in cell growth, viral proliferation, enzymatic activ-
(P-DNA) in having one of the nonbridging backbone oxygens ity, and cellular adhesiorl(4—11). The binding of S-DNAs
of each phosphodiester replaced with sulfur. S-DNA retains to serum albumin has been correlated with the percentage
the net backbone negative charge, ability to activate RNaseof phosphorothioate content)(

H, and solubility in aqueous solvents of P-DNA, and ithas | the design of an optimal antisense oligonucleotide it is

the advantages of higher nuclease resistance and increasegesirable to reduce the nonsequence-specific interactions
cellular uptake relative to DNA with normal phosphodiester pepyeen the antisense oligonucleotide and proteins. Unfor-

linkages Q._—S). _ _ _ tunately, the nature of nonspecific interactions between
_ The basis of antisense drug therapy with phosphorothioatess_pNa” and proteins is still not clear because the sulfur
is that single-stranded S-DNA oligomers can form a sequence-ghstitytion can influence binding in a number of ways,
specific hybrid duplex with target MRNA sequences whose \hqse relative importance depends on the particular nucleic

translation is then disrupted by RNase H cleavage of the 5:iq and protein being studied. In this present work, we used
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of aromatic residues in the binding site and in having an provided as lyophilized ammonium salts and were directly
electrostatic component of interaction with the nucleic acid dissolved in 2 mM N& (phosphate buffer, pH 7.0) for the
(12, 18—20). NMR and mutagenesis studies suggest that the experiments.
g5p—ssDNA interactions involve stacking of the nucleic acid ~ Concentrations of oligomers were determined from ab-
bases with the aromatic rings of Tyr-26 and Phe-73 in or sorption spectra, using nearest-neighbor calcula{@g0)
very near the g5p DNA binding loop and electrostatic values of 12050 M! cm™ (for all five A-containing
interactions between the nucleic acid phosphodiester bondoligomers) and 10 610 M cm™! for the two mixed-base
and Lys-24, Lys-46, and Lys-692, 16, 17, 21—24). Since sequences3(). It was assumed that extinction coefficients
g5p binds cooperatively to the entire single-stranded virus for phosphorothioate-modified oligonucleotides were the
genome, with a stoichiometry of four nucleotides per g5p same as for unmodified oligonucleotides. Murphy and
monomer, the g5p is considered to be a nonsequence-specififrapane 81) showed by phosphate analysis that nearest-
binding protein. However, the binding affinities of g5p vary neighbor calculations are no less accurate for phosphoro-
greatly for ssDNAs that have simple sequenc®s),(and thioate DNAs than for unmodified DNAs.
the binding affinities to various (AC)-containing sequences CD Titrations.CD spectra were acquired as described by
are related to the nearest-neighbor base composi#ién ( Mou et al. 6). Smoothed CD spectra were plotted at 1-nm
We used CD measurements to investigate differences inintervals ag. — er (M~* cm™* per mol of nucleotide). Titra-
the characteristics of binding of wild-type and mutant Ff gene tions were performed by adding aliquots of concentrated g5p
5 proteins to single-stranded d@)and d(AAC), with (~1 x 107* M) to the oligomers in 2 mM Na (phosphate
phosphodiester or phosphorothioate linkages. The resultsbuffer, pH 7.0). The volume of the added g5p and the dilution
demonstrated that, with the same binding stoichiometry, g5p Of the oligonucleotide were calculated by weighing the
has a dramatically higher binding affinity for S-DNA than sample before and after each addition. The sample was gently
for P-DNA. The effect of phosphorothioa’[ion on gSp b|nd|ng mixed and allowed to reach equilibrium. Final nucleotide
affinity was largely independent of the type of protein mutant concentrations were-46 x 107> M in the titrated samples.

or which sequence was modified. Light scattering was measured by monitoring the UV
absorption at=320 nm; at the highest [P]/[N] ratios, the
MATERIALS AND METHODS absorption at 320 nm was at most 5.5% of the absorption at
260 nm of the free oligonucleotide before the titration.
Protein and Oligonucleotide®Vild-type Ff gene 5 protein Salt Dissociation and Binding Affinitysaturated protein

was isolated fronE. coli K561 cells Containing a plasmld DNA Comp|exes were formed at [P]/[N;]: 0.25 in 2 mM
encoding the g5p gene as previously descri@&eR9). The  Na* (phosphate buffer, pH 7.0). Salt dissociations of the
protein was over 99% pure by electrophoresis on 18% complexes were performed as in previous wazk)( The
polyacrylamide gels. Protein concentrations were determinedpercent dissociation of a nucleic acid from a g5p complex
from absorption measurements using molar extinction coef- yyas monitored by CD measurements at 263 or 270 nm and
ficients €(276) of 7074 and 5660 M' cm™* for the wild- plotted as a function of [NaCl]. The salt concentration
type and mutant proteins, respective®g). The proteinwas  required for 50% dissociation was determined from the
finally dialyzed into 2 mM Na (phosphate buffer, pH 7.0).  dissociation curve. As in previous work, the salt dissociation
The DNA oligomers used in this study were all 36 curve was shown to be consistent with all-or-none binding
nucleotides long. Adenosine oligomers with phosphodiester to a finite lattice £6). Hence, apparent values of the binding
linkages, P-dAs, and with phosphorothioate linkages, SsA  constant producKwap, per dimer were derived with the
were purchased from Oligos, Etc. (Wilsonville, OR). Three assumption that the dissociation was all-or-none by setting
chimeric phosphodiester/phosphorothioateg#ligonucle- Kwapp = 1/(2L), whereL was the free dimer concentration
otides and two mixed-base sequences [P-d(AAGNd at 50% dissociation. Thes@v,pp values are those described
S-d(AAC);] were purchased from Midland Certified Reagent by Terwilliger (32) for the simultaneous binding model, but
Co. (Midland, TX). Two of the chimeric sequences were are divided by two to correct for the 2-fold symmetry of the
sequences with repeating phosphate and phosphorothioatg5p 29). This yields thekwap, for binding of the g5p dimer
linkages, d[Ap(AsApApApJAsApA] and d[Ap(AsAs- in one orientation to two DNA strand29, 32, 33). These
ApAp)sAsAsA]; they will be denoted SPPP-gfand SSPP-  are called apparent values since they differ from khe
dAse, respectively. SPPP-dAand SSPP-d# had one or values that would be determined for binding within an infinite
two phosphorothioate linkages every four adenosine residuedattice.
and therefore had about 26 and 51% phosphorothioate Zeroth-Neighbor and Nearest-Neighbor Binding Depend-
linkages, respectively, of the 35 total linkages. (There were encies from Singular Value Decompositiohwo models
no phosphates at either end of the oligomers.) The third were used to describe the dependence of binding affinity on
chimeric sequence was a nonrepeating 36-mer AgNs)- the occurrence of phosphorothioate linkages in BsdA
Ap(AS)sAP(AS)AP(ASKAP(AS)AP(ASKAP(AS)ApP(AS)Ap- S-dAgs, and the three chimeric oligomers. In the first model,
(As)A, having 26 (about 74%) phosphorothioate linkages and called the “zeroth-neighbor” model, the [¢G)apd values
will be denoted (§P)-dAgs. P-dAgs and S-dAg were gel for binding of g5p to the five synthetic dAoligonucleotides
purified, and electrophoresis on 12% polyacrylamide sizing were considered to be the weighted sums of twoKeg{,]
gels (by Oligos, Etc.) showed no detectable postsynthesisparameters that describe the binding to phosphodiester and
fragmentation due to depurination (at a detection limit of phosphorothioate linkages. For the second model, called the
<2% for a given size fragment). The chimeric oligomers “nearest-neighbor” model, the ldg§apd values for binding
were purified by HPLC, and mass spectroscopy (by Midland) of g5p to the five dAs oligonucleotides were considered to
showed no detectable fragmentation. The oligomers were allbe the weighted sums of three 1&@).,] parameters that
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describe the binding to three simple combinations of phos- 30
phodiester and phosphorothioate linkages. These combina-
tions were (ApAp), (AsAs), and the average of (ASAPAS).
Specifically,

log[Kw,,{synthesized sequence;
ZJFJ log[Kw,,{parametef)] (1)

where F; is the fraction of linkage or nearest-neighbor
sequence parametgin the synthesized sequenceFrom , L
the dependence of logfv] on log[NacCl], the experimental o 0870102030405
Kw values per g5p dimer were extrapolated to 0.2 M NacCl :
for all five sequences. For zeroth-neighbor binding, the
binding depends on the fractions of phosphodiester and
phosphorothioate linkages and on two independent sequences
with parametersKwpa, and Kwas. For nearest-neighbor
binding, the binding depends on the fractions of neighboring
linkages and on three independent sequences with param-
eters Kmapap, Kwasas, aNdKmasap+apas. It was assumed that

the 3 ends of P-dAs, SPPP-dAs, and SSPP-d4 had a
phosphate group and that theehds of S-dAs and (S,P)-

dAss had a phosphorothioate group. It was also assumed that
there were 36 nearest-neighbors for each 36-mer. That is,
the sequences were considered to be closed with no ends,
which amounts to neglecting 1/36 part of any differences
between their binding affinities. Details of such models have
been discussed®6, 34). It is relevant to note that, if the
cooperativity factore, is the same for binding to sequences
that are all of the same length,cancels in eq 1 and binding
affinities will depend only on the intrinsic binding factor,

K.

Thus, for these models, matrix equations expressed the
measured lodwapd values for the five synthesized oligo-
mers () in terms of two or three parameteij3 &s follows:
log[Keappli = Fij log[Ke];, whereF; are the fractions gfth 10 N
it?deﬁendent pararr;gter? Ii;;]gi)ma[;loliglonucleho_tide_. For Fhe 200 240 260 280 300

est least-squares fits o apdi Values, the x j matrix
of Fj/ai, whereg; is the standard deviation on ld¢bapd; Wavelength (nm)
from the linear regression of logfvapdi versus log[NacCl], FIGURE 1: Representative CD spectra during titrations of;gdA

i e oligonucleotides with g5p. (A) CD spectra of free P-gf&—) and
was decomposed by singular value decomposmon (SVD). 5pP-dlAcs complexes at [PJ/[N] ratios of 0.07). 0.14 (1), 0.20
Standard procedures allow each set of equations to be solvetfo) and 0.25 ¥); (B) CD spectra of free S-d () and g5p

for the two zeroth-neighbor or three nearest-neighbor pa- s-da,, complexes at [P}/[N] ratios of 0.07), 0.14 (1), 0.21 ©),
rameters 26, 35, 36). and 0.25 ¥). Insets show CD titration data at 270 nm as a function
Error Analysis Errors @) on the measured and calculated of [PJ/[N] ratio. Different symbols are data from separate titrations.
Ko were derived as explained by Mou et &6), A statistical ~ CP data are plotted a5 — ez (M~ cm™* per mol of nucleotide).
test of the SVD results for fitting the models was given by Figyre 1 shows representative spectra from CD titrations
the probability (29) thaty? (wherey? = 3 | (log[Kwmeadi — of P-dAgs and S-dAs with g5p. Upon addition of g5p, the
log[Kwcadi)/oi | %) from a fit to the data would be larger by hqsitive CD bands of the oligomers above 250 nm decreased
chance. A largeQ indicates a better fit, an@ may be i, magnitude and became negative. The CD contribution of
acceptable above 0.0039). g5p is negligible in this wavelength range. [The largest peak

€ ~€R (M" cm™ per mole nucleotide)

RESULTS above 250 nm in the CD spectrum of g5p is at 282 nm, with
a magnitude of-0.7 M1 cmY/mol of g5p monomerZ49).
CD Titrations and Binding Stoichiometries of £/Oli- Moreover, the spectra in Figure 1 are scaled per mole of

gomers with g5pFive dAgs oligonucleotides that differed  nucleotide, and the contribution of g5p to a given spectrum
only in their phosphorothioate contents were titrated with is proportionately reduced by the [P]/[N] ratio.] Therefore,
wild-type Ff gene 5 protein in a buffer of 2 mM Na  the spectral changes at long wavelengths in Figure 1 can be
(phosphate), pH 7.0, at Z€. In this buffer, the CD spectra  assigned to alterations in the environment of the DNA
of all five nucleic acids had small positive bands at nucleotides. These alterations of the nucleic acid CD spectra
wavelengths above 260 nm and a significant negative bandincluded effects of dehydration, unstacking, and the confor-
at 250 nm, showing that the oligomers were single-strandedmational changes needed to trace a left-handed superhelical
(37). Spectra of P-d& and S-dAs are shown in Figure 1.  path when complexed with g5d4, 17, 29, 38). At short
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Ficure 2: CD difference spectra calculated as the CD spectra of
saturated g5alAzs complexes minus the CD spectra of freesgd A
oligonucleotides. The complexes were formed between g5p and
P-dAgs (—), SPPP-dAg (— ¢ » —), SSPP-dAs (— — —), (S5, P)- 7
dAgzs (— ¢ —), and S-dAg (e « ) oligonucleotide sequences at [P)/[N] | I
= 0.25. The free oligomers all had similar CD magnitudes above 6
250 nm, so the differences show that oligomers with increased 5
phosphorothioate content were less perturbed within the g5p binding
site as the phosphorothioate content increased. CD data are plotted e 4
asA(eL — er) (M~ cm™® per mol of nucleotide). ‘TE
3
wavelengths, the positive CD band below 240 nm increased "C_>
during titrations with g5p because the protein does have a <,
large positive tyrosyl CD band at 229 nrR9j. g
The long-wavelength CD effects of titrations of SPPP- N
dAgzs, SSPP-dAs, and (3,P)-dAgs with g5p were qualitatively
the same as shown in Figure 1 for titrations of Psgland
S-dAss. However, the magnitudes of CD changes were e SSPP.dA. S-dA,
quantitatively less as the proportion of phosphorothioate 08 ;;PP dA (356 PydA.
linkages increased, as documented by the difference spectra e VY 36
in Figure 2. : :
. . . . 0.1 0.5
The insets of Figure 1 display the long-wavelength nucleic [NaCl] (M)

acid CD values at 270 nm of titrated P-g/and S-dA as FiIGURE 3: (A) Representative salt dissociation curves of complexes

a function of the [P]/[N] ratio._ Bi_nding _Of gop to P'd%é‘ formed between g5p and different oligonucleotides all at [P]/[N]
and S'dAe was essentla“y stoichiometric and prOpOftlonal = 0.25. CD values were monitored at 263 nm (closed symbols)
to the addition of protein until titration endpoints were and 270 nm (open symbols). Dissociation profiles are shown of

reached at [P])/[N] molar ratios of 0.2% 0.01, which complexes with P-dés (a), SPPP-dAs (#), SSPP-dAs (@), (Ss,P)-

P _ P ; dAss (), and S-dAs (H). The total g5p concentrations in these
Indlqated am = 4 b'lndlng mode (|.e.! On.e gop mqnomer samples were similar, within the range of 7.7 to 8\. The lines
binding four nucleotides). The same titration endpoint ([P} (—y were calculated by fitting the data points with a function as

[N] = 0.25-0.26 &+ 0.01) was observed for the five dA  described in Mou et ai.2¢) for the all-or-none dissociation from
oligomers having different combinations of phosphodiester finite lattices. (B) Dependence of the 1égp] on log[NaCl] for

and phosphorothioate linkages. At saturation innas 4 32‘0“’2%)0‘( gég;%ggﬁ(e.r?”z s?%ﬁ)sffguiiﬁeing'%g)’( .S)P';E'
bl'ndlng mode, there would be nine 95p dimers Comple?(ed corrﬁpare’the binding affinities for thege different sequgnces, singular
with two dAgs oligomer strands, which would be held in  yajye decomposition (SVD) was used to fit to data from all five
antiparallel binding channels of the superhelical arrEg).( dAzs sequences using zeroth-neighbet) (and nearest-neighbor

The identical stoichiometries of binding, as well as the (— — —) models. Error bars from the standard deviations in [NaCl]
similar qualitative CD changes upon binding, were evidence ger?]%%?sfgage;? dissociation were generally within the size of the
that all of the dAg oligomers bind to the same g5p sites. y '

Salt DissociationsSalt dissociation data for complexes Spectral changes were maximal at about 270 nm, but the
formed between g5p and different oligomers were obtained CD spectra of the isolated 36-mers had little or no sensitivity
by monitoring the nucleic acid CD changes as the NaCl to salt concentration at 263 nm.
concentration was increased. Complexes were initially Examples of salt dissociation profiles for the five g5p
formed at a [P)/[N] ratio of 0.25 in 2 mM Na(phosphate), dAss complexes are shown in Figure 3A for samples with
pH 7.0. As the NaCl concentration was increased, the similar total g5p concentrations (#B8.5 uM). The salt
complexes dissociated and the CD spectra above 260 nmconcentration needed for dissociation increased as the
were restored to have the positive values of the respectiveproportion of phosphorothioate linkages increased. Stabilities
free oligonucleotides at a relatively high salt concentration of complexes with the five oligomers increased as the fraction
(ref 26; and data not shown). CD changes at both 263 and of phosphorothioate linkages increased, in the order of R-dA
270 nm were used to monitor the fraction of dissociation. < SPPP-dAs < SSPP-dAs < (S5,P)-dAss < S-dAgs.
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Table 1: Summary of the loBwapd/log[NaCl] Dependence, and Experimental and Calculdted,, Values, for Complexes of Wild-Type
Gene 5 Protein and Different dAOligonucleotides (0.2 M NacCl, 26C)aP

slopé
— log[Kwapgd/ experimentaKwapp calculatedKwapp(x 1075 M~1)d
sequence log[NaCl] (x 10°M7Y zeroth-neighbor nearest-neighbor
P-dAgs 3.68+0.29 0.71+ 0.05 0.61+ 0.04 0.70+ 0.10
SSSP-dAs 3.32+0.49 1.69+ 0.25 2.66+ 0.14 2.15+ 0.18
SSPP-dAs 3.29+0.34 10.3+0.82 11.6+ 0.55 9.33+ 0.43
(Ss,P)-dAgs 2.85+0.61 35.0+ 6.8 49.1+ 2.9 40.5+ 2.2
S-dAgs 2.70+0.28 246+ 21 220+ 17 249+ 17

aExperimental data were extrapolated to 0.2 M N&Qilitration endpoints were all at [P}/[N¥ 0.25-0.26 + 0.01, with standard deviations
determined by fitting CD titration data at 270 nm with two linear regressib8tpe and standard deviations from linear regressions of the data
in Figure 3B.9 Zeroth-neighbor and nearest-neighbor values are from singular value decompositions and with standard deviations derived as described
in the text.

As in previous work 26), the measured dissociation data of cooperative interactions. One can useKlagiqo, Observed

were compared with calculated curves based on two finite- for binding to a 36-mer, to calculate tlg,, for binding to
lattice binding models, the all-or-none and the one-cluster a polymer. In particular, the cooperativity factog, can be
models. In the all-or-none model, two 36-mer strands are calculated from the ratio of the binding affinity of dimers
assumed either to be saturated by nine g5p dimers or to haven the midst of a polymer lattice to the binding affinity to an
no bound proteins. For the highly cooperative g5p, calculated oligomer lattice; the formula i®po = (Kwpol Kwoiigo)™ (26).
curves based on the all-or-none model were in good For binding of nine dimers to the 36-me#y, is estimated
agreement with the measured dissociation data for all five to be 1600. This is in the range of values of 5@D00
types of complexes, as shown in Figure 3A. Curves reported by Bulsink et al.39) and Terwilliger 82).
calculated for the one-cluster model, based on the assumption To help determine the origin of the relative binding
that dissociation occurred from the ends of one cluster of affinities of g5p to these d# oligonucleotides, the data were
protein on each lattice, did not agree with the measured fitted by the zeroth-neighbor model (which depends on two

dissociation data (data not shown).
Binding Affinities to P-d4s and S-dAs. Complexes with

parameters that characterize the P and S linkage composition)
and the nearest-neighbor model (which depends on three

each oligomer were formed at four different protein con- parameters that characterize neighboring linkages) as de-
centrations and were salt-dissociated. Dissociation data forscribed in Materials and Methods. Singular value decomposi-
each complex were fitted with a function as described in tion (SVD) was used to obtain a simultaneous fit to the
Mou et al. @6) to determine the NaCl concentrations at 50% log[Kwap] data from all five sequences for each model. The
dissociation. Then, the binding affinitieKdap) were fits to the logKwapd data according to zeroth-neighbor
determined from the free protein dimer concentrations (L) (dashed line) and nearest-neighbor (solid line) models are

at 50% dissociation for each comple&dap, = 1/(2L); see
Materials and Methods]Kwap, values are plotted as a
function of NaCl concentration on a ledog scale in Figure
3B. Figure 3B shows that the logarithm of the binding
affinity, log[Kwapgd, was linearly related to the logarithm of
the salt concentration, log[NacCl], for each complex. The
slopes of the lodf{wapd versus log[NacCl] plots are listed in
Table 1. The slope of 3.7 + 0.3 for binding to P-dAs was
comparable to the slope 6f3.2+ 0.4 for binding to P-dAs
(26), but was 20% less than that for binding to poly[d(A)]

plotted in Figure 3B. SVD-calculated values that were
extrapolated to 0.2 M NaCl are tabulated in the last two
columns of Table 1.

A statistical test of the models was by t@Qeprobability;
a largerQ value indicates a better fit (see Materials and
Methods).Q probabilities were 0.0001 and 0.29 for fits of
the data to the zeroth-neighbor and nearest-neighbor models,
respectively. The agreement was significant for the nearest-
neighbor model, but the data were not quite accounted for
by the two zeroth-neighbor parameters. Nevertheless, the

(32, 39). The slopes give the number of ions released per binding affinities were dominated by the simple phospho-

protein dimer when forming a comple82). These ranged

rothioate contents of the d(4)oligomers. This may be seen

from 3.7 to 2.7 and decreased as the proportion of phos-in Figure 3B and by comparing the experimental and zeroth-
phorothioate linkages increased. Only about three ions wereneighbor calculated values in Table 1. These latter values

released per g5p dimer when binding to SzgAap-
proximately one ion less than when binding to PsglA

The experimentaKwapp values for binding to the five
oligodeoxyadenylic acids were significantly different and

are plotted in Figure 4, which shows l&gpa,] at 0.2 M

NacCl as a function of phosphorothioate content. The devia-
tions of the experimental values from the straight line (zeroth-
neighbor) dependence illustrate the magnitude of a small

varied by over 2 orders of magnitude when extrapolated to nearest-neighbor effect that slightly reduced the relative
the same salt concentration of either 0.2 M NaCl (Table 1) binding affinity of a phosphorothioate linkage when it

or 1.0 M NaCl (not shown). The value &wap,for binding
to S-dAgs was>300-fold higher than for binding to P-dA
and binding affinities increased in the order of PsgA
SPPP-dAs < SSPP-dAs < (S3,P)-dAgs < S-dAgs. TheKwapy
value of 0.71x 10° M~* at 0.2 M NaCl for P-dAs was less
than values of 1.1« 1° and 1.61x 10° M~ for P-dAss

occurred adjacent to a phosphodiester linkage.

Binding Affinities to P-d(AAG) and S-d(AAG). To
investigate whether base stacking could influence the binding
to S-DNAs, the binding affinities of g5p were determined
for two 36-mers, P-d(AAG) and S-d(AAC),. These
contained d(AC)t+ d(CA) neighbors that were shown in

and poly[dA], respectively, at the same salt concentration previous work to be less stacked than d(AA) neighbors and
(25, 26). This was expected because of the reduced numberthat bound g5p with higher affinity2@). First, protein
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FiGure 4: Fit of two parameters from the zeroth-neighbor model
to the binding affinities of g5p for sequences of different phor-
phorothioate contents. The experimental Kgf,] values ©) and

the SVD-calculated lo¢{wap] values for the zeroth-neighbor model
(®) at 0.2 M NaCl are from the data in Table 1. The fit shows that
the experimental lod{wa,] values were dominated by the two
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Ficure 5: Effect on g5p binding affinity of changing both the
backbone and the nearest-neighbor base composition in DNA.
Values for logKwap] versus log[NaCl] plots were obtained by salt-
dissociation of complexes formed with P-g¢¢A®), P-d(AAC),

(O), or S-dAss (a) at a [P)/[N] ratio of 0.25. The predicted binding
affinity for S-d(AAC);, is shown as a dashed line-(~ —). The

zeroth-neighbor parameters, which describe the effect of changingslope of the logkwapd/log[NaCl] for S-d(AAC),, was assumed to
the composition of phosphorothioate linkages in the sequences.be the same as for S-dé and theKwapp value for S-d(AAC), at
Differences between the experimental data and the zeroth-neighbot0.2 M NaCl was derived from the experimentéb,p, values for

calculated values were consistent with a small effect of nearest-

neighbor interactions.

Table 2: Summary of the loBwapd/log[NaCl] Dependence and
Kwapp Values for Complexes of Wild-Type Gene 5 Protein with
P-d(AAC)., or S-d(AAC), and Complexes of Wild-Type and
Mutant Gene 5 Proteins with P-dfor S-dAss (0.2 M NacCl, 20
OC)a'b

slopé
proteinin  sequencein — log[Kwapd/  experimentakwapp
complex complex log[NacCl] (x 10°M™Y)
wild-type  P-d(AAC). 3.05+ 0.07 19.3+ 0.01
wild-type  S-d(AAC), no >100C
wild-type  P-dAs 3.68+0.29 0.71+ 0.05
Y26F P-dAs 4.01+ 0.48 0.20+ 0.01
Y34F P-dAs 3.65+0.25 0.060t 0.002
Y61F P-dAs 3.91+ 0.69 0.40+ 0.04
wild-type  S-dAsg 2.70+0.28 246+ 21
Y26F S-dAss 2.61+0.47 86.9+ 2.1
Y34F S-dAss 2.53+0.16 33.4+ 0.8
Y61F S-dAgs 277+ 1.07 206+ 29.4

2 Experimental data were extrapolated to 0.2 M N&ilitration
endpoints were all at [P}/[NF 0.25-0.26 + 0.01, with standard
deviations determined by fitting CD titration data at 270 nm with two
linear regressions.Slope and standard deviations from linear regres-
sions of the data in Figure 3B and Supporting Information Figure S1.
4 Not determined® The calculated value was (66301320) x 10° M.

See legend to Figure 5.

titrations confirmed that the binding stoichiometry was the
expected four nucleotides per g5p monomer for both
d(AAC);2 and S-d(AAC), (Table 2 footnote). Then, samples
were subjected to salt dissociations to deterriing,, values

the other three complexes at the same NaCl concentration accord-
ing to the equation lo#{wapds-danc = 10g[Kwapdsaa +
log[Kwapdp-danc — 10g[Kwapdp-aa. Precise experimental dissociation
data for g5pS-d(AAC)> complexes could not be obtained because
of the high salt concentrations needed for dissociation, but the
[NaCl] values for two samples were within the upper portion of
the shaded area and indicated a significant additional influence of
the nearest-neighbor base stacking effect on the binding affinity
for S-d(AAC),. Error bars were within the size of the symbols
shown.

would be predicted by adding the free energy contribution
of the d(AC)+ d(CA) nearest neighbors in normal P-DNA
to the contribution of the phosphorothioation of fAsee
legend to Figure 5). Therefore, it appeared that there was a
significant nearest-neighbor d(AA) base-stacking effect on
the binding affinity of g5p to the phosphorothioate-containing
dAss sequences.

Binding Affinities of Mutant Gene 5 Protein§he g5p
contains five conserved tyrosines, and four mutant proteins
with conservative Tyr— Phe substitutions have been
characterized in prior work2g, 29). Tyr-26, Tyr-34, and
Tyr-61 are assigned as being involved in DNA binding,
protein—protein cooperative interactions, and protein folding,
respectively. Mutant proteins Y26F, Y34F, and Y61F all
have reduced binding affinity for ssSDNA compared with the
wild-type protein R9). In the present work, the lol§fvap]
versus log[NaCl] dependence was determined for the binding
of each of these mutants to P-giand S-dAs. The affinities
for P-dAgs were in the order of wild-type> Y61F > Y26F
> Y34F (with relative values of > 0.56+ 0.07> 0.28+
0.02> 0.08+ 0.01) when extrapolated to a salt concentration

as described above for the other 36-mers. Figure 5 showsof 0.2 M NaCl. (Data are summarized in Table 2, and the

the [NaCl]-dependence of the measured values oKogf]

of g5p for P-d(AAC),, P-dAgss, and S-dAs. The binding
affinity was 27-fold higher for P-d(AAG) than for P-dAs

at 0.2 M NacCl (Table 2). Reliable salt dissociation curves
could not be determined for complexes with S-d(AAC)

log[Kwapd Versus log[NacCl] plots are given in Figure S1 of
Supporting Information.) At the same salt concentration, the
affinities for S-dAy were in the same order with relative
values of 1> 0.84+ 0.14> 0.35+ 0.03> 0.14+ 0.01.

The data are summarized in Table 2. Since the general effects

because of incomplete dissociation and precipitation of of the three mutations were the same regardless of the type
protein at high [NaCl]. But, the NaCl concentrations required of DNA substrate, these results support the other evidence
for dissociation of complexes with S-d(AAGwere within above that the phosphorothioate DNA binds in the normal
the shaded area of Figure 5 and were at least as great ag5p binding site. Further, the ratios for binding of the mutants
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to the phosphorothioate DNA were slightly higher than for NaCl where the polyelectrolyte effect is eliminatddy, the
binding to the normal DNA, indicating that the binding differences in binding affinities of S-d(Agversus P-d(Ag
affinities of the mutants, relative to that of the wild-type due to nonpolyelectrolyte effects were actually somewhat
protein, were reduced slightly less when the substrate waslarger than those tabulated at 0.2 M NaCl in Table 1. That
the modified DNA. That is, the higher affinity to the S-giA is, the enhanced binding of phosphorothioate DNA resided
may modestly compensate for the destabilizing effects of in factors such as altered DNA structure, electrostatic (ionic)
these mutations. Finally, the slopes of the plots for binding interactions, and nonelectrostatic interactions.

to S-dAgs were all slightly less than for binding to P-dA Effects of Altered S-DNA Structurhe phosphorothioate
by about one ion per protein dimer, regardless of the protein could affect binding affinity by changes in the nucleic acid
used. Values of the slopes are given in Table 2. This flexibility and base-base stackingi—43). White et al. 44)
reinforced the conclusion from titrations with the wild-type showed by IR spectra that S-DNA and P-DNA have
protein (Table 1) that a reduction in the number of ions significant structural differences at all relative humidities.
released was a property of DNA backbone phosphorothio- (A) The water bound in the first layer of hydration is

ation. slightly less for a 20-mer pyrimidine-rich S-DNA than for
the unmodified DNA (1.2 versus 1.4 water molecules/
DISCUSSION nucleotide absorbed over the water bound at 0% Ri4). (

Therefore, the entropic contribution of water release (at least

S-dAs Bin_ds in the_ _Normal g5p Binding _SiteThe from the nucleic acid) should be no more favorable for
phosphorothioate-modified and unmodified gAligomers S-DNA than for P-DNA.

were similar in (A) having identical stoichiometries of
binding (e.g., binding in ann = 4 nucleotide/protein
monomer mode), (B) giving the same qualitative CD changes
on binding, (C) being dissociated in the same all-or-none
fashion by salt, and (D) having the same ranking of binding
affinities for three mutant proteins. We are led to the

conclusion that phosphorothioate-modified and unmodified phosphorothioate linkage, while having a preferred confor-

dAsg pllgomers bind to the same binding site of Ff gene 5 mation, is still flexible ¢1). Adenine stacking constrains the
protein. conformations of both P-d(A9 and S-d(A)s, and a slight
The Ko for binding to a g5p dimer was about 350-fold  ynstacking of bases in S-d(#)following paragraph) might
greater for S-d(Ags than for P-d(A)s at 0.2 M NaCl (Table  actually increase its flexibility relative to P-d(4) Second,
1), with the assumption that the data in Figure 3B may be the sign of an entropic effect depends on the bound as well
linearly extrapolated to this salt concentration. (Confidence as the free state of the nucleic acid (including changes in
in the reasonableness of a linear extrapolation is providedthe water of hydration). For example, in previous work we
by the similar slopes for the loffv] versus log[NaCl] plots  found that entropy changes were favorable for hybridization
that describe the binding of the wild-type and three mutant of S-DNAs with RNAs (by about-1.7 cal/mol of base pair)
g5p proteins to a particular oligomer over a wide range of pyt were unfavorable for hybridization of S-DNAs to form
NaCl concentrations, Table 2 and Supporting Figure S1.) S-.DNA-DNA or S-DNA-S-DNA duplexes (by about3.3
At 20 °C and 0.2 M NaCl, the free energy of binding per cal/mol of base pair), relative to P-DNA hybridizatiof6].
phosphorothioate linkage was more favorable by about 0.4 |n the case of binding to g5p, it seems unlikely that S-gA)
kcal/mol AG® = —[RT In(350)]/8). The binding affinity  would be less constrained than P-d{A left-handed helical
increased in a nearly linear fashion with the extent of channels when saturated by gSp, a|th0ugh their local nucle-
phosphorothioation. In addition, SPPP-gAnd SSPP-d#, otide conformations may differ.
which had modifications that presumably would have been  (C) Steric hindrance or electrostatic effects of the sulfur
phased in the g5p binding site in an= 4 binding mode,  (41-43, 47) that reduce the interaction between neighboring
were not disproportionate in their binding affinities. There- pases could lead to a favorable enthalpy of binding. G5p
fore, the higher binding affinity of phosphorothioate linkages pinds to unstacked sequences with much higher affinity than
to g5p was not dominated by one or two position-specific g stacked sequence2d]. Differences in the binding affinity
interactions between sulfur and proteln residues. of gSp for normal DNA sequences are consistent with a
Enhanced Binding of S-DNA by g5p Is Not a Polyelec- nearest-neighbor nucleotide effect in which a reduction in
trolyte EffectPolyelectrolyte contributions are a major source base-base stacking in the free nucleic acid results in a net
of stability in DNA-protein interactions4(). However, the gain in enthalpy as the bases stack with aromatic residues
number of ions released upon binding was about one less(Phe-73 and Tyr-26) in the g5p binding site and as bases
per g5p dimer for binding of S-d(Ag than for binding of partially restack with themselves within the overall left-
P-d(Aks (see values of slopes in Tables 1 and 2). This handed superhelix complex. A negative CD band of«
reduction in ion release due to phosphorothioate-modification 250 nm, an indication of base-base interactid8),( was
could be caused, in part, by a slight unstacking in S-gfA) about one-third reduced for S-dAcompared with P-dés
versus P-d(Ag (see below) and a consequent increase in (see the solid lines for free P-dfAand S-dAg in Figure 1,
the phosphate-phosphate distance and reduction in charg@anels A and B); this CD band was intermediate in
density. Fewer ions released contributed to an unfavorablemagnitude for the other S-containing oligomers. The hyper-
entropy of binding for S-d(A}. Moreover, with the assump-  chromicity at 260 nm upon heating from 20 to 90 was
tion that preferential ion binding effects are small and that also slightly reduced from 22% (for P-gé to 18% (for
log(Kw) values may be extrapolated and compared at 1 M S-dAgs; data not shown). Therefore, S-gifappeared to be

(B) Increased steric hindrance of phosphorothioate DNA
caused by the larger radius of the sulfur (1.8 A) compared
with oxygen (1.5 A) could reduce the entropic cost of binding
of phosphorothioates to proteins, as was pointed out by
Benimetskaya et al46). However, such a reduction should
be minimal in the case of S-d(4)binding to g5p. First, the
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slightly unstacked, consistent with previous results for other
phosphorothioate-modified DNA sequencé6)( But, other
results argue against S-DNA unstacking as dominating its
higher binding affinity. For the S-DNA oligomers, the
reduced change in the CD band at 270 nm during complex
formation (Figure 2) suggests that base-amino acid stacking
was reduced and/or other local features of the bound $-dA
were not like those of bound P-dé If reduced stacking of
S-dAgs bases made them more accessible for interactions with
the protein, one might have expected the same, or an
enhanced, change in the CD on binding. Of more importance,
base unstacking caused by phosphorothioate substitution did
not appreciably reduce the unstacking effect caused
by substitution of purinepurine neighbors with purine-
pyrimidine neighbors, because the binding affinity of S-
d(AAC);, was significantly increased over that of S-d{4)
(Figure 5). In summary, although conformational perturba-
tions of the DNA due to phosphorothioation undoubtedly
modulated the binding affinity of g5p to S-d(#)ompared
with P-d(A)e, direct interactions of the phosphorothioate
group with the protein were the more likely contributors to
the net higher binding affinity of S-d(Ag.

Direct Effects of SulfurSulfur is less electronegative than
oxygen, but the sulfur probably carries a full negative charge
in phosphorothioate anions in solution because the larger size
and polarizability of sulfur allow the charge density in a
thiolate anion to be less than that in an oxyanidm, @9).

The net effect on the properties of phosphorothioate DNA
is difficult to predict.

Dertinger et al. $0) used a phosphorothioate walk with
single, chiral-specific substitutions along an RNA hairpin
to study the effects of individual phosphorothioate substitu-
tions on binding of the MS2 virus coat protein. They found
that the direct, specific effects of phosphorothioate substitu-
tions could be either positive or negative, in the range of
0.4—1.6 kcal/mol, without an obvious correlation between
the size of the effect and the type of interaction (hydrogen
bonding or ionic).

In the present work, the phosphorothioate substitutions
were of random chirality, requiring that a mixture of nonsite-
specific interactions between the g5p and the individual
substituted backbone linkages netted a favorable binding.
Contributions to the binding energy could include (A)
reinforcement of electrostatic effectd 43, 47), (B) a
contribution from stacking interactions with sulfur, which
is more polarizable than oxygerbl), (C) an increased
hydrophobic effect §2, 53), and (D) a smaller enthalpy
required to strip water and ions from the S-DNA backbone
(59).

SUPPORTING INFORMATION AVAILABLE

One figure showing the dependence of Kg| on log-
[NaCl] for binding of different g5p mutants to dAand
S-dAgs. This material is available free of charge via the
Internet at http://pubs.acs.org.
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