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ABSTRACT: Purine repressor (PurR) binding to specific DNAeishancedy complexing with purines,
whereas lactose repressor (Lacl) bindinglisiinishedby interaction with inducer sugars despite 30%
identity in their protein sequences and highly homologous tertiary structures. Nonetheless, in switching
from low- to high-affinity DNA binding, these proteins undergo a similar structural change in which the
hinge region connecting the DNA and effector binding domains folds inta-aelix and contacts the

DNA minor groove. The differences in response to effector for these proteins should be manifest in the
polyelectrolyte effect which arises from cations displaced from DNA by interaction with positively charged
side chains on a protein and is quantitated by measurement of DNA binding affinity as a function of ion
concentration. Consistent with structural data for these proteins, high-affinity operator DNA binding by
the PurRpurine complex involved-15 ion pairs, a value significantly greater than that for the corresponding
state of Lacl £6 ion pairs). For both proteins, however, conversion to the low-affinity state results in a
decrease of-2-fold in the number of cations released per dimeric DNA binding site. Heat capacity changes
(ACy) that accompany DNA binding, derived from buried apolar surface area, coupled folding, and
restriction of motional freedom of polar groups in the interface, also reflect the differences between these
homologous repressor proteins. DNA binding of the PgtRnine complex is accompanied byA&,

(—2.8 kcal mof! K—1) more negative than that observed previously for LaeD.Q to —1.5 kcal mot?

K~1), suggesting that more extensive protein folding and/or enhanced structural rigidity may occur upon
DNA binding for PurR compared to DNA binding for Lacl. The differences between these proteins illustrate
plasticity of function despite high-level sequence and structural homology and undermine efforts to predict
protein behavior on the basis of such similarities.

Efforts to elucidate detailed mechanisms for high-affinity “polyelectrolyte effect” (reviewed in refd and 13—17).
proteirDNA binding and specific sequence recognition Measurement of the monovalent cation dependence over its
suggest that structural information alone is insufficient for linear range can be utilized to estimate the number of cations
deciphering the atomic contributions to these processes ( displaced by-and presumably therefore the number of ion
12). Adaptability of proteinDNA interfaces to altered pairs involved in-the interaction (reviewed in refls 2, 4—6,
sequence of either partner, combined with their interactions 11, and13—17).
with water and solutes, generates highly complex thermo-
dynamic and kinetic systemd<12). Consequently, mea-
surements of binding affinity under different conditions are
necessary for comprehensive analysis of a specific protein
DNA interaction. A central influence on DNA behavior, and
therefore on prote#DNA interactions, arises from its high
density of negative charges, each of which can bind tightly
to cations in the solvent. For DNA alone in solution, these
ions are not released even when the solvent ion concentratio
approaches zerd). However, upon binding protein, cations
in the DNA.blnd|r]g site_may be replaced by po.smvely. associated with proteiDNA binding has been ascribed
charged amino acid side chains. A strong theoretical basis

) . . rimarily to the hydrophobic effect and derives from
has been established for interpreting the dependence o : .
: - : decreased solvent accessible surface area and coupled protein
proteinDNA affinity on salt concentration, termed the

folding that is concomitant with DNA bindingdl( 2, 8, 12).
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Similarly, thermodynamic parameters derived from the
temperature dependence of prot@INA binding have been
interpreted in terms of structural changes. Several processes
may contribute to these energetic changes: decrease in
nonpolar surface area exposed to water (termed the “hydro-
phobic effect”), creation and/or neutralization of charged
groups, changes in internal vibrational modes, effects of
temperature on conformational equilibria, and differential
r}emperature effects between free and complexed foims (

2, 4-10, 12, 18—23). The large negativé\C, commonly
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for expression of genes involved in lactose metabolism and resolution X-ray structures for PurR and La2B( 32, 36).
controls a catabolic rather than anabolic pathw2g).(These Similarly, the temperature dependence of DNA binding
proteins share high levels of sequence and structural homol-indicates a significantly greater effect on PegRanineDNA

ogy Yet exhibit opposite functional mode&( 25, 27—32). complex formation than on LadDNA binding under high-
PurR performs its biological function by binding to specific affinity conditions. These differences underscore the func-
sequences upon complex formation with purine corepressorstional distinctions that can be achieved with similar sequences
(33). This response is the opposite of that for Lacl, where a and folds and emphasize the importance of thermodynamic
decrease in DNA binding affinity occurs upon complex as well as structural studies for achieving insight into protein
formation with sugar inducer molecule34( 35). Interest- function.

ingly, however, a small set of sugars termed anti-inducers

elicit an effect in Lacl similar to that in PurR: these ligands MATERIALS AND METHODS

increase the affinity of Lacl for its operator DNA sequences ) i L
(35). Protein PreparationPurification protocols followed those

described previously for PurR49), wild-type Lacl @),
—11aa Lacl $0), and H74W Lacl $1). DNA binding activity

for each of these proteins was determined by specific operator
binding under stoichiometric conditions. The activity level

The structure of the 341-amino acid purine holorepressor
(PurRpurinepurF) has been determined by X-ray crystal-
lography @9, 36). The protein is dimeric, and each monomer
contains a C-terminal corepressor binding domain (residues 0 X
~60—341) and a smaller N-terminal DNA binding domain meas_ured was greater than 90% for all proteins that were
(residues £60). The N-terminal domain contains a hetix exammeo_l. _
turn—helix motif that binds in the DNA major groove anda _ DNA Binding.The target DNA sequence used for PurR
hinge helix that inserts into the minor groove, introducing a DNA binding experiments was a 30 bp sequence corre-
bend in the target DNA29, 36). This hinge helix covalently ~ sponding to thepurF operator. The sequences of the two

connects the DNA and corepressor binding doma28s36) strands were as follows: '"BAATCCCTACGCAAA-
and contributes to DNA specificity37). NMR studies =~ CGTTTGCGTTTTCTG-3 and 3-GACAGAAAACGC-

demonstrate that this hinge segment is unfolded in the AAACGTTTGCGTAGGGAT-3. After hybridization, a two-

isolated PurR N-terminal domair8§); proteolytic studies ~ Pase single-stranded overhang remains on both the top and
indicate that this region is susceptible to cleavage in the Pottom strand for potential labeling with the fill-in reaction
absence of DNAZ9), and crystallographic structures of the USing [-*PJATP. The operator used for DNA binding of
aporepressor resolve only the core domad).(These results ~ H74W, —11aa, and wild-type Lacl was a 40 bp sequence
suggest that the hinge helix is folded only when PptRine containing the © operator sequence '(SGTTGTGTG-
forms a high-affinity complex with DNA. GAATTGTGAGCGGATAACAATTTCACACAGG-3) and
Structures for Lacl from both X-ray and NMR analyses its complementary strand. The apparent dissociation constant
exhibit significant similarity to the PurR protei8, 32, 40— for proteinDNA binding (K¢) was determined by fitrating a
43), as anticipated on the basis of their sequence homologyconstant concentration of labeled DNA (at concentrations
(24, 25). Lacl also has a C-terminal ligand binding domain Well below theKe) with a wide range of protein concentra-
(residues~60—340) and an N-terminal DNA binding domain ~ tions. DNA was labeled withy[-*P]ATP using polynucle-
(residues~1-60) (31, 32). However, Lacl is one of the few ~ Otide kinase §2). Use of 40 bp sequences containing
members of this family that is tetrameric; this higher-order OPerator or 30 bacO" sequences did not yield significant
assembly allows looped complexes with DNA containing differences in behavior (data not shown).
multiple operator sequences and is mediated by the C- lon Concentration and Temperature Dependence Binding
terminal region (residues340-360) 28). In complex with Assays.The reactions for assessing the ion concentration
DNA, this protein also contains a hinge helix that inserts dependence of DNA binding were performed in 10 mM Tris-
into the minor groove in a fashion analogous to that of the HCI (pH 7.6), 5% (v/v) DMSO, 0.1 mg/mL BSA, and a
PurR protein, and the hinge helix appears to require the variable KCI concentration. The reactions for the temperature
specific complex with DNA for effective folding3(l, 32, dependence of DNA binding were performed in 10 mM Tris-
41-43). The central difference from PurR is that LE2NA HCI (pH 7.6, adjusted at the temperature for the experiment),
complex formation occurs in thabsenceof ligand and is 250 mM KCl, 5% (v/v) DMSO, and 0.1 mg/mL BSA. For
interrupted by the presence of inducer suga# 85). specific DNA binding by PurR, the final guanine concentra-
The polyelectrolyte and hydrophobic effects (reviewed in tion was~4 x 10-° M. The concentration of IPTG or ONPF
ref 1) have been explored for wild-type Lacl binding to DNA  used in LaciDNA binding experiments was 2 107° M.
(1, 2, 7, 8, 11, 12, 14—17, 44—48). To compare PurR The DNA concentration was maintained 2102 M for
behavior to that of its homologue, Lacl, we have examined high-affinity binding (presence of guanine for PurR and
ion concentration and temperature dependences of DNAabsence of IPTG for Lacl proteins) asdl0™'* M for low-
binding. These studies demonstrate that specific DNA affinity binding reactions (absence of guanine for PurR and
binding of PurR is strongly ion concentration-dependent, with Presence of IPTG for Lacl proteins). In experiments with a
~15 ion pairs formed upon DNA binding in the presence of varying ion concentration, reaction mixtures were incubated
guanine compared te-6 for Lacl. This difference arises at room temperature followed by filtration on nitrocellulose.

primarily from ion pairs that can be identified in the high- For the temperature dependence experiments, after equilibra-
tion the samples were transferred and filtered rapidly to

! Abbreviations: BSA, bovine serum albumin; IPTG, isoprofiyi- minimize any temperature fluctuations that might occur due
thiogalactoside; Laclac repressor; ONPRy-nitrophenyls-p-fucoside; to heat transfer. The temperature change ob_serv_ed was less
PurR, purine repressor. than 1°C over the course of transfer and filtration. The
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equilibration time was 45 min for high-affinity binding and AC, [Ty Tg

1.5 h for low-affinity binding for each of the proteins. For —logKy=530RlT ~INF) (4)
all experiments, filters were dried following filtration and '
were exposed on a phosphorimager plate (Fuji) overnight.
The retained radioactivity was analyzed by MacBas version
2 (Fuiji).

Data Analysis.Under nonstoichiometric conditions, the

apparent dissociation constant was determined by fitting the
DNA binding data to the following equation:

[P]

[P] + K, @) PurR lon Concentration Dependenck investigate the
ion concentration dependence of PurR binding to DNA, we

whereY; corresponds to the total signal from bound DNA determined the equilibrium dissociation constatd) (over
at a given protein concentratio¥y is the background signal, & range of KCI concentrations utilizing nitrocellulose filter
Y is the range of the binding signa¥iax — Yo), [P] is the binding. Most proteins exhibit curvature in plots of 1&g
protein concentration (dimeric for PurR anelllaa Lacl ~ Versus log[salt], with a maximum in affinity and decreasing
protein, tetrameric for wild-type and H74W Lacl proteins), affinity at very low and elevated salt concentratioAs)(
andKg is the apparent dissociation constant. All references Measurements to determine the extent of cation release
to Ky are apparent values. Data are presented as fractionapssociated with complex formation require establishing the
saturation R = (Y, — Yo)/Yn] as a function of log[P]. linear range forKy dependence on ion concentration. The
Individual experiments utilized duplicate determinations for linear range for PurR dependence was identified as-200
each data point to measure the apparent dissociation constarf00 MM KCI, and this region was utilized for detailed
(except for wild-type Lacl in the presence of IPTG). At least Measurements to determine the extent of cation release. Of
three independent measurementKgfwere performed to note, this range for PurR is hlgher than that observed for
allow appropriate error analysis. Since all of the DNA Lacl and many other proteins, suggesting the possibility that
binding experiments were conducted under nonstoichiometric& greater number of ion pairs are involved in this interaction.
conditions with the protein concentration greatly exceeding Under all conditions, the DNA concentration was maintained
the DNA concentration, no involvement of the second DNA below the estimate&y and titrated with increasing PurR
binding site of the tetrameric Lacl proteins was possible. concentrations until a saturating plateau was reached. The
We therefore monitored and reported the cation release andduanine concentration was set so that PurR was saturated,
heat capacity change per dimeric protein unit for better and the experimental design introduced guanine prior to DNA
comparison of PurR and Lacl. exposure. A series of representative titrations is presented

The ion concentration dependence of DNA binding at in Figure 1 for high-affinity (presence of guanine) and low-
constant temperature and pressure was analyzed accordingffinity (absence of guanine) DNA binding. For both binding
to the following equation, assuming that water dependencemodes, increasing the KCI concentration resulted in de-
is negligible compared to the displacement of ions, as creased DNA binding affinity (Figure 2). In this linear range,

whereACG, is the heat capacity change ahglandTs define

the characteristic temperatures where the enthalgit) @nd
entropic AS) contributions to the free energy change are
zero, respectively. Data analysis for all experiments was
conducted with Igor Pro (Wavemetrics).

RESULTS
Y=Yy, + Y,

demonstrated in model studiek (1, 13): the slope of the data for ion concentration dependence is
directly related to the number of cations released during

d(—log Ky) proteinrDNA complex formation and can be converted to

dlogKCl) —(a+o) (2) the number of ion pairs that are formed (Table 1). The ion

concentration effect is more pronounced for high-affinity
wherea andc are the stoichiometries of cation and anion binding of DNA by the PurRguanine complex, with a
release, respectively. This equation is further simplified by differential of >5000 between 200 and 400 mM KCI; over
assuming that < a. This assumption holds for most protein  the same KCI concentration range, tg for low-affinity

DNA interactions given the polyanionic character of DNA PurR binding (no guanine) decreased orly0-fold. Similar
and tight binding of cations versus the generally weak ion concentration behavior but much lower affinity was found

binding of ions to protein side chains so that for PurRguanine binding téacO! DNA than for PurRpurF
binding (data not shown). Interestingly, because of the
d(—log K,) differences in the slopes for the two binding modes, affinities
—————~=—-a=-08& ©) for both PurRDNA binding modes converge at400 mM
d(log[KCI]) KCl

whereZ is the number of positive charges on the protein  Lacl lon Concentration DependencBo compare the ion
that are involved in neutralizing DNA backbone phosphates concentration dependence results for POIRA binding to

(1, 11, 13). The factor of 0.88, an experimentally determined its homologue Lacl, we measured DNA binding affinity for
coefficient for conversion to the number of ion pairs involved a series of Lacl proteins under conditions that monitor
in the interaction, was obtained from binding of a variety of interaction between a single dimeric DNA binding site and

oligocations to DNA 13). lacO! DNA. The linear region for Lacl and its variants was
The temperature dependence of DNA binding was ana- 100-300 mM KCI, except for the case of wild-type Lacl
lyzed using van't Hoff analysis and fitting fakC,, Ty, and low-affinity binding in the presence of inducer (IPTG), where

Ts, using the following equation modified from ré&® that a lower range of 56150 mM KCI was necessary to achieve
assumes a large negative heat capacity change: measurablé&y values. We also determined the ion concen-
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124 A : 1 . Table 1: Summary of lon Pairs Involved in DNA Binding
1.0 I high-affinity binding low-affinity binding
0.8 protein no. of ion protein no. of ion
complex pairs formed complex pairs formed
c 0.6+ PurRguaninepurF  14.94+0.8  PurRpurF 5.9+ 0.7
0.4 Lacl-Ot 6.4+ 0.2
’ Lacl-ONPFO! 6.4+ 1.0 LactPTG-O! 3.1+04
0.2 H74W LactO?! 8.1+ 0.9 H74W LacliPTG-O! 4.5+0.2
—1laa LaciO! 43+04 —llaalacdlPTGO! ND°
0'01 aCalculated from eq 3 in Materials and Metho#i®ata are from

T T T T ref 47 and are consistent with measurements reported by Winter et al.

T
-3 -12 11 10 -9 -8 -7 -6 (48) and by Frank et al.2) for 40 bp operator fragmentsNot
log [PurR] determined due to an affinity below the range that can be accessed by
the assay.

measurements, we also examined the ion concentration
dependence of H74W Lacl, a mutant deficient in inducer
responseq1), and a Lacl dimeric mutant(11aa Lacl) that
exhibits thermodynamic linkage of protein assembly (mono-
mer association to dimers) and DNA bindingg). For all

of these Lacl proteins, increased KCI concentration resulted
in decreased DNA binding affinity. Interestingly, the largest
change was observed for H74W LdaNA binding (~2000-

fold from 100 to 300 mM KCI) and the smallest for H74W

0.0-48 T . . . . Lacl binding in the presence of IPTG-(00-fold from 100
gL -10 9 8 -7 -6 to 300 mM KCI). In general, the ratio of high-affinity to
log [PurR] low-affinity binding constants also decreased as the ionic

FiGure 1: Binding isotherms for PurR binding to DNA in the strength increased.
presence (A) and absence of guanine (B) at various KCl concentra-  The significant effect of inducer on operator DNA binding
tions [(a) 200, (v) 250, (#) 316, and @) 400 mM]. Titrations o \ild-type Lacl is illustrated by the differential between

were performed under nonstoichiometric conditions with a DNA A S S
Conceﬁv’]tration ok 1012 M in the presence of guanine asd 0% the two sets of data shown in Figure 3A. This differential is

M in the absence of guanine. The lines represent the best fit diminished for H74W Lacl (Figure 3B), as anticipated on
according to eq 1 in Materials and Methods. Data represent a singlethe basis of the resistance of this mutant protein to induction.
experiment._ For analysis of cation releake yvalues from at least For H74W, the affinities almost converge-aB00 mM KCl,
three experiments were averaged. a pattern that mirrors PurR behavior except for the opposite
effects of effector ligand on DNA binding affinity. The
dimeric deletion protein;-11aa Lacl, exhibited the lowest
affinity and the least ion concentration dependence for DNA
binding of Lacl proteins (Figure 3C). The ion concentration
dependence of LadDNPF binding to DNA follows a pattern
similar to that of wild-type Lacl (Figure 3C). Measurement
of the Lacl binding affinity topurF DNA yielded behavior
comparable to that of LadPTG binding tolacO* DNA (data
not shown).

Cation Release by PurR and Lacl Proteids summary

of the derived slopes and calculated number of ion pairs
involved in the binding interactions according to eq 3 is

T T T T i
070 -065 -060 -055 -0.50 -0.45 -0.40 presented in Table 1. When PurR holorepressor binds DNA,

log [KCI] ~15 ion pairs are formed, more than double the amount for
low-affinity PurRpurF DNA binding (~6 ion pairs). The
presence of guanind®j and in the absence of guanin@)( The difference in the slope of the salt dependence results in the
solid and dashed lines correspond to weighted linear fits of the intersection of the two binding modes 400 mM KCI.

DNA binding data. Each data point represents an average of threeThese results are consistent with previous observations using

T

Ficure 2: KCI concentration dependence of PurR binding in the

to four independent experiments, and each error bar represents on

standard deviation. Bufter systems at different ionic strengtta3). Wild-type

Lacl high-affinity DNA binding, in the absence or presence
tration dependence for DNA binding in the presence of the of the anti-inducer ONPF, involved 6 ion pairs. Results
anti-inducer ONPF, which increases the affinity of Lacl for for wild-type Lacl binding to @in the presence of IPTG or
the operator35, 53). These experiments were necessary to to purF DNA yielded only~3 ion pairs. Previous work under
correlate the number of cations released with specific protein conditions where both DNA binding sites in the tetramer
DNA contacts in the recently determined X-ray structure of are occupied yielded-10—12 ion pairs per tetramerl4,

the dimeric LacilONPFO®™ complex 32). To provide a 15, 44), ~5—6 pairs per dimeric DNA binding site. These
wider range of proteins for interpreting the results of these experiments employed much longer DNA sequences, and
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124 A Table 2: Summary of Temperature Dependence for DNA Binding
of PurR
& 10 —log Ky
§’ ] high-affinity binding low-affinity binding
' 8-g. temp €C) (with guanine) (without guanine)
Y 1 9.6£0.3 7.7+0.1
R ? ?‘5 . 12 10.5+ 0.1 8.1+ 0.1
12 10 -08 -06 22 11.1+ 0.2 9.3+ 0.3
28 11.1+ 0.4 8.5+ 0.1
log [KCI] 33 10.7+ 0.3 not determined
37 9.8+ 0.2 8.3+ 0.2
12
11 4 i
T LI
-1.0 -0.8 -0.6
10
log [KCI] & i
124 g
§ (o] -+
g ~_‘~\ jo
P10 e e -
X IR o) T
g b L b
°] \ ) )
T T T T
-1.0 -0.8 -0.6 7
] T T
log [KCI] 33 34 35 3.6
Ficure 3: KCI concentration dependence for DNA binding by Lacl »
proteins. The solid and dashed lines represent best weighted linear 1000/T (K™)

fits to the data. Binding data in panels A and B are shown for Figyre4: van't Hoff plot of binding data for Lacl and PurR. Data
measurements in the absend® and presence of IPTGE): (A) are presented for-11aa Lacl #) and PurR in the presence of
wild-type Lacl [data for Lacl in the absence of IPTG are from g anine @) and in the absence of guanir@)( The points represent
Whitson et al. 47)], (B) H74W Lacl, and (C)-11aa Lacl ©) and the average from three to four experiments under each condition,
wild-type Lacl in the presence of ONPM). Each data point  and the error bars represent one standard deviation. The solid and

represents an average of three to four independent experimentsgashed curves correspond to the best nonlinear weighted fits
and each error bar represents one standard deviation. according to eq 4 (see Materials and Methods).

the results are therefore consistent with the observation of ayas examined by incubating the mixtures for the binding
lower number of ion pairs~3 per dimer) on the shorter  reactions at temperatures ranging from 1 to°87in 250
DNA sequences. mM KCI. A summary of the data over this temperature range
None of the Lacl proteins under any conditions (wild- is presented in Table 2. At all temperatures, PurR holo-
type Lacl, H74W Lacl, or—11aa Lacl) exhibited ion pair  repressor binds DNA with higher affinity than PurR alone.
formation comparable to Purguanine binding to DNA. For ~ The maximum difference between these binding affinities
the variant Lacl proteins in the absence of inducer, the lies in the middle of the examined temperature range. The
number of ion pairs that were formed varied frem (—11laa temperature dependence of PUDRIA binding was analyzed
Lacl) to ~8 (H74W Lacl). Like the wild-type behavior, but by using a van’t Hoff plot {log K4 vs 1/T) as shown in
with different absolute values, high-affinity DNA binding Figure 4. The observed nonlinear behavior results from a
by H74W Lacl involved~2-fold more ion pairs than H74W  large negative heat capacity change that can be calculated
Lacl in the presence of IPTG. Attempts to measure the level from the data using an empirical formuls2j shown as eq
of cation release for-11aa Lacl in the presence of IPTG 4 in Materials and Methods. A summary of the calculated
were unsuccessful due to the low affinity of this complex thermodynamic parameters describing the temperature de-
for operator DNA. Lacl binding for mutant and wild-type pendence of the binding affinities is given in Table 3.
proteins mirrors PurR behavior, albeit with a lower overall PurR high-affinity DNA binding (in the presence of
level of cation release and hence ion pair formation; high- corepressor) is accompanied by a large negative heat capacity
affinity binding involves an~2-fold greater level of cation  change £2.8 + 0.5 kcal mot® K1), with a much smaller
release than low-affinity binding. The inverse relationship absolute value faAC, observed in the absence of corepressor
between effector ligand response for PurR and Lacl does(—0.8 + 0.3 kcal mot? K-2). Lacl high-affinity binding to
not alter this relationship. O in the absence of inducer yieldsAC, of —0.9 + 0.1
Temperature Dependencéhe temperature dependence kcal molt K—1 (8, 12). These measurements are not feasible
of PUurRDNA binding in both high- and low-affinity modes  for Lacl low-affinity DNA binding (in the presence of IPTG).
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Table 3: Thermodynamic Parameters Derived from van’t Hoff
Analysis

proteinDNA AC,

complex (kcal moirt K1) Th (K) Ts (K)
PurRguaninepurF —2.8+0.5 294+ 1 300+ 1
PurRpurF —0.84+£0.3 303+ 5 314+ 10
—1laa LaciO? —-0.9+0.3 291+ 2 303+ 4
wild-type LactO* —-09+0.22 294+ 12 312+ 22
wild-type LackOs™ -1.3£0.2 2934+ 1° 305+ 3

-15+ 0.2 29C° 294

a From refs8 and12 based in part on data reported in 45t ® From
refs8 and12. ¢ From ref2.

However, furtheincreasingthe affinity of Lacl for operator

DNA may be accomplished by substituting the natural

operator O with the symmetric operator®’, more similar

to the symmetry in thpurF operator. Measurements for Lacl

binding to GY™ by others have yieldedC, values of—1.3 B
]

+ 0.3 @, 12) and—1.54 0.2 kcal mof* K~1 (2). Therefore,

the magnitude of thC, alteration with changes in DNA
binding affinity is parallel for these two repressor proteins.
We utilized the—11aa Lacl proteing0) to explore whether
thermodynamic linkage of assembly and DNA bindisg)(

is reflected in theAC, value. The—11aa Lacl protein binding

to lacO! DNA yielded a value forAC, of —0.9 + 0.3 kcall
mol~t K, comparable to the values measured for wild-type
Lacl (8, 12), indicating that coupled assembly and @DNA
binding does not necessarily impact the heat capacity change.
Further, detailed analyses of wild-type Lacl operator binding :
(55) and PurRguanine binding tgourF DNA at various "Wy 1

temperatures (data not shown) have demonstrated no apparen . j W4 N

linkage of assembly with DNA binding. In summary, PUrR  Figure 5: Positively charged side chains in the DNA binding site
holorepresseDNA binding generated a significantly higher for repressor proteins. Using the structures of the FguRnine

absolute value for the observed heat capacity change tharPurF (36) and dimeric LaciONPFO¥™ (32) complexes, the ring

Lacl in a dimeric or tetrameric form. The remaining I”itr.oge“h"f hiStidif‘ﬁ.a”d ”itﬁr\ogfens in Si?]e Chr?ins of arginine and
dT9 had values of~21 and~27 °C lysine that are within 7.5 A of DNA phosphate oxygens were
parameters Ty and Ts , identified. These are illustrated for PurR (A) and Laci (B) and are

respectively, for PurRjuanineDNA binding. The corre-  |isted in Table 4. The side chain for H29 for Lacl is not resolved
sponding values for Lacl are21 and~39 °C, respectively, on one of the two N-terminal domains within the dimer, and H20
for high-affinity binding (L2). For PurR low-affinity binding, in PurR is obscured by the backbor82,(36); these residues are

: : herefore missing in one monomer of each structure in the figure.
a shift to higher temperatures was observed for these value he structures were rendered from PDB entries IWET (PurR) and

(Table 3). 1EFA (Lacl) using the program Ribbon&Q).

DISCUSSION of cations. Under this assumption, the number of cations
lon Concentration DependencEor DNA binding pro- released upon proteiDNA complex formation can be

teins, the observed equilibrium dissociation constét, determined from the slope of a plot eflog Kq versus the

depends on the specific conditions of the experimental logarithmic concentration of the monovalent sdlf. (
system, including salt concentration, pH, and temperature. Correlation of lon Concentration Dependence with Struc-
Previous studies demonstrated that increasing the ion con-tural Data for PurR.The high-resolution X-ray structure for

centration primarily resulted in diminished protddiNA the PurRguaninepurF complex 86) allows correlation of
affinity, for prokaryotic and eukaryotic proteins and for both cation release, as deduced from the ion concentration
specific and nonspecific DNA bindind(2, 4,5, 7, 11, 13— dependence data, with positively charged amino acid side

17, 44—48). This phenomenon has been attributed to the chains that interact with DNA. Each PurR monomer makes
polyelectrolyte effect, the entropically favored replacement three contacts to the DNA by basic residues within the kelix
of cations from the negatively charged surface of the nucleic turn—helix domain (K5, H20, and R26), two additional
acid with positively charged side chain groups from the contacts by residues within the hinge helix (R52 and K55),
interacting protein (reviewed in ret). The theoretical and one contact from the core domain (R115) as shown in
background for analysis of ion dependence experiments basedrigure 5 and summarized in Table 4 for a total of 12 ion
on the polyelectrolyte effect has been formulated (reviewed pairs per dimeric site. The role of K55 has been confirmed
in ref 1). In our study, we have used a simplified equation by mutational studies3{). In our studies, high-affinity PurR

(1, 11, 13, 47) that assumes the release of anions from the guanineDNA binding was accompanied by formation of
protein’s positively charged groups and water from the ~15 ion pairs, only slightly larger than the value deduced
proteinDNA interface is negligible relative to the release from the structural analysis. In contrast, low-affinity binding
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Table 4: Candidates for lonic Interactions from DNA-Bound X-ray
Structures

charged side chains within 7.5 A
of phosphate oxygens on DNA

hinge helix side chain
helix—turn—helix ~ and core contacts between
protein complex motif domain subunits
PurRpurF-guaniné K5 R52 H44-E138
H20 K55
R26 R115
Lacl-OsY™ONPF R22 R118
H29

a|nteractions per monomeric suburfitBased on PDB entry IWET
(36). ¢Based on PDB entry 1EFA3D).

in the absence of guanine involved6 ion pairs. These
electrostatic contacts for DNA binding in the absence of
guanine presumably originate from the three hetixn—
helix domain interactions per monomer, specifically the
contacts of K5, H20, and R26, for a total of six per dimer,
similar to the value observed experimentally. The inability
to resolve the hinge structure in crystallographic studies,
evidence from NMR studies, and the proteolytic susceptibility
of this region in the absence of DNA indicate that the hinge
folds only in the PurR holorepressor complex with DN3O(

38, 39). Thus, these contacts would not contribute to the ion

Biochemistry, Vol. 40, No. 27, 200B115

directed away from the DNA, and the side chain of R51 in
this structure is further than 7.5 A from phosphate oxygens,
presumably due to reorientation elicited by the presence of
the hinge helix. The backbone of K2 is withiss A of the
phosphate backbone, although the side chain is not resolved,
and this residue may also contribute a partial charge to the
interaction. Moreover, this structure indicates that the side
chain of R118 from the core domain interacts with phos-
phates in the DNA minor groove3®). Thus, analysis of
either NMR or crystallographic structures independently is
consistent with the~6 ion pairs formed on specific DNA
complex formation (whether the anti-inducer is present or
not), and the discrepancy between the structures may reflect
the inherent flexibility in the specific contacts made by this
protein under different conditions, particularly in the absence
of the core domain.

Interestingly, flexibility in binding has been invoked to
explain other LacDNA binding experiments. Wild-type
Lacl binding to sequences that deviated stepwise frdm O
or O™ DNA released more cations than the parent DNA
sequencel; 7). As DNA binding becomes less favorable,
the proteinDNA interface apparently shifts to increase the
number of electrostatic interactions and thereby enhance
affinity, a process termed adaptabili)(To further explore
this issue, we examined H74W, a mutant with significantly

concentration dependence of DNA binding in the absence lower IPTG responsiveness and &#d-fold higher affinity
of guanine, and the consequent separation of the core domairfor O than wild-type protein§1). Our goal was to determine

from the DNA binding would preclude R115 interaction.
Thus, contacts of positively charged amino acids to the DNA

backbone observed in the structure account for the over-

whelming majority of ion pairs formed in the complex. The

whether the preference for the high-affinity protein form,
even in the presence of inducer, would be reflected in the
ionic strength dependence. The results indicated-#&ibn
pairs were formed compared te6 for wild-type Lacl. In

differential between experimental and structural values may the presence of IPTG, H74W Lacl involveé4.5 ion pairs,

arise from release of other tightly bound ions upon complex
formation. One potential site for this effect is at the interface
between the N-terminal DNA binding domain and partner
core. An ion pair has been identified that forms only in the
holorepressor complex and involves H44 and ElBGhe
core of its partner. This ion pair may stabilize and orient the
N-terminal DNA binding domain for specific contacts; if the
side chains bind ions tightly in the absence of DNA, complex
formation would be accompanied by a number of ion pairs
larger than the number identified as prot&NA contacts.
Correlation of lon Concentration Dependence with Struc-
tural Data for Lacl. Structural data from both NMR studies
(40—43) and X-ray crystallography3@) can be utilized to
identify positively charged side chains of Lacl that make
contacts in the high-affinity complex. Using NMR data on
the isolated N-terminal DNA binding domain, Record and
colleaguesZ, 56) have suggested that each of the monomeric
N-termini of Lacl utilizes R22, H29, R51, and possibly K59
to contact phosphates on DNA. However, D8 is within 6 A
of R51, suggesting that R51 may be partially neutralized in
the isolated N-terminus, consistent witls ion pairs formed
upon Lacl complex formatior2( 56). The resolution of the
X-ray structure of the high-affinity La¢DNA complex is
insufficient to perform a similar structural analysi3ly;
however, the recently determined X-ray structure of the Lacl
dimer complexed to operator DNA in the presence of the
anti-inducer ONPF32) shows that R22 and H29 are in the

a decrease of2-fold, but still an absolute value greater than
that observed for wild-type Lacl.

This increased level of cation release for both forms of
H74W Lacl may reflect “adaptation” of the proteidNA
interface to enhance binding affinity by increasing the
number of electrostatic interactions. This process could
engage several potential side chains, including K2, R51, or
K59. The elevated level of cation release for H74W in the
presence of inducer might derive from a combination of
adaptability and an incomplete transition to the low-affinity
conformation. Interestingly, however, the 2-fold decrease in
the level of cation release for low-affinity binding is
consistent with the pattern observed for both wild-type Lacl
and PurR proteins. In the low-affinity form, these proteins
make fewer contacts that displace cations from the DNA
backbone, presumably because the N-terminal domains are
not well aligned and the hinge helix is not present.

Temperature DependenderoteinDNA complex forma-
tion often results in large, negative heat capacity changes
(4, 2, 6-10, 12, 18-20). This phenomenon has been
attributed to the hydrophobic effect, the burial of apolar
protein surfaces that were exposed prior to prof@hhA
complex formation §, 12). To explain the unexpectedly
large, negative value foAC, observed in many cases of
proteinDNA binding, linkage of protein domain folding with
complex formation has been suggest8di).

The folding of the hinge helices has been suggested as a

proximity of the negatively charged phosphate groups of the key difference between the high-affinity and low-affinity

major groove (Figure 5 and Table 4). Although its backbone
is within ~6 A of phosphate residues, the K59 side chain is

forms of the PurR %9, 30, 38, 39) and Lacl proteins31,
32, 41-43). Record and colleagueg)(indicated that folding
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of the two hinge helices (one per monomer) could account
for an approximately—1.0 kcal moft! K~ change in the
heat capacity for Lacl or PurR, consistent with the magnitude
of the Lacl dimer and tetrameC, values. In contrast, van't
Hoff analysis of the temperature dependences of DNA
binding showed that PurBuanineDNA complex formation
was accompanied by a very large negative heat capacity
change of-2.8 & 0.5 kcal/mol, whereas in the absence of
guanine, a less negativeC, is observed 0.8 + 0.3 kcal
mol~! K~1). This result is consistent with the ion concentra-

tion dependence observations reported here that indicate that

the hinge helix ionic contacts do not occur unless guanine
is present. More extensive folding of the hinge helices in
PurR than in Lacl can result in a more negative value of
AC, for PurR holorepressddNA binding than Lacl binding.
This explanation is consistent with detection of hinge helix
folding and DNA binding of the isolated N-terminal domains
of Lacl, but not for PurR 38, 41—43).

Increased restriction of internal vibrational modes of polar

elements can also contribute to the observed large negative

AC, values (refl0 and examples in ref§8, 19, and 57—
59). This contribution would be greater in PurR holorepressor
DNA than in PurR aporepressBiNA or Lacl-DNA binding,
because of the large number of electrostatic interactions in
PurR holorepressor. Consistent with this possibility, a smaller
R factor, denoting decreased motional flexibility in the
structure, was reported for PwidgRianinepurF crystal struc-
ture R = 0.18) @36) than for the LaclONPFO®™ structure
(R=0.25) B2), despite a similar resolution (2.6 A).
Conclusion The ion concentration and temperature de-
pendences of PurR are strikingly different compared to those
of Lacl despite the high degree of sequence and structural
homology of these proteins. In the high-affinity forms, PurR
holorepressor binding to DNA involves-15 ion pairs
compared to only~6 for Lacl. In general, conversion to the
low-affinity form (either by elimination of corepressor for
PurR or addition of inducer for Lacl) results in ar2-fold
decrease in the level of cation release. The distinctions in

the ion concentration dependence observed for PurR versus o4

Lacl can be rationalized by differences in the DNA and

interdomain contacts of these proteins based on the available

structures. The larger negative value/&t, measured for
PurR versus Lacl high-affinity binding may derive from
differences in hinge helix folding coupled with DNA binding
and enhanced structural rigidity on DNA binding. These
distinct behaviors of the highly homologous Lacl and PurR
proteins illustrate an increasingly apparent phenomenon:
significant plasticity in protein structure and function. The

behavior of these repressor proteins demonstrates clearly that™™

similar folds, even those with very high levels of sequence
similarity, undergo structural shifts that may substantially
alter thermodynamic behavior and allow them to perform
distinct functions.
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