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Abstract

The gene 5 protein (g5p) of the Ff virus contains five Tyr, individual mutants of which have now all been
characterized by CD spectroscopy. The protein has a dominant tyrosyl 229-@D band that is shown

to be approximately the sum of the five individual Tyr contributions. Tyr41 is particularly important in
contributing to the high cooperativity with which the g5p binds to ssDNA, and Y41F and Y41H mutants are
known to differ in dimer—dimer packing interactions in crystal structures. We compared the solution
structures and binding properties of the Y41F and Y41H mutants using CD spectroscopy. Secondary
structures of the mutants were similar by CD analyses and close to those derived from the crystal structures.
However, there were significant differences in the binding properties of the two mutant proteins. The Y41H
protein had an especially low binding affinity and perturbed the spectrum of poly[d(A)] in 2 mMiuah

less than did Y41F and the wild-type gene 5 proteins. Moreover, a change in the Tyr 229 nm band, assigned
to the perturbation of Tyr34 at the dimer—dimer interface, was absent in titrations with the Y41H mutant
under low salt conditions. In contrast, titrations with the Y41H mutant in 50 mMexibited typical CD
changes of both the nucleic acid and the Tyr 229-nm band. Thus, protein—protein and g5p—ssDNA inter-
actions appeared to be mutually influenced by ionic strength, indicative of correlated changes in the ssSDNA
binding and cooperativity loops of the protein or of indirect structural constraints.

Keywords: Circular dichroism; Ff gene 5 protein; tyrosine CD bands; protein—protein cooperative inter-
actions; secondary structure analysis
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for the g5p, with stoichiometries ofl = 4, 3, or 2-2.5 The CD spectrum of the wild-type g5p contains an atypi-
nucleotides per gbp monomer. The= 2-2.5 binding cal positive CD band at 229 nm, due mainly to thebands
mode is weak, and is dissociated at salt concentrations adf the five tyrosyl residues (Day 1973; Woody 1978). Prior
0.1 M or less (Kansy et al. 1986; Sang and Gray 1989CD studies of four single Tys Phe mutants, Y26F, Y34F,
Thompson et al. 1998). The binding affinity of gbp is de- Y41F, and Y61F, showed that each has a positive 229-nm
pendent on the ssDNA sequence, and is inversely related 8D band, but with a slightly (<10%) reduced magnitude
the nearest-neighbor base stacking tendencies in (A + Compared with the wild-type g5p. Our initial inference was
containing ssDNA sequences (Mou et al. 1999). that Tyr56 might dominate this CD band, but this was with-
In the absence of nucleic acid, the three-dimensionabut taking into account the CD contributions of the substi-
structure of g5p has been determined by X-ray crystallogtuted Phe. It was also inferred that Tyr56 should have a
raphy and NMR spectroscopy (Folkers et al. 1994; Skinnestrong positive |, band at longer wavelengths, if tyrosyl
et al. 1994). The Ff g5p monomer is a relatively compactcontributions are additive (Mark et al. 1995; Thompson et
OB-fold B-structure of only 87 amino acids, and it exists asal. 1998). In this paper we present new CD data for a Y56H
a stable dimer in solution even at a concentration as low asmutant, and show that the,lband of the g5p consists of
1 nM (Murzin 1993; Terwilliger 1996). Aromatic residues approximately additive contributions of the five Tyr, while,
of the protein consist of five Tyr, three Phe, and no Trp. Theat the same time, tyrosyl contributions to thedand are not
five Tyr are conserved or conservatively substituted in theadditive. This insight has implications for the interpretation
related IKe and Pf3 ssDNA binding proteins (de Jong et alof the decreased_band intensity associated with the bind-
1989). Two Tyr (Tyr56 and Tyr61) are largely buried in the ing of g5p to ssSDNA, as will be discussed.
interior of the g5p. The other three Tyr (Tyr26, Tyr34, and The structure of the g5p-ssDNA complex, which forms a
Tyr41) are located on the protein surface. Tyr26 is directlyleft-handed superhelix with two antiparallel binding chan-
involved in binding ssDNA, and Tyr34 and Tyr41l are in- nels for sSSDNA, has been studied by electron microscopy,
volved in protein—protein cooperative interactions. Tyr41,NMR, CD spectroscopy, solution scattering techniques, and
located in a flexible dimer—dimer contact loop, is particu- molecular modeling (Gray 1989; Folmer et al. 1994; Skin-
larly important in stabilizing dimer—dimer interactions. The ner et al. 1994; Olah et al. 1995). Of particular importance
Y41H mutant protein has improved solubility, making pos-to our current study, two models of the g5p-ssDNA complex
sible high-resolution NMR structural studies (Folkers et al.have been proposed for constructing the polymeric protein
1994). The locations of the five Tyr within the g5p dimer shell of the gbp complex on the basis of the X-ray struc-
are shown in Figure 1. tures, in the absence of ssDNA, of the wild-type protein and
two g5p mutants, Y41H and Y41F (Guan et al. 1994). A
superhelical complex based on the crystal structure of the
Y41H mutant was more satisfactory in its dimer—dimer con-
tacts than that based on the wild-type or Y41F proteins. The
model, based on the crystal structure of the Y41H protein,
was similar to that independently derived from the solution
structure of the Y41H protein (Folmer et al. 1994). Because
NMR results showed that the solution structure of the Y41H
mutant was very nearly identical to that of the wild-type or
Y41F mutant proteins (Prompers et al. 1995), differences in
the crystal structures of Y41H and the other two proteins
were apparently the result of crystal packing forces. It has
been puzzling why the crystal packing interactions of the
mutant Y41H protein, which is defective in cooperative
: interactions in solution, appeared to mimic the dimer—dimer
W g arrangement of wild-type g5p complexed with ssDNA in
Ff Gene 5 Protein Dimer solution.
Fig. 1. Ribbon model of the Ff gene 5 protein dimer in the complex By_SImL_IItaneOUSIy monitoring the C[_) changes of the
described by Guan et al. (1995). The view is perpendicular to the twofolditicleic acid CD at 270 nm and the protein tyrosyl CD band
axis of the dimer. Locations of the five tyrosines in each monomer areat 229 nm, we show that Y41H and Y41F mutants have
shown. Tyrosines in the second monomer of the dimer are marked witisignificantly different binding properties when added to
primes. The DNA-binding wings hold up to four base pairs on each of two oly[d(A)] at low ionic strength, although they have similar

segments of single-stranded DNA that are directed into and out of the plan D tral ch teristi h f . Ut In th
of the paper. Tyr34 and Tyr41l are involved in cooperative dimer—dimer spectral charactensucs when iree in solution. In the

interactions. In this view, Tyr41 and Tyr4lrespectively, extend toward Presence of 50 mMm Na the CD binding propgrties ob-
and away from the viewer on the cooperativity loops of the protein. served for Y41F and Y41H mutants were both like those of

DNA Binding Site
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the far-UV CD spectra of the mutant and wild-type gene 5
proteins, these data provided evidence that the mutant pro-
teins maintained a native structure in solution.

The individual CD contributions from all five Tyr of g5p,
derived from spectra in Figure 2 and previously published
data (Mark et al. 1995; Thompson et al. 1998), are reflected
in the difference spectra in Figure 3A. These spectra were
obtained by subtracting the spectra of the T®he/His
mutants from the spectrum of wild-type g5p. The sum of
these difference spectra is compared with the measured
spectrum of the wild-type g5p in Figure 3B. The maximum
in the summed difference spectra is considerably smaller
than the maximum in the wild-type CD spectrum and is
shifted to the red. These differences do not necessarily re-
flect deviations from additivity of the Tyr . CD bands,
because difference spectra are being compared with an ab-
solute spectrum. If Phe contributions to four of the differ-
ence spectra are estimated and subtracted as described in

Fig. 2. CD spectra of wild-type and three mutant gene 5 proteiA}. ( Ma_te_rials and M?thOdS, .the sum of the ContribUtion'S of the
Far-UV spectra at 180-250 nm. Wild-type (—), Y56H (open diamonds),individual Tyr side chains is close to the experimental

Y41H (open triangles), and Y41F (open circles) gene 5 proteB)Néar-

Ae(229) of the wild-type protein, as shown in Figure 3B and

UV CD spectra of the wild-type and mutant Y56H, Y41H, and Y41F gene Tape 1. All five Tyr residues make positive contributions to

5 proteins at 250—-300 nm. Error bars giving the range of values from twi
or three independent measurements are shown at peak wavelengths; e

(rme L, band, ranging in magnitude from 8.5 ¥cm™ * for

11 - :
bars were generally about the size of the symbols. CD data are plotted i Y26 t0 26.9 M™ cm™ for Tyr61. This analysis of the

units of Mt.cm®, per mole of protein monomer, in Figures 2 and 3.

the wild-type g5p. Our results suggest that these effects Sl A R
reflect different defects in the cooperative binding of the 20k A Y56H Y61F
two Tyr4l mutants. Moreover, our results show that the 10 -
Y41H protein can undergo coordinated changes in its DNA 0 %
binding and dimer—dimer cooperative interactions with a 10 Y41E N
change of salt concentration in solution. We conclude that it E 20 Y34F |
is not unexpected that dimer—dimer packing interactions of -~ -ag Y28F ]
the wild-type and Y41F proteins in crystals without SSDNA 2 40 +——F———+—1 .
do not represent those that occur in solution whenthe gspis &= 80 B +2 - 80
bound to sSDNA. @ 60 VAN 707
! a0 & / 440 L
@ 20 & H 20
B e e e B
Results - :w // 10
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The far-UV CD spectra (180-250 nm) of the Y56H, Y41H

Wavelength (nm)

' Fig. 3. CD contribution of tyrosines of Ff gene 5 protein in the far-Uv

and _Y41F mutant proteins were qualitatively_similar to that,egion. @) Difference CD spectra of [CD(WT) - CD(Y26F)] (open
of wild-type g5p, as shown in Figure 2A. In this wavelength circles), [CD(WT) - CD(Y34F)] (open down triangles), [CD(WT) -

region, the g5p mutants retained the large tyrosyldD

CD(Y41F)] (open squares), [CD(WT) — CD(Y56H)] (open up triangles),

band of the wild-type g5p at 229 nm, but the magnitude afCD(WT) - CD(Y61F)] (open diamonds)B] Comparison of the measured
229 nm was about 10% smaller for Y41H and Y41F andCP spectrum of wild-type g5p (—), the sum of [CD(WT) ~ CD(mutant]

19% smaller for Y56H. Because the 229-nm CD band i

. difference CD spectra (- - -) that are shown #),(and the sum of the
Scalculated contributions of individual Tyr (+++). The wild-type g5p CD

completely abolished by denaturation (Liang and Terwill-spectrum and sum of Tyr contributions are plotted:as z, (right ticks),
iger 1991), and because there was an overall similarity irand the difference CD spectra are plotted\s, — g) (left ticks).
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Table 1. Individual Tyr side-chain contributions the(229¥ of make a large contribution to the near-UV spectrum of the

the wild-type g5p wild-type protein, contrary to expectations from the long-

Tyrosine A6(229) (M oY) wavelength spectra of the other mutants (Thompson et al.
1998).

Y26 +8.5

Y34 +15.6 -

Y41 +15.6 Empirical CD analyses

Y56 +16.5 .

Y61 +26.9 As assigned by the DSSP method (Kabsch and Sander

1983), the secondary structures in the crystallographic
structures of wild-type, Y41F, and Y41H proteins (Protein
@Calculated from difference CD spectra [CD(wild-type) — CD(Tw Data Bank [_PDB] _COdes 1GVP, 1YHB, and 1YHA'_ fespec-
Phe/His mutant)] by procedure described in Materials and Methods.  tively) are listed in Table 2A. The mutant proteins have
structural features similar to those of wild-type g5p, with a
predominantB-structure content (44-48%). Moreover, all
three proteins have 7% of distortedhelix (two short seg-
difference spectra therefore yields a value of +83'Mm™*  ments of three residues inghelices), 15-17% of turn, and
for the sum of the individual Tyr contributions to 30-33% of unordered structures. The experimental protein
Ae(229),which is within 8% of the directly observed value CD spectra were analyzed by three CD analysis programs
of +90 M™* cm™* for the wild-type protein. Thus, the far-UV (CONTIN [Provencher and Glockner 1981], SELCON3
Tyr contributions are, to a good approximation, additive.[Sreerama et al. 1999], and CDSSTR [Johnson 1999]) for
There is no one Tyr that makes a dominant contribution. secondary structure assignments, and the averaged results of
Figure 2B shows CD spectra of the wild-type and mutanthese three analyses are shown in Table 2B. All three mutant
proteins in the near-UV region (300-250 nm). At wave-proteins (Y41F, Y41H, and Y56H) had secondary structure
lengths above 260 nm, where Phe and His make little or ndractions similar to those of the wild-type g5p with less than
CD contributions, the CD spectrum is dominated by tyrosyl1% «-helix and significant percentages (38-41%) of
L, bands (Strickland 1974). CD spectra of the Y41H andB-structure. These results for wild-type and mutant (Y41F
Y41F mutants were almost identical, but were differentand Y41H) gene 5 proteins were comparable to the results
from that of the wild-type g5p in having somewhat more derived from crystallographic data (Table 2A). For ex-
negative magnitudes. This showed that the two mutant proample, the fractions of regulgd-sheet were 24-26% and
teins were essentially identical, and their spectra in thi26—-30% for data from CD and crystallographic structures,
region reflected only the removal of Tyr41. The CD spec-respectively. In general, the protein secondary structure as-
trum of the Y56H mutant was only slightly changed from signments from the CONTIN and the CDSSTR analyses
that of the wild-type protein, showing that Tyr56 does notwere more consistent with the crystal structures than were

Total +83.2

Table 2. (A) Percentages of secondary structures assigned by the DSSP method from the crystallographic structures for wild-type
and mutant gene 5 proteins

Regular Distorted Regular Distorted Turn Unordered
Protein PDB code a-helix (%) a-helix (%) B-sheet (%) B-sheet (%) (%) (%)
Wild-type 1GVP 0 7 28 18 17 30
Y41F 1YHB 0 7 30 18 15 30
Y41H 1YHA 0 7 26 18 15 33

(B) Percentages of secondary structures for wild-type and mutant gene 5 proteins from the average of empirical analyses of CD
spectra using CONTIN, SELCON3, and CDSSTR progtams

Regular Distorted Regular Distorted Turn Unordered
Protein a-helix (%) a-helix (%) B-sheet (%) B-sheet (%) (%) (%)
Wild-type -1+P 2+1 26+5 14+1 24+1 35+7
Y41F -1+2 0t2 24+ 4 14+1 25+2 38+6
Y41H -1+1 1+2 26+4 15+1 25+2 34+6
Y56H -1+1 1+2 25+6 14+2 24+1 35+10

aThe sum of percentages determined by CDSSTR and SELCONS3 analyses are restricted to the range of 95 to 105%.
®+ values are the ranges of values from the three analyses.

604 Protein Science, vol. 11



CD of Ff gene 5 protein

those from the SELCONS3 analysis. Specifically, theProtein-poly[d(A)] complexes

SELCONS analysis gave legsstructure (by 7-10%) and

more unordered structure (by 7—17%) than given by the CD titrations and nucleic acid CD changes at
CONTIN and CDSSTR analyses (data not shown). 270 nm.

The crystal structure of the Y41F mutant is very similar Figure 4A and B shows the CD spectral changes in the
to that of wild-type g5p. The structure of Y41H g5p is also near UV of poly[d(A)] upon additions of Y41F or Y41H
similar to that of wild-type g5p but with small differences in mutant proteins in 2 mM Na(phosphate buffer, pH 7.0).
the DNA binding hairpin region and in the monomer—mono-CD spectral changes during titrations of poly[d(A)] with the
mer contact hairpin (Guan et al. 1994). The CD analyse¥41F protein were qualitatively the same as those published
gave secondary structures for the wild-type and all thredor titrations of poly[d(A)] with wild-type, Y34F, and Y61F
mutant gene 5 proteins that were comparable with eacproteins (Mark et al. 1995; Thompson et al. 1998), as well
other, and the CD results for the wild-type and mutant Y41Fas with the Y56H protein (not shown). Upon additions of
and Y41H proteins were in reasonable agreement with thg5p at [P]/[N] ratios <0.25, shown as open symbols, the
crystallographic results. Therefore, we conclude that all thepositive CD bands of poly[d(A)] decreased in magnitude
proteins, including Y56H, have similar native structures inand became negative. Because the CD spectrum of g5p is
solution. negligible in comparison with that of the ssDNA in this

) Poly[d(A)] Titrations with Protein
L LI l L L
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Fig. 4. Representative CD spectra showing changes during formation and NaCl dissociation of g5p-poly[d(A)] comp)exes. (
Representative spectra from a CD titration of poly[d(A)] with Y41F g5p; [g5p]/[nucleotide] ([P]/[N]) ratios were 0.00 (—), 0.06 (open
circles), 0.20 (open squares), 0.27 (open triangles), and 0.43 (filled diamoByi$}epresentative spectra from a CD titration of
poly[d(A)] with Y41H g5p; [g5p])/[nucleotide] ([P)/[N]) ratios were 0.00 (—), 0.15 (open circles), 0.24 (open squares), 0.33 (open
triangles), and 0.45 (filled diamonds)C) Representative CD spectra from a salt dissociation experiment of a saturated
Y41F-poly[d(A)] complex that was formed at a [P)/[N] ratio of 0.33; no added NaCl (—), and [NaCl] of 0.05 M (oepn circles), 0.08
M (open squares), 0.10 M (open triangles), and 0.15 M NaCl (open diamobBj$}epresentative CD spectra from a salt dissociation
experiment of a saturated Y41H-poly[d(A)] complex that was formed at a [P]/[N] ratio of 0.33; no added NaCl (—), and [NaCl] of 0.03
M (open circles), 0.05 M (open squares), 0.07 M (open triangles), and 0.14 M NaCl (open diamonds).The CD spectrum of free
poly[d(A)] at 1.0 M NacCl (filled circles) is shown for reference in both pan€sand O). The concentrations of g5p were 6.0 and 5N

in complexes with Y41F and Y41H, respectively. CD data are plotted in units dfchi®, per mole of nucleotide, in Figures 4 and 5.
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wavelength region (Thompson et al., 1998), this type of CD A 2111
change is attributable to changes in the nucleic acid and R, Wild-type
includes the effects of dehydration, partial base—base un-
stacking, and the conformational alterations needed to form

a left-handed superhelical structure when complexed with 4
g5p (Gray 1996). S 6
The four panels of Figure 5A show the reduction in CD N &
magnitude at 270 nm as a function of the [P]/[N] molar ratio = 2|
for titrations with the four proteins. Solid symbols show °|° 00\,
data for titrations in 2 mM Na(phosphate, pH 7.0). Bind- @ |+
ing of the wild-type, Y41F, and Y56H gene 5 proteins to 2
poly[d(A)] was essentially stoichiometric, and the first ti- al

tration endpoints were reached at [P]/[N] ratios of 0.25 to
0.30, which indicated binding in = 4 or 3 binding modes,

as summarized in Table 3. Also, at higher [P]/[N] ratios -3 SR I o PR RN PN P O
with wild-type, Y41F, or Y56H proteins, the CD at 270 nm 0001020304 050102030405

became less negative until a second titration end point was [PYIN]

reached at [P]/[N] ratios of 0.39 to 0.44, indicative of a B 4 11—
weakern= 2.5 binding mode (Fig. 5A). Full spectra are - wild-type / +wild-type /]
shown in this [P]/[N] range for the Y41F protein in Figure 0| (2mM) / (50mM) /
4A (solid symbols). This weak binding mode has also been " // T // ]
observed when titrating poly[d(A)] with the three other Tyr 20 y, T / 7
mutants, Y26F, Y34F, and Y61F (Mark et al. 1995; Thomp- 10 L/ __ / ]
son et al. 1998). In such a binding mode where there are | /4 /T\ T 1 4 'r ’T‘ |
only a few nucleotides per protein monomer, structural con- P SR, T
siderations led to the inference that the ssDNA is probably L Y41F 4 Y41F /

partially released from the protein binding sites, which are E
held in juxtaposition by cooperative interactions, account- g
ing for the reduced CD effect at 270 nm (Mark et al. 1995; pog
Thompson et al. 1998). ‘T’
The results of CD titrations with the Y41H mutant were <
quite different from those with the wild-type and the other
Tyr mutant proteins. Like the other mutants, Y41H satu-
rated poly[d(A)] at a [P]/[N] ratio of about 0.3 in the 2 mM
Na“ (phosphate, pH 7.0) buffer. However, unlike the titra-
tion data for the other proteins, the data for Y41H were
slightly curved before the breakpoint, indicative of a re-
duced binding affinity and nonstoichiometric binding at
[PY/[N] ratios < 0.2 (Fig. 5A; solid symbols for Y41H). ol B
Moreover, there was only one titration breakpoint, so that 0.0 0.1 02 03 0.4 0.5 0.1 0.2 0.3 0.4 05
the CD did not change at [P])/[N] molar ratios above this [PVIN]
breqkp.omt (Figs. 4_B’_5A)’ _Wh'Ch was consistent with a IOSSFig. 5. Nucleic acid and protein CD titration curves during titrations of
of binding cooperativity. Finally, the total CD change at 270 poly[d(a)] with g5p. (4) Nucleic acid CD changes at 270 nm of poly[d(A)]
nm of poly[d(A)] was only about -4 M--cmi* when titrated ~ as a function of [PJ[N] ratios during titrations with wild-type, Y41F,
with the Y41H mutant. Separate experiments were perY4lH, and Y56H gene 5 proteins. Filled symbols: titration data at 2 mM
formed to test whether the data for the Y41H-poly[d(A)] N&- Open symbols: titration data at 50 mM Néphosphate, pH 7.0).
. . Different symbol shapes represent data from individual titratioBs CD
Complex were tlme-dependent, and no Change_s "_1 me_asur%ﬂgmges of the protein tyrosyl CD band at 229 nm during titrations of
CD values were found between those taken within minutegoy[d(a)] with wild-type and mutant Y41F and Y41H gene 5 proteins in
after mixing and those taken after 24 h (not shown). 2 or 50 mM N4 (phosphate, pH 7.0). The nucleic acid contribution to the
When titrations were performed in 50 mM Naﬁphos- 229 nm CD band was subtracted as described in Materials and Methods.
phate buffer, pH 7.0), the binding of the Y41H protein was Dashed lines show the expected CD changes for additions of g5p in the

L. . : . . absence of poly[d(A)]. Different symbol shapes represent data from indi-
stoichiometric, and titrations with the Y41H, Y41F, and thevidual titrations. Arrows at [P]/[N] ratios of 0.25 and 0.33 indicate where

wild-type prOt.eins were Sim”ar .(Fig- 5A, open §ymbo|s). breakpoints indicated a shift between the- 4 andn = 3 binding modes,
There were single breakpoints in the titrations in 50 mMespecially at the higher salt concentration.
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Table 3. Titration breakpoints in 2 mM Naand salt dependence of binding constants for poly[d(A)] complexes formed with
wild-type and mutant gene 5 proteins

[PY/[N] breakpoints (270 nm) Salt dependence of binding constant
Slope Kw at [NaCl] = 0.2 M
n = 4 or 3 mode n= 2.5 mode (-9log(Kw)/dlog[NaCl]) (x103 MY
Wild-type 0.25+0.01 0.39+0.02 4.1+0.6 175+ 37
Y56H 0.30+0.01 0.40+0.01 3.6+0.9 52.0+12
Y41F 0.30+0.01 0.44 +0.02 49+0.6 5.0£0.7
Y41H 0.31+0.02 N/A 3.7+0.8 19+0.3

Na*, because the weaker binding mode of g5p is dissociatedlthough the nucleic acid perturbation at 270 nm (Fig. 5A)

at the higher salt concentration (Mark et al. 1995). clearly showed that Y41H bound to, and perturbed, the
ssDNA. This result can be interpreted as indicating that the
Tyrosyl CD changes at 229 nm. Y41H mutation caused a more drastic reduction in the bind-

ing cooperativity than did the Y41F mutation so that, indi-

The panels of Figure 5B show the tyrosyl CD changes afg .y the Tyra4 was not perturbed to the same extent in
229 nm as a function of the [P]/[N] ratio during CD titra- titrations of poly[d(A)] with the two mutant proteins.

tions of poly[d(A)] with the wild-type g5p and the Tyrdl- 5 o oiher hand, when titrations with Y41H were per-

substituted mutants. Dashed lines represent the linear i%rmed in 50 mM N (phosphate, pH 7.0), the CD band at
crease in CD with increasing the [P}/[N] ratio that would be 229 nm did exhibit a decrease and showed two breakpoints

observed from _adding the free proteins to bu_ffer.. Symbols,, [PY/[N] ratios at which the poly[d(A)] became saturated in
show the experimental data obtained during titrations, aftef, . '_ 4 andn = 3 binding modes (Fig. 5B, open sym-

subtracting the contribution of the nucleic acid as describe ols). Below [PJ/[N]=0.25, the 229-nm CD magnitude was

in Materials and Methods. In 2 mM Naphosphate, pH reduced by about 23% from that expected for addition of

7.0), thg tyrosyl CD band of wild-type anq Y41F proteins free protein. Then, as the protein was added to give [P]/[N]
respectively decreased 37 and 46%, relative to the respeg- | es between 0.25 and 0.30. the tyrosyl band was more

tive free proteins,_as the proteins were added to pOIy[d(A)]fuIIy perturbed to be decreased a total of 29%. Above a
up to the breakpoint. (The apparent decrease would be ev B]/[N] ratio of 0.3, the 229-nm CD band paralleled the

greatt_ar Wi.thOUt a correction for the _decreased _CD _Of th lope expected for the addition of free protein. This pattern
quclg|c acid when bound by the prqtgln.) Breqkpomts n c.:Dof change in the 229-nm CD band that was exhibited by the
titration plots at 229 nm are more difficult to discern than iNyva1H protein was very close to the patterns observed for

prllots at 270 Tm' but, fobr thiwi!d-t_ype an(/j Y41F proteins_,the wild-type and Y41F proteins at this higher salt concen-
there was at least one breakpoint in a [PVIN] range CONSISgation. The two breakpoints could arise from different per-
tent with the first 0 = 4 or 3) binding mode detected at 270

K mode of bindi < d di turbations of Tyr34 when binding is in thme= 4 andn = 3
nhm. gxzwea m% € or binding at~| S Vé’)as not betgcte n dmodes, or possibly from the added perturbation of another
the 229-nm CD titrations. Similar CD perturbations an Tyr such as Tyr26 when binding is in the= 3 mode. In

breakpoints have been observed before in the 229-nm Clz-i)ny case, the CD titrations left no doubt that differences in

titrations of genomic SSDNA at 2 mM Nawith Y26F and the binding characteristics of the two Tyr41l mutants that

Y61F,.but not wiFh Y34F, which led to the conclu_sion that were apparent in 2 mM Naalmost disappeared in 50 mM
Tyr34 is responsible for the 229-nm CD perturbation dur|ngNa+

cooperative binding (Mark et al. 1995; Thompson et al.
1998). Consistent with this conclusion, we found in the
present work that the 229 nm band of the Y56H mutant also
decreased by 31-32% during the titration of poly[d(A)] (not Figure 4C and D shows representative CD spectra
shown), close to the decrease found for the wild-type produring the dissociation of saturated Y41F-poly[d(A)] or
tein. That is, the CD change at 229 nm for the wild-type andY41H-poly[d(A)] complexes by increasing the salt concen-
Y41F proteins is most simply explained as being the resultration. Spectra for complexes with wild-type or Y56H g5p
of cooperative interactions and a perturbation of Tyr34 aftat various salt concentrations (data not shown) were similar
the dimer—dimer interface under these low salt conditionsto those shown for the complex with Y41F. The complexes
In the case of titrations of poly[d(A)] with Y41H at 2 mM were formed in 2 mM N& (phosphate buffer, pH 7.0) at
Na*, there was no change in CD magnitude at 229 nnPJ/[N] ratios of 0.25 or 0.33. As the NaCl concentration
throughout the full range of protein additions (Fig. 5B), was increased to 0.03 M, the CD bands above 250 nm of the

Salt-dissociation of the complexes.
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Y41H-poly[d(A)] complex became more negative, indicat- (Mark et al. 1995; Thompson et al. 1998; this study). The
ing a greater perturbation of the poly[d(A)]. As the [NaCl] unusually large positive 229-nm band in the CD spectrum of
increased to >0.1 M, the complexes dissociated, as showthe g5p presumably is dominated by bands of the five
by the fact that the CD spectra above 260 nm became lesEyr of the protein, with small contributions from the three
negative and eventually were identical to the spectrum oPhe (Phe6, Phel3, and Phe73). Amide contributions are
free poly[d(A)] at a high NaCl concentration of 1.0 M. generally negative in this region (Sreerama and Woody
Dissociation curves (not shown) were obtained by moni-2000b). The far-UV CD spectra (180-250 nm) in Figure 2A
toring the CD change, relative to the maximum difference inshowed that the three mutant gene 5 proteins in this study
CD value at 270 nm, as a function of NaCl concentration(Y41F, Y41H, and Y56H), like previously studied mutant
(see Materials and Methods). proteins (Y26F, Y34F, and Y61F; Mark et al. 1995; Thomp-
son et al. 1998), retained the unique positive band at 229 nm

Dependence of binding constant on ) . .
b 9 that is characteristic of the native OB-fold structure of the

NaCl concentration. Hobe ot
The binding affinity (Kw) was determined from the wild-type gSp.

. k . . . For the first time, it is possible to consider whether the
free g5p dimer concentration required for 50% dlssoua—at ical CD spectrum of a5o. which has no Tro or disul-
tion of each complex. The salt concentration needed fo yp P gop. b

50% dissociation increased as the concentration of th%ﬂdes, has Tyr contributions that are approximately additive.

We found that the sum of the,lbands of the individual Tyr
g5p-poly[d(A)] complex increased. Figure 6 shows that . : . . .
log[Kw] was linearly related to the log[NaCl] for each type side chains agrees We.” with the ot_)ser\_/ed intensity of the
of complex. The slopes of the logi versus log[NaCl] 229-nm band for the wild-type protein (Fig. 3B, Table 1). If

plots indicéte the number of ions released per g5p dime?xqitop_interactiqns among t_he Tyt bxcited states played
when forming a complex (Record et al. 1976; Terwilliger a significant role in determining the CD of the 229 nm band,

1996) and are listed in Table 3. Binding of wild-type or this band should exhibit deviations from additivity. For ex-

Tyr - Phe/His mutant gene 5 proteins to poly[d(A)] gener_ample, if two Tyr L, transitions were coupled to give an

. . .~ exciton CD couplet, mutation of either side chain would

ally resulted in the release of about four ions per g5p dimer, . . . o
. : . eliminate the couplet. This contribution would then be
consistent with results of prior CD and fluorescence WorkCounted twice when the spectra derived from the mutants
(Bulsink et al. 1985; Stassen et al. 1992a; Mark et al. 1995; P

Thompson et al. 1998). Exceptions are the Y41H and Y34%reemg?]rsr;:);?:?Ha{giczﬁirilzt;iiggr?s ;ﬁaolﬁorlggb#tlof
mutants, for which the measured slopes are —4.9 £ 0.6 (this 9 e

work) and —6.6 = 1.7 (Mark et al. 1995), respectively, indi- Cited states play at most a minor rqle n detern_unmg the
: . o . 229-nm CD. The amplitude of an exciton couplet is propor-
cating the possible additional release of one to two ions per

B 2 . .
protein dimer—dimer interface for these mutants. '0”?' 10 &maxand m_ver_sely proportional to the square of
. . . the interchromophoric distance (Woody and Dunker 1996).
Experimental Ko values for the various proteins were

extrapolated to 0.2 M NaCl for comparison; these are liste ar\]/irjaszﬂf ;l;”élo?)ll?yrvf gnilb?;]:SLao:) ;]ydr; i:f/éandz re
in the last column in Table 3. The mutant proteins all max - ' max

- 1 -1 ;
showed lower binding affinities compared with the wild- [15000-10,000 M" cm . Exciton couplets can be expected

type protein. The Tyral mutants, which are defective ir1for B bands at separations of 5-10 A, but such a couplet in

protein—protein interactions and have a lowered cooperativt-he Tyr Ly band is only likely to be observable if the rings

ity factor, had binding affinities for poly[d(A)] much lower are nearly in van der Waals contact. The closest pair of Tyr

than those of the Y56H mutant or of the Y26F or Y61F side chams_m_ gopis Tyr5_6_and Tyrél, geparateﬁ_]ﬁys_ A
Therefore, it is not surprising that exciton contributions to

mutants previously studied (Mark et al. 1995; Thompson eEhe Tyr L band of g5p are not significant. The CD of the L

al. 1998). The binding affinities of Y41H and Y41F were, band for each Tvr derives primarilv from couoling of the L
respectively, about 90 and 35 times lower than that of wild- y P y ping &

" . N i :
type g5p. Binding affinities of the Y41F and Y34F mutants transition W'th them . ar* transitions of nearby peptide
. . groups and with the fully allowed, short-wavelengthdhd
are almost identical at 0.2 M NaCl (Mark et al. 1995). TheseB transitions of nearby Tyr and Phe side chains (unpub-
data further showed that Y41H has a more defective coop:® y 1y P

o lished results).
erative interface than do the other two mutants, Y41F and .
Y34F, that have a substitution at the protein—protein inter- The absence of a changeAa(229) when Y34F binds to

poly[d(A)] at [PJ/[N] =0.25, implies that Tyr34 plays a

face. major role in this ligand-induced effect. The contribution of
Discussion Tyr34 to the 229-nm band=¢16 M~* cm™*) can be com-

] pared with the change ihe(229) upon g5p binding to
CD spectra of mutant gene 5 proteins poly[d(A)], which is =37% of +90 M* cm™* or =33 M™*

The five Tyr in the gene 5 protein are distinguishable incm* for the wild-type protein. The effect of binding to
their CD contributions in the far-UV and near-UV regions ssDNA is about twice as large as the Tyr34 contribution to
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56 , additivity of the Tyr L, CD bands may result from relatively
55 | minor conformational changes induced in the remaining Tyr
' side chains by replacement of a given Tyr by Phe (or His).
T _54L Because the [ transition is polarized perpendicular to the
g 53 twofold axis of the phenolic ring, variations iy, (the tor-
v sional angle about the &&-C, bond) will affect the L,
=52+ rotational strength. By contrast, theg transition is polarized
= 51L along the twofold axis and is insensitive to variationsgn
X The very similar near-UV CD spectra of Y41H and Y41F
50 in Figure 2B indicate that neither replacement of Tyr4l
— 49 L detectably changes the average CD signals of the remaining
' aromatic residues. These CD data are consistent with NMR
48 .

. : work that shows Y41F and Y41H to have nearly identical
14 12 10 -08 08 structures to each other and to the wild-type g5p in solution
Log[NaCl] (M) (Prompers et al. 1995). In their crystal structures, Y41H
differs from the Y41F and wild-type proteins in the DNA-
Fig. 6. Binding affinity of gene 5 proteins to poly[d(A)]. Plots showing the binding loop and dimer-contact regions (Guan et al. 1994;
dependence of log[#] on log[NaCl] for binding of wild-type (open up  Skinner et al. 1994). Calculations suggest that these aspects
triangles), Y56H (open circles), Y41F (open down triangles), and Y41H ot tha y41H crystallographic structure are energetically un-
(open diamonds) gene 5 proteins to poly[d(A)]. Data were obtained from . . .
salt dissociation curves of g5p-ssDNA complexes formed at [P]/[N] ratiosStabI_e in solution, and, therefore, differences between the
of 0.33 (open symbols) or 0.25 (closed symbols). The total g5p concenSOlUtion and crystal structures may well be due to crystal

trations in these complexes ranged from 6 tou28. The binding affinity ~ packing forces (Prompers et al. 1995).
(Kw) was determined from the free protein concentration at 50% saturation
of the poly[d(A)], and the salt concentration was that needed for 50%

dissociation of complexes as monitored by the reversal of the maximunEmpirical CD analyses of th@-structure in gene
CD change at 270 nm (see Materials and Methods). 5 protein

Because the CD spectra of g5p have a unique large positive
the wild-type CD spectrum. Therefore, the effect is not sim-229-nm CD band resulting from tyrosyl contributions, it
ply an abolition of the Tyr34 contribution. If the effect is might have been difficult to perform a successful analysis of
solely due to Tyr34, the results imply that the Tyr34 con-the g5p secondary structures (Woody 1978). However, we
tribution is reversed in sign upon binding to ssDNA, pre-found that CD analyses of wild-type and mutant (Y41F and
sumably due to conformational changes induced in the g5pY41H) gene 5 proteins were consistent with high-resolution
Alternative explanations include: (1) coupling of Tyr34 crystallographic and NMR studies in showing that the pro-
with chromophores in neighboring dimers upon binding totein has a predominai-structure. Of the three programs
ssDNA, or (2) transmission by Tyr34 to other Tyr residuesused, CONTIN (Provencher and Gléckner 1981), SELCON3
of conformational changes induced by ssDNA binding. In(Sreerama et al. 1999), and CDSSTR (Johnson 1999),
our previous paper (Thompson et al. 1998) it was suggeste@DSSTR gave the best overall analysis in terms of the
that coupling of Tyr34 with the Tyr56/Tyr61 pair may ac- agreement between the secondary structure fractions esti-
count for the absence of perturbation of the 229 nm bandnated from CD and those from the X-ray structures. How-
when Y34F binds ssDNA. Our present results show thatver, the results for a given gene 5 protein from all three
Tyr56 does not dominate the 229-nm band, so although thiprograms were similar, all being within about 5% for a
coupling still could provide part of the explanation, it is no given secondary structure, except for the regasheet,
longer considered to be as probable. for which the results were all within 10% (not shown). The

Above 270 nm, where tyrosylJbands dominate, Tyr34 successful analysis of CD spectra of wild-type and mutant
and Tyr61 make significant negative contributions and thegene 5 proteins, despite substantial aromatic contributions,
other three Tyr have nearly zero or small positive signalds attributable to the improvements in protein CD analysis
(Mark et al. 1995; Thompson et al. 1998). Comparison withachieved by the use of a larger reference protein set
the near-UV CD spectrum of the wild-type protein, which (Sreerama and Woody 2000a).
has positive bands at 276 and 283 nm (Fig. 2B), led to the
pred|ptlon that Tyr56 should make a significant positive C.DStructuraI implications of differential binding
contribution near 280 nm to compensate for the negative .

CD contributions of Tyr34 and Tyr61. As seen in Figure 2B, properties of Y41H and Y41F
this is not the case, and, therefore, the tyrosyl CD contri-The Y41F mutant has characteristics of binding to
butions are not additive in the near UV. The deviations frompoly[d(A)] that are similar to those of the wild-type and four
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other mutant proteins (Y26F, Y34F, Y56H, and Y61F) indirectly constrain (or be constrained by) contacts with the
(Mark et al. 1995; Thompson et al. 1998; this work). ThesessDNA. Alternatively, there could be coupled structural
proteins exhibit two modes of binding to poly[d(A)] when changes in the DNA binding and cooperativity loops of the
the nucleic acid CD at 270 nm is monitored during titrationsprotein. Correlated motions of the DNA-binding wings and
in 2 mM Na". The Y41H protein, however, showed only the dimer—dimer interaction loops have recently been de-
one mode of binding, as monitored by the perturbation ofscribed for the closely related Pf3 DNA-binding protein
the nucleic acid CD. Other differences from the Y41F pro-(Horstink et al. 1999) and for the dynamic ssDNA-binding
tein were that the 270-nm binding curve for the Y41H mu-mechanism described for human replication protein A
tant was nonstoichiometric (at low [P]/[N] ratios) and (Bochkareva et al. 2001). That is, it is possible that the
poly[d(A)] was less perturbed when it was complexed withdimer—dimer crystal packing of the Y41F or wild-type pro-
Y41H than with the wild-type or any of the other mutant teins differs from that when these proteins are bound to
proteins studied to date, because the CD at 270 nm onlgsDNA in solution, but the Y41H mutation permits “native”
reached a negative value of -4 Mcm™ in the low salt interdimer contacts in the crystal structure in the absence of
buffer (Fig. 5A). ssDNA. Guan et al. (1994) observed that, in the crystal
Moreover, the Y41H and Y41F mutants differed in that structure of the Y41H mutant, the ssDNA binding hairpins
no 229-nm CD perturbation was found during titrations ofwere affected and even adopted different conformations
poly[d(A)] with Y41H in 2 mM Na' (Fig. 5B). The titration  within the same g5p dimer. Structural perturbations permit-
of poly[d(A)] with Y41F at low ionic strength resulted in a ted by the mutation need be only relatively small, given that
decrease 0£46% in the magnitude of the 229-nm tyrosyl a Raman study showed that the g5p secondary structure
CD band, similar to that observed during titrations with thedoes not change significantly upon binding to poly[d(A)]
wild-type g5p and three other mutant proteins (Y26F, Y56F (Benevides et al. 1996).
and Y61H). As described in Results, this effect on the Tyr In solution, our combined CD titration data from moni-
band at low ionic strength is probably caused by the pertoring the nucleic acid at 270 nm and the protein at 229 nm
turbation of Tyr34 that results from protein—protein inter- are supportive of correlated changes in the DNA-binding
actions during cooperative binding at [P]/[N] 0.25. site and the cooperativity domain of the Y41H mutant dur-
These observations were undoubtedly a reflection of théng formation of a Y41H-poly[d(A)] complex. As shown in
decreased cooperativity in Y41H dimer—dimer interactionsFigure 5A, in 50 mM N3, the ssDNA binding of Y41H was
(Folkers et al. 1991), and were in accord with the fact thastoichiometric throughout the titration, and the poly[d(A)]
the Y41H mutant differs from the Y41F and wild-type pro- was as fully perturbed as with Y41F or the wild-type pro-
teins in its crystal packing (Guan et al. 1994). The Y41Htein. In addition, Figure 5B shows that, at the higher salt
and Y41F proteins were originally described as both havingoncentration, the 229-nm tyrosyl CD band decreased to
a reduced tendency to aggregate, presumably because afproximately the same extent and with the same depen-
reduced dimer—dimer interactions relative to the wild-typedence on the binding mode as for the Y41F and wild-type
protein (Folkers et al. 1991). We now have shown that theproteins. Figure 7 schematically illustrates the simultaneous
binding affinity of Y41H for poly[d(A)] is significantly less change in ssDNA binding and protein—protein interactions
than that of Y41F, by a factor of about 2.6 when extrapo-with an increase in salt concentration, which conceivably
lated to 0.2 M NaCl (Fig. 6, Table 3). helps overcome repulsion between positive charges on
Although the Y41H protein has a reduced cooperativityHis41 on neighboring dimers. Because the pKa of His41 is
of binding and reduced binding affinity in solution, Guan et 6.5 (Folkers et al. 1991), His41 side chains will be only
al. (1994) proposed that the dimer—dimer packing of Y41Hpartially positively charged at pH 7.0. Nevertheless, the
in crystals represents the interaction of neighboring dimergharge on His41l appears to be important in the binding
when the wild-type g5p is bound to ssDNA and that theproperties of Y41H to poly[d(A)], because CD measure-
contacts in the Y41F and wild-type crystals represent thosenents of Y41F-poly[d(A)] and Y41H-poly[d(A)] complexes
of the protein when it aggregates in solution in the absenc¢P]/[N] = 0.25; 2 mM N4) as a function of pH showed
of ssDNA. These authors modeled the g5p-ssDNA supetthat the CD (270 nm) of the Y41H-poly[d(A)] complex was
helix on the basis of the Y41H crystal packing, and theeven less negative at pH 6.1 than at pH 7.0 (Fig. 5A), while
neighboring dimers in their model were similar to those inthe CD of the Y41F-poly[d(A)] complex was unchanged
a superhelical complex independently modeled by Folmer efnot shown).
al (1994). The success of this model, despite the effect of
the Y41- H41 substitution on the solution binding proper- Biological implications
ties of g5p, may be rationalized on the basis of an interplay
between (1) the protein loops involved in dimer—dimer con-Not only does the Ff g5p saturate newly synthesized phage
tacts and (2) the DNA-binding wings that directly contact ssDNA genomes, but g5p also binds to mRNA leader se-
the ssDNA. Protein—protein cooperative interactions couldjuences to control the translation of gene 2 and other phage
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+ binding affinity of this protein at physiological ionic
(A)YA1F gbp (2 mM Na.) strength (Table 3).

Materials and methods

Proteins and nucleic acid

Ff gene 5 protein was isolated essentially as previously described
from E. coli K561 cells containing plasmids encoding the wild-
type and mutant g5p genes (Terwilliger et al. 1988; Mark et al.
1995; Thompson et al. 1998). Althogh the wild-type g5p was
present mainly in the soluble fraction after cell lysis by blending,
only about one-third of the Y56H protein was present in the
soluble fraction. Most of the Y56H protein was present in the
insoluble fraction, and was isolated by the procedure described for
the Y61F mutant (Thompson et al. 1998), but with an added Seph-
adex G75 chromatography step to remove high molecular weight
contaminants. The Y56H protein from this procedure gave a re-
folded protein that had the same elution profile from an ssDNA-
cellulose column and the same CD spectrum as the protein from
the soluble fraction. Because Tyr56 and Tyr61 are associated with
each other in the protein core, and because Y56H and Y61F mu-
tants were both in cellular aggregates, the Y56H protein is possibly
a folding mutant, like the Y61F mutant (Thompson et al. 1998).
Protein contaminants of all the g5p preparations were less than 1%,
as determined by 18% SDS-PAGE. Protein concentrations were
determined from absorption measurements using protein monomer
molar extinction coefficients(276) of 7074 and 5660 M-cni*

for the wild-type and Y41F mutant proteins, respectively (Day

Fig. 7. lllustration of the effect of salt concentration on the binding of . . .
Y41H. (A) The Y41F mutant g5p binds cooperatively to and can saturate1973’ Mark et al. 1995). Because His and Phe have essentially no

poly[d(A)] at 2 mM Na'. Each pair of hands represents a g5p dimer with abstor[;tlogliibgve t270knm, thed_SE}H(éZjG_) ;Nas Lése,:j fog E.i” thLe?cf
the required twofold symmetry to interact with two antiparallel strands of Mutants. gop Slocks were dialyzed Into and stored in a burer

X e ; ! .. of 2mM Na" (phosphate buffer, pH 7.0). Poly[d(A)] (Sigma) had
DNA. Fingers represent the DNA-binding loops interacting normally with an average length of 260 nucleotides according to the manufac-

DNA nucleotides. Thumbs represent dimer—dimer interaction loops, WhiCl} - .
: . . I urer. The poly[d(A)] was dissolved in 2 mM or 50 mM Na
interact cooperatively between dimerB8) The Y41H mutant protein binds (phosphatepbu)f/f[er( S]H 7.0), and its concentration was determined

noncooperatively to poly[d(A)] at 2 mM Nebecause of imperfect dimer— . . P
dimer contacts. The dark circle represents a perturbation of the coopere([om absorptlon_ spectra using a260) of 9650 M™-cm™, per
mole of nucleotide (Bollum 1966).

tivity loops by the partially protonated His41l. As a result of perturbed
protein—protein interactions, the DNA-binding loops of the protein cannot
interact normally with DNA nucleotides, either because of an indirect|\/ absorption and CD measurements
constraint of contacts with the ssDNA or because of correlated changes in
the DNA-binding and cooperativity loops of the proteif) When the salt UV absorption spectra were measured with an Olis-modified Cary
concentration is raised to 50 mM Nathe Y41H protein can now form 14 spectrophotometer (On-Line Instrument Co.). CD spectra were
almost normal dimer—dimer contacts, despite the presence of His41. In thigieasured with a Jasco Model J715 spectropolarimeter (Jasco In-
situation, the protein can again bind cooperatively to poly[d(A)] and theCorporated). Far-UV CD spectra (250-180 nm) of free g5p at
DNA-binding loops can interact normally with DNA nucleotides. concentrations of 90-150M were obtained using water-jacketed
cylindrical quartz cells having a light path of 0.1 mm. Near-UV
CD spectra (320-250 nm) of free g5p and spectra during CD
genes. The Y41H and Y41F mutant proteins do not inhibittitrations and salt dissociations were taken in 10- or 20-mm cu-

the production of phagmid DNA transducing particles, andvettes. Spectropolarimeter parameters and processing were as in

both mutant proteins were inactive in repressing the transe2rlier work (Mou et al. 1999), except that the near-UV spectra,
collected at 0.1-nm resolution, were smoothed over 13 points in-

lation of a reporter gene whose translational initiation re-gieaq of 99 points to preserve the resolution of vibronic bands. Al
gion was that of the gene 2 protein (Stassen et al. 1992bgpectra were taken at 20 + 0.5°C. The smoothed CD data were
Our data suggest that a reason why both mutants are defeglotted at 1-nm intervals ase in units of M™"-cnT™, per mole of

tive in these properties is that these biological effects havgSp monomer for free protein spectra or per mole of nucleotide for
a stringent requirement for an intact dimer—dimer coopera®P titrations and salt dissociations.
tive interface. On the other hand, overexpression of the

Y41F mutant or wild-type g5p, but not the Y41H mutant, Calculation of Tyr contributions to the 229-nm

inhibits Escherichia coligrowth by indiscriminate nucleic CD band

acid binding (Terwilliger et al. 1994). The inability of Y41H To calculate the contribution of a given Tyr side chain from the
to inhibit E. coligrowth is consistent with the especially low difference CD spectrum [CD(wild-type) — CD(TwPhe mutant)],
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different procedures are required, depending on the shape of thresults were compared with the fractions of secondary structures in
difference spectrum. The difference spectra for the five mutantshe crystallographic structures as assigned by the DSSP method
exhibit three different shapes. Those for Y34F, Y41F, and Y61HKabsch and Sander 1983). These secondary structures were the
proteins show the classic first-derivative shape expected for difregular a-helix, distorted a-helix, regular B-sheet, distorted
ference spectra resulting from a shift in wavelength with little or B-sheet, turn, and unordered structures.

no change in intensity (Donovan et al. 1961). If the TyWhe

substitution does not lead to a conformational change, tHemhd o )

of the Phe is expected to have a rotational strength of the same sighitrations of poly[d(A)] with g5p

and comparable magnitude to that of the Tyr that it replaces
However, the Phe Jband is shifted by about 10 nm to shorter
wavelengths, that is, froi230 to 220 nm. Therefore, when the
CD difference spectrum of the mutant is subtracted from that of th
wild-type, the L, band of the replacement Phe will contribute a
band of opposite sign, centered @20 nm. The resultant CD
difference spectrum will have the appearance of a CD couple
(Schellman 1968; Bayley 1973) with a crossover wavelength at th
average of the [ wavelengths for Phe and Tyf%25 nm). The
long-wavelength maximum will be red-shifted relativeng,, for

CD titrations were performed by adding weighed volumes of con-

centrated g5p(1 x 10* M) to poly[d(A)] (=60 wM) in buffers of

Lg mM or 50 mM N4 (phosphate, pH 7.0). For plots of protein CD

thanges at 229 nm during the titrations, the nucleic acid contribu-

tion was subtracted from the measured CD. The CD value at 229

pm of poly[d(A)] when saturated with g5p (at a [protein mono-
er]/[nucleotide] molar ratio, [P]/[N], of 0.25) has been shown to
e close to that of free poly[d(A)] at about 76°C (Mark and Gray

1997). Thus, at [P)/[NE 0.25, this constant value for the

. ! poly[d(A)] component was subtracted from the measured CD. For

the Tyr L, band, and the short-wavelength maximum will be blue- samples with [P/[N] molar ratios between 0 and 0.25, the mea-

tsuhcijféef((j)rr?rl]ztil\é?‘ t(_)\;\,;:\;(gg ntht?q zrr]:nlgk? i??h eMc(gSol\{e?r\;vitlrl] % : rsnngg” e rsured CD at 229 nm was corrected by subtracting a proportional
9 g P contribution due to the poly[d(A)] (Thompson et al. 1998).

than that of the Tyr contribution.
For this type of difference spectrum, the valueaf, ., for the
229 nm band can be estimated from the maximum in the differenc@yetermination of binding affinities
spectrumAAeg,, ., assuming that the substitution of Phe for Tyr
leads to a shift of,,,, without a change in amplitude: The binding affinities (Ko) of individual proteins for single-

stranded poly[d(A)] were determined by the NaCl-induced dis-
AAe M mad = Aemax €XP[~(Amax — AT%,,)Z/AZ] sociation of g5p-poly[d(A)] complexes. Saturated g5p-poly[d(A)]
— eXp[~M\max — Mend?/A7 }, complexes were formed at [P]/[N] molar ratios of 0.25 or 0.33 in

a buffer of 2 mM Nd& (phosphate, pH 7.0). The NaCl concentra-
where\,,. IS the wavelength of the maximum in the difference tion was increased by adding weighed aliquots of a 4.0 M NaCl
spectrum (232 nmi¢,, = 229 NM,\p,e = 220 Nm, andA is the  solution. Light scattering was minimal, as in previous work (Mou
Gaussian band width for the,lbands of Tyr and Phe, assumed to et al. 1999). Dissociation of the complexes as the salt concentra-
be the same and taken to be 9 nm. This leads to the relationshifion was increased was determined by the change in the CD at 270 nm

of poly[d(A)], calculated as: % CD change 100 x [CD(ssDNA) -

Ae2(229) = 1.38 AA¢e,,(232). CD(complex at given [NaCl])[/[CD(ssDNA) — CD(complex with
maximum negative CD)], where the CD(ssDNA) was the value at
The mutant Y26F also gives a CD difference spectrum with a270 nm for poly[d(A)] at 1 M NaCl. The salt concentrations required
first-derivative shape, but this is shifted about 7 nm to the blue for 50% dissociation of the complex were determined by fitting the
with a positive maximum at 225 nm, a crossover near 220 nm, andissociation curves with a nonlinear, rational, four-parameter regres-
a negative maximum at 212 nm. Because of this shift in wave-sion function (SigmaPlot 5.0, SPSS Inc.). The binding affinities)(K
length, it is not clear that a procedure analogous to that used for thier each complex were determined as k& 1/(2L), where L was the
previous mutants should be used. Instead, the obsexe(@29)  free dimer concentration (taken to be one-half of the total protein
value for the Y26F mutant has been corrected for the contributiorconcentration) at 50% dissociation (Thompson et al. 1998).
of a Gaussian band of 9 nm bandwidth, with the sign, magnitude,
and wavelength of the negative maximum at 212 nm. Finally, the
CD difference spectrum for Y56H has the shape of a simple GaugAcknowledgments
sian band centered at 228 nm, indicating that the substituted H
makes little contribution to the CD in this region. Therefore, the
value of AAg(229) from the difference CD spectrum for this mu-
tant was used for thAe(229) of Tyr56.
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