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ABSTRACT. TheEscherichia colpurine repressor, PurR, exists in an equilibrium between open and closed
conformations. Binding of a corepressor, hypoxanthine or guanine, shifts the allosteric equilibrium in
favor of the closed conformation and increases the operator DNA binding affinity by 40-fold compared
to aporepressor. Glu70 and Trpl147 PurR mutations were isolated which perturb the allosteric equilibrium.
Three lines of evidence indicate that the allosteric equilibrium of E70A and W147A aporepressors was
shifted toward the closed conformation. First, compared to wild-type PurR, these mutant repressors had
a 10-30-fold higher corepressor binding affinity. Second, the mutant aporepressors bound to operator
DNA with an affinity that is characteristic of the wild-type PurR holorepressor. Third, binding of guanine

to wild-type PurR resulted in a near-UV circular dichroism spectral change at3@¥/nm that is attributed

to the closed conformation. The circular dichroism spectrum of the E70A aporepressor-&0Z0idm

was that expected for the closed conformation, and it was not appreciably altered by corepressor binding.
Mutational analysis was used to identify an Arg+1Ser46 interdomain intersubunit hydrogen bond that

is necessary for transmitting the allosteric transition in the corepressor binding domain to the DNA binding
domain. R115A and S46G PurR mutants were defective in DNA binding in vitro and repressor function
in vivo although corepressor binding was identical to the wild type. These results establish that the hydrogen
bond between the side chain MNidf Arg115 and the main chain CO of Sef4flays a critical role in
interdomain signaling.

Escherichia colipurine repressor (PurRyegulates the  localized to the NHterminal subdomain whereas the
transcription of the genes required for de novo purine COOH-terminal subdomain does not change. When a
biosynthesis and several genes for related pathwiayB(rR corepressor binds to the CBD, the two Nslbdomains
is a 76 kDa homodimer. Each subunit is composed of an rotate by about 2Q whereas the COOH-subdomains remain
NH-terminal DNA binding domain connected by a hinge fixed. Consequently, Lys60, the NHerminal residue of
sequence to a larger corepressor binding and dimerizationthe CBD, moves 3.5 A closer to Lys6@ the other subunit.
domain (CBD) &, 3). The hinge itself is also important for ~ This structure change in CBD is propagated to the hinge
DNA binding (4). The DNA binding affinity is modulated  helix and the helix-turn—helix motif in the DNA binding
by guanine and hypoxanthine corepresséjstlfat bind in domain. In fact, the hinge regions of the monomers are
the cleft between NKH and COOH-subdomains of the CBD  brought into apposition and pack against each other by van
(6). PurR is a member of the large Lacl repressor family, der Waals contacts. In the presence of a specific DNA site,
all members of which are regulated by small-molecule local folding of the hinge helices can take place accompanied
effectors that act either as inducers or as corepressoss. ( by specific interaction with the DNA minor groove. The

The molecular basis for the corepressor-modulated DNA resultant DNA kinking permits the 2-fold related hetix
binding remained unknown until X-ray structures of the turn—helix motifs to make appropriate contacts with the
ternary PurR-corepresserDNA complex @) and a core- consecutive major groove base pairs of the operator site
pressor-free CBD dimer9f were determined. This work (6). As a result of the open to closed conformational
led to a structure-based mechanism for corepressor-mediatedransition, the DNA binding affinity of PurR is significantly
specific DNA binding. The structures establish that PurR increased, and transcription of ther regulon genes is down-
exists in corepressor-free “open” and corepressor-boundregulated.

“closed” conformations. The CBD structural change is  The PurR X-ray structures describe two static allosteric

states. Although they serve as a good starting point to
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It has been documented for well-characterized allosteric MATERIALS AND METHODS
proteins such as hemoglobihQ)j, aspartate transcarbamoy- . . .
lase @1, 12), and phosphofructokinaseld), that key Site-Directed MutagenesisAll mutant genes were con-

interactions between residues in different domains or different Structed using the method of Kunkel et di}. Oligonucle-
subunits are likely to play an important role in the allosteric Otides, synthesized in the Purdue University Laboratory for

transition. To dissect the PurR allosteric transition mecha- Macromolecular Structure, were purified using a Sephadex-

nism in molecular detail, functional residues were inferred ©2° g€l filtration column. .

by comparison of the liganded and unliganded PurR struc-  EXpression and Purification of Na& and Mutant Apo-
tures. A complex rearrangement takes place in the CBD PUrR Proteins All the PurR proteins were produced and
NH,-subdomain interface and the corepressor binding pocketPurified according to the methods described previous) (
upon corepressor binding. Residues Glu70 and Trp147 were€Xcept that purified proteins were concentrated at room
recognized to have different interactions in the open and temperature instead of at€. Higher temperature increases
closed conformations( 9). In the closed conformation,  the solubility of PurR protein (R. G. Brennan, unpublished).
Glu70 forms an intersubunit salt bridge with Arg2%Bat ~ The protein concentration was determined by the Lowry
links the NH-subdomain of one subunit to the COOH- method g0).

subdomain of the other subunit. In the open structure, this For E70A, W147A, and W147A/R190A superrepressor
salt bridge does not exist. Rather, Glu70 and its dimer mate proteins, corepressor was not removed from PurR by the
are close to a M that is located at the 2-fold symmetry above purification procedure as determined by X-ray crystal-
axis between the two N#subdomains (PDB code 1DBQ). lography (J. L. Huffman and R. G. Brennan, unpublished).
Glu70 and Glu70may form an ionic bridge with Mgj. Aporepressor proteins were obtained from the holorepressors
Trpl147 is not involved in intersubunit interaction. It was by a partial denaturation, column separation, and renaturation
identified as a key switch residue in the corepressor binding process. Holosuperrepressors were treated Wi guani-
pocket 6). Inthe holorepressor, Trp147 is far removed from dine hydrochloride in 10 mM Tris, pH 8.0, for 1 h. The
the corepressor binding pocket and stacks against Tyr126.2apoprotein and corepressor were separated by gel filtration
However, in the open state, it rotates into the ligand binding through a Sephadex G50 column (0<710 cm) in 1 M
pocket, resulting in a 10.7 A translation of its: ltom. In guanidine hydrochloride/10 mM Tris, pH 8.0. Fractions
this position, Trp147 hydrogen bonds to the side chain of containing the apoprotein were pooled, and PurR was
Tyr73 by its Ne and stacks against Phe74. Thus, it appears renatured by dialysis f2 h in buffer A (10 mM Hepes, pH
that Trpl47 may play a role as the structural surrogate of 7.6, 5% glycerol, 0.2 mM DTT, 0.1 mM EDTA) containing

corepressor to stabilize the open conformatiéngy. 160 mM potassium phosphate. To monitor the separation
To date, corepressor-mediated specific DNA binding has Process, the bound corepressor was first exchanged Ath [
been characterized structurally for orffy coli TrpR (14) guanine by overnight incubation with exces&guanine

and MetJ {5, 16) repressors. However, unlike TrpR and in @ 5:1 molar ratio (f'Clguanine:protein monomer ratio).
MetJ where corepressor binds at the same domain used forT he successful removal of corepressor following the column
DNA binding, in PurR corepressor binds to a separate process was verified by measuring the removal of radioactiv-
domain, the CBD, at a distance of more than 40 A from the ity in the fractions containing protein. The efficiency of the
DNA binding domain 6). The signal of corepressor binding [**Clguanine exchange reaction was determined by a control
needs to be transmitted from the CBD to the DNA binding €Xperiment in which the protein was not treated with
domain in order to increase DNA binding affinity. In the guanidine hydrochloride.
PurR-hypoxanthine-purF complex, there are three hydro- Assay for in Vao Function The in vivo function of wild-
gen bonds between the DNA binding domain of one subunit type and mutant PurR was assayed using a system in which
and the CBD of the other, formed between the NH1 and the purR gene was incorporated into the chromosome in
NH2 of Argl1l5 with side-chain and main-chain CO, single copy and repressor function was monitored by the
respectively, of Ser46and the main-chain carbonyl oxygen expression level of @urF-lacZ reporter (9, 21). Briefly,
of GIn113 with the backbone NH of Ala49 However, in wild-type and mutantpurR genes were cloned into the
the unliganded structure, the helical hinge region is disor- conditionally replicative, integrative plasmid pCAH63. The
dered (7), rendering motions of the DNA binding domain resulting plasmid, pCAH64urR, was integrated into the
essentially independent of the CBD. Consequently, the chromosome of strain FL10@@rR", purF-lac?) carrying
hydrogen bonds that connect the DNA binding domain to pINT-ts that provides integration function. Finally, the
the CBD no longer exist. It was suspected that these single-copy integrants were verified by PCR testing as
hydrogen bond interactions may play a role in coupling the described19). Thep-galactosidase assays were performed
conformational change between the CBD and the DNA as described previoushy2{) according to the method of
binding domain. Miller (22). For strains withpurR superrepressor genes,
To probe the function of Trp147, Glu70, and Arg278 in thej-galactosidase reporter was repressed to very low levels.
the CBD allosteric transition, we have used site-directed It was therefore necessary to extend the incubation time to
mutagenesis to replace these residues. To investigate thd5 h in order to develop measurable product.
role of hydrogen bonds in interdomain signaling between  Alternatively, the in vivo function of superrepressors was
subunits, mutations to residues Arg115, Ser46, GIn113, andtested for their capacity to inhibit cell growth in minimal
Ala49 were designed to break the hydrogen bonds. We medium @) without a purine supplement. Wild-type, E70A,
report here a biochemical and biophysical analysis of the W147A, and W147A/R190AurRgenes were integrated into
mutant repressors and evaluate the roles of these residues ithe chromosome of strain R220ufR™) (23) using the same
the allosteric transition mechanism. procedure described above. To obtain the growth curve, 1
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mL of fresh overnight culture from a single colony was used
to inoculate 50 mL of minimal medium2) in a 250 mL
sidearm flask. The cells were grown with shaking af@7

and cell density was recorded at 1 h intervals using a Klett

colorimeter. Doubling time in the log growth phase for each
strain was determined from the growth curve.

Corepressor Binding Equilibrium dialysis was used to
determine the binding affinity of corepressar {9). Buffer
system Il (100 mM Hepes, pH 7.5, 250 mM potassium
glutamate, 50 mM NacCl, 10 mM magnesium acetate, 1 mM
EDTA, 2% dimethyl sulfoxide) was employed for the binding
measurements. Binding data were fit to eq 1 using Ultrafit
software (Biosoft, Cambridge, U.K.)3). Y is fractional
saturationKy, the dissociation constant; L, free corepressor;
andn, the Hill coefficient.

Y = [L]"(Kgn + [L]") 1)
DNA Binding Operator DNA binding in the presence or
absence of 200M hypoxanthine corepressor was measured
by gel retardation assayp), One of two complementary

30-mer oligonucleotides with the palindromjmur gene
operator sequencl) was labeled by T4 polynucleotide
kinase, usingy[-?P]JATP. The complementary oligonucle-
otides were then anneale@lj. PurR-DNA binding was

carried out using buffer system Il (described above) or buffer

system | (5 mM Hepes, pH 8.0, 50 mM KCI, 1 mM EDTA,
10% glycerol) as previously describezilf with the follow-
ing modifications. The concentration of DNA probe was

decreased by 200-fold to 2.5 pM, and bovine serum albumin

(BSA) was added at a concentration of/gmL (24). PurR
was added in concentrations from 1.1 pM to 37.5 nM

monomer in the presence of hypoxanthine, and from 4.6 pM

to 150 nM monomer in the absence of hypoxanthine. A 20
uL reaction was incubated at room temperature for 30 min
before represseroperator complexes were separated from
free DNA by electrophoresis on a 12% polyacrylamide gel
as described4). The gel was dried and counted for
radioactivity using a Packard Instant Imager. Operator
affinity was determined by fitting the binding data to eq 2
(25) using Ultrafit software.

Y = [PurRT/(K4n + [PurR[) )
Y is fractional saturation, [PurR] is repressor monomer
concentrationKq is the dissociation constant; amds the

Hill coefficient.
Circular Dichroism ExperimentsAll near-UV CD spec-

Lu et al.

to standard molar ellipticity unit® (eq 3) and smoothed
using JASCO-600 software®):

_ ©x100x M,

[0l = ——5 )

where © is the measured ellipticity in degreeS, is the
protein concentration in milligrams per millilited is the
path length in centimeters, anid; is the dimer molecular
weight.

RESULTS

In Vivo Function of PurR Mutants X-ray structures have
defined two PurR CBD conformational states: closed in the
PurR-corepressorDNA ternary complex §) and open in
the apoprotein 9). Residues that might mediate or be
important for the allosteric transition between closed and
open CBD conformations (Figure 1) were targeted for
mutagenesis. We focused on a GlaArg278 salt bridge
and on Trpl47. The Glu#0Arg278 salt bridge links the
CBD NHz-subdomain of one subunit to the CBD COOH-
subdomain of the other subun@) (n the closed ligand-bound
structure (Figure 2). This salt bridge is not seen in the open
ligand-free conformation (Figure 3). X-ray structures of
ligand-free and bound forms of PurR indicate that Trp147
is integral to the large structural transition in the corepressor
binding pocket resulting from ligand binding,(9). Fol-
lowing mutagenesis, PurR function was assayed by measur-
ing the capacity for repression ofpaurF-lacZ reporter. In
this system, a single-copy chromosomally integrgtadR
gene is expressed at a level that is similar to thahuoR"
in wild-type cells 9). As shown by the data summarized
in Table 1 there was 19-fold repression by wild-type PurR,
whereas the E70A and W147A mutant proteins functioned
as superrepressors, giving -382-fold repression. The
R278A replacement in which the Glu#&rg278 salt bridge
was disrupted did not lead to superrepression, but rather this
mutant repressor retained 67% of wild-type function. Thus,
the increased repression by the E70A protein was not related
to the Glu70 salt bridge with R278.

Arg190 and Asp275 make direct hydrogen bonds with
corepressor®), and mutations of these residues decrease
corepressor binding affinity and consequently in vivo func-
tion (19, 21). An Argl90 or an Asp275 replacement was
incorporated into the E70A and W147A superrepressors to
examine the dominance relationship between putative global
conformational changes resulting from E70A and W147A
mutations and local perturbations of corepressor binding. The
data in Table 1 show that superrepression by W147A was

troscopy was performed using a JASCO J600 spectropola-maintained in the W147A/R190A double mutant. Near wild-
rimeter. Spectra were collected at room temperature usingtype repression was obtained in the E70A/D275A double

a 1.0 cm path length quartz cell. A bandwidth of 1 nm with

mutant, in striking contrast to the complete loss of function

a scan speed of 20 nm/min was used for measurementsof the D275A repressor. These results indicate that the

Proteins were dissolved to 1 mg/mL in buffer Il in the
presence or absence of 680 Gua. Samples were incubated

at room temperature for at least 5 min before measurement.

All buffers used for spectral measurements were filtered
through 0.22um cellulose acetate membranes (Millipore
Corp., Bedfore, MA). Protein samples were centrifuged at
13000 rpm at 4°C in a microcentrifuge to remove any

putative global change resulting in superrepression is domi-
nant to the local perturbation of corepressor binding.
Three cross-subunit contacts were identified between the
DNA binding domain of one subunit and the CBD of the
other @). These interactions are between the main-chain
CO of GIn113 and the backbone NH of Ald48nd the NH1
and NH2 of Arg115 with the @ and main-chain CO of

particulate material before dilution. Each spectrum was the Ser46 (Figure 4). Site-directed replacements were con-
average of 34 scans. The spectrum was then recalculated structed to assess the functional importance of these cross-
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Ficure 1: Ribbon diagrams of the corepressor-bound or closed (left) and corepressor-free or open (right) conformations of PurR. The
structures are presented such that their C-terminal corepressor binding domains (the top domain of each structure) are oriented similarly.
One subunit is colored blue and the other green. The side chains of the substituted residues described in this study are displayed as solid
sticks, labeled and colored in the following manner: R115 and R278 are blue; E70 is red; W147 is yellow; Q113 is light blue; S46 is
purple; and A49 is yellow. The guanine corepressor (not labeled) is shown in white in the closed structure. An orange sphere directly below
residues E70 and E7hdicates the location of a bound magnesium ion in the open conformer (right). The DNA binding domain, containing
residues S46 and A49, is not present in the corepressor-free structure.

subunit interdomain hydrogen bonds. R115A and S46G and purR™). The PurR R190A mutation, which perturbs
mutations each essentially abolished repressor functioncorepressor binding affinity and specificity, had a negligible
(Table 1), thus supporting the importance of these hydrogeneffect on the growth rate of the W147A strain, consistent
bonds. Since a S46A PurR mutant had more than 60% ofwith the dominant effect of W147A seen in Table 1.
the wild-type function, the interaction of the Arg115 side Addition of 100 ug/mL adenine to the growth medium
chain with the Ser46side chain is not critical. Rather, the restored the wild-type growth rate of all of the mutants (data
expected change in backbopey torsion angles in the S46G  not shown), thus verifying that the slow growth rate was
mutant @7) likely perturbs the Argl15 hydrogen bond to due to limiting synthesis of purine nucleotides as a result of
the CO backbone of residue'46Therefore, the side-chain superrepression.
main-chain hydrogen bond and not the side-chaide-chain Purification of Apo-PurR Genes encoding the wild-type,
hydrogen bond is likely needed for interdomain signaling. E70A, W147A, W147A/R190A, R278A, S46G, and R115A
On the other hand, Q113G and A49G replacements did notrepressors were overexpressé@)( and the proteins were
significantly decrease PurR function. These two mutant purified to homogeneity. The expression level and protein
repressors had essentially wild-type function, suggesting thatelution profile from the two chromatographic columns,
the GIn113-Ala49 hydrogen bond either was not disrupted DEAE-Sepharose and hepariagarose, were similar for the
or is not required to transmit the ligand binding signal to wild type and mutants. In contrast to wild-type PurR which
the DNA binding domain. was purified in the aporepressor forrh, @), preliminary

To assess the effect of PurR super repressiompon X-ray data collection showed that the corepressor was not
regulon gene expression, the E70A, W147A, and W147A/ removed from the W147A superrepressor that was purified
R190A genes were incorporated into the chromosome of by the same procedure (J. L. Huffman and R. G. Brennan,
strain R220 purR~ Pur), and growth rates in minimal  data not shown). Therefore, the superrepressors were further
medium were determined. Superrepression of the genetreated by partial denaturation to release the corepressor as
encoding the rate-limiting enzyme (presumaplyF) should described under Materials and Methods. Data from a control
limit purine nucleotide synthesis and decrease the growth experiment showed that*C]guanine could exchange with
rate. Data summarized in Table 2 show that the E70A and the unlabeled bound corepressor after overnight incubation.
W147A PurR superrepressors increased the doubling timeA gel filtration elution profile for E70A PurR that had been
of the purR" cells by more than 2-fold. As expected, the incubated overnight against exce$&]guanine is shown
wild-type PurR had no effect on growth rate (compaceR" in Figure 5A. The E70A PurR in fractions@.0 contained
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Guanine

a

Ficure 2: Close-up view of the Glu76-Arg278 ionic interaction in the closed conformation. The side chains are displayed as rounded
sticks with nitrogen atoms blue, oxygen atoms red, and carbon atoms white. The trace of the polypeptide backbone of each subunit is
shown as a tube, with one subunit in green and the other in blue. The electrostatic interaction is indicated by a black dashed line. A guanine
corepressor is included for reference. Hypoxanthine and guanine corepressors give the same closed conformation.

Arg 278
Gluf@h' .

Ficure 3: Close-up view of the GIlu76Mg2"—Glu70 interaction in the open conformation. The polypeptide backbones and side chains
are colored as in Figure 1. The location of the Arg278 and Arg2i8 chains is shown to emphasize their distance from the Glu70
residues in the corepressor-free conformation.

0.82 equiv of Gua per subunit, whereas fractions-24 guanidinium choloride, column separation, and renaturation.
contained }*C]guanine but no protein. This E70A holore- By this procedure, 90% of the E70A PurR was recovered as
pressor containing!fClguanine facilitated development of soluble apoprotein. However, the recovery of the W147A
a procedure to remove bound corepressor. The gel filtrationand W147A/R190A repressors was 20%. The remaining
profile in Figure 5B shows that radioactive guanine was protein was insoluble. It was assumed but was not deter-
completely removed by partial denaturation with 1 M mined directly that the W147A and W147A/R190A super-
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Binding to Operator DNA Gel shift assays were carried
out to determine the effect of the mutations on repressor

Table 1: In Vivo Function ofPurR Mutants

PUIRE B '(gMe}:iitﬁf]'iggé)e re(?(fole')Oﬁ operator DNA.interaction. The appardffvalues are _given
PUTR (vector control) e o 14 n in Table 3. Wild-type PurR b.ound operator DNA witha
PUrR" 1404 0.2 1854 0.9 of 3.75 nM, and hypoxanthine corepressor increased the
E70A 0.50+ 0.02 51.8+ 3.5 binding affinity by 40-fold K4 of 0.09 nM). These lower
R278A 2.10+ 0.5 12.3+21 Kqg values compared to those reported previously 1)
\F/QV111457AA 12-11i102-02 3f§i é'g resulted from using a 200-fold lower operator DNA con-
SAGA 290k 0.4 118+ 24 centration and addition of BSA to stabilize the low concen-
S46G 17.5+ 1.4 15+ 0.3 trations of repressor that were used. For superrepressor
Q113G 1.40£ 0.3 18.5+ 4.2 mutants, E70A and W147A, the holo- and aporepressor
A49G 160+ 0.3 16.2+3.1 bound to DNA with similar affinity. These results indicate
[E)%i’fm?SA 3?:3& 03 131..243: 29 that the E70A and W147A superrepressors assume a closed
R190A 3.60+ 0.6° 104+ 0.7 active conformation in the absence of corepressor. In
W147A/R190A 0.75+ 0.03 34.5+ 3.2 contrast, the S46G and R115A repressors were essentially

2 PurR gene or the vector control was integrated into the chromosome diS@bled for binding to operator DNA. TH& of holo-S46G
of strain FL100 purR™ Alac purF-lac2. ® Values are the average of ~ for binding was increased over 70-fold compared to the wild-
three independent determinatiofithe standard deviatiofiRepression type PurR, and binding of the aporepressor was too weak to
is calculated as the r?tio ﬁ-galactosid?se activity from PurRPurR detect. Binding of holo- and apo-R115A was too weak for
(wild type or mutant)” Data from @1). °Data from (9. detection. Thus, the corepressor binding signal was not
repressors also contained bound corepressor upon initiatransmitted to the DNA binding domain when the Ser46
purification prior to the partial denaturation procedure. Arg115 hydrogen bonds were disrupted. The R278A repres-
Binding of Corepressor Dissociation constants for bind-  sor bound operator DNA similar to the wild type.
ing guanine and hypoxanthine to wild-type and PurR mutants A Mg?" ion is observed between the two CBD N-
were determined by equilibrium dialysis. A representative subdomains in the open conformation (PDB code 1DBQ)
binding curve for the E70A superrepressor is given in Figure but not in the closed conformation. Six glutamates (Glu70,
6. Kgvalues for guanine and hypoxanthine binding (shown Glu79, Glu82 from each subunit) are located within 3:87
in Table 3) are 0.047+ 0.002 and 0.33+ 0.03 uM, 5.58 A of this Mg*. Thus, Mg+ may stabilize the open
respectively. These values reflect a greater than 30-fold conformation by neutralizing the negative charges from some
higher binding affinity of Gua and Hyp to the E70A of the six glutamates. To evaluate this possibility, we
superrepressor relative to wild-type PurR. This increased examined the effect of Mg on PurR-operator DNA
corepressor binding affinity accounts for the presence of binding. Apo—PurR exhibits high affinity, corepressor-
bound ligand in the purified superrepressor. The binding independent, specific binding to operator DNA in a low ionic
stoichiometry was approximately 0.8 equiv ligand per strength buffer that does not contain #Md5). This buffer
subunit. has been designated buffer 5)( PurR-operator DNA
E70A aporepressor was used for the experiment shownbinding was determined in buffer I, with and without added
in Figure 6. However, with E70A holorepressor containing Mg?", and the binding isotherms are shown in Figure 7. In
endogenous ligand, binding constants differed by 10% or this buffer with no added Mg, apo-PurR bound to operator
less, from measurements with aporepressor, consistent withDNA with a K4 of 0.18+ 0.03 nM. TheKy was increased
the ligand exchange described above. For this reason,by 6.7-fold to 1.2G+ 0.2 nM by 100 mM magnesium acetate.
repressor preparations that were not treated to removeAddition of 50uM Gua restored the higher affinity binding
endogenous ligand were used for the remaining ligand to operator DNA. DNA binding for PurR mutant E70A did
binding measurements shown in Table 3. not respond to Mg ion under these conditions (data not
Kg values for Gua and Hyp binding to the W147A shown). The results are consistent with a model in which
superrepressor were decreased by 10-fold relative to wild- Glu70 side chains from each subunit together with &Mg
type PurR (Table 3). Loss of the Arg190 H bond to the may participate to stabilize the apo-PurR open conformation.
exocyclic O6 of Gua in the R190A repressor increased the Without Glu70, the allosteric equilibrium between open and
Kg for Gua binding by more than 40-fold but as shown in closed conformations was thus shifted to favor the closed
Table 3 had no effect on Gua binding when combined with active conformation, even in the absence of corepressor.
W147A to make the W147A/R190A double mutant. While other residues may also contribute to stabilizing the
Kg values for corepressor binding to the S46G and R115A open conformation, Glu79 and Glu82 are apparently not
mutant proteins were unchanged from those of the wild type. involved. An E79A mutant repressor had wild-type function,
Thus, the defective repression by these mutants shown innot superrepression, and an E82A mutant lost repressor
Table 1 is not due to a perturbation in corepressor binding. function (data not shown). An E70Q PurR gave 9-fold
Two- to three-fold increaselss for corepressor binding to  repression; it was not a superrepressor (data not shown).
the R278A repressor were detected (Table 3) which could Circular Dichroism Changes in protein tertiary structure
explain the small decrease in repressor function for this can be monitored by CD spectra in the near-UV range where
mutant shown in Table 1. For all binding determinations the CD signals originate mainly from aromatic amino acids
shown in Table 3, the Hill coefficients were between 1.5 (28, 29). Near-UV CD spectra were obtained to compare
and 1.7, in close agreement with the value for wild-type PurR the conformational state of wild-type PurR and the E70A
obtained previously2l). Thus, none of the changeskq and W147A mutants in their corepressor-free and corepres-
are due to altered cooperativity. sor-bound states (Figure 8). Wild-type PurR with 4 tryp-
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A

Ficure 4: Close-up view of the CBBDNA binding domain interface. The side chains of Ser46 and Ala49, located in the DNA binding
domain, and GIn113 and Arg115 in the CBD are displayed as rounded sticks with nitrogen atoms in blue, oxygen atoms in red, and carbon
atoms in white. The trace of the polypeptide backbone of each subunit is shown as a tube and colored as in Figure 1. Dashed lines are

hydrogen bonds.

Table 2: Effect of PurR Superrepressor Mutations on Growth Rate
140000 0.35 purR gené generation time (min)
120000 0.30 purR"(vector control) 42
100000 0.25 purR* 42
| E 80000 0.20 8 W147A 90
G 60000 0.15 & W147A/R190A 87
| 40000 0.10 E70A 95
| 20000 0.05 - -
; 0 0.00 aPurR genes, or the vector control, were integrated into the
| 0 chromosome of strain R22@yrR"). Cells were grown in minimal
| medium without a purine supplement.
‘ o
i 0.8 o)
| B 160000 —0.25
140000 +
1 0.6
120000 + 0.20 O Gua
= 100000 + 1015 o Y & Hyp
& 80000 + 9 04
60000 + T010 <
40000 + Lloos 0.2
20000 +
0 4 KKK 0.00 0
0 5 10 15 20 25 30 o ; 5 5 4
Fraction LogfLigand] M

Ficure 6: Equilibrium binding of corepressors to E70A mutant

FIGURE 5: Separation of corepressor from the E70A mutant by gel repressor. The fraction of bound protel {s plotted against the
filtration. Radioactivity ¢) and absorbancef at 280 nm Q) are free ligand concentration. E70A, monomer aporepressor concentra-
plotted for each fraction. (A) Control experiment in which the tions of 0.15 and 0.4M were used to determine hinding of Gua
protein sample was not treated vit M guanidine hydrochloride. and Hyp, respectively.

Elution was with buffer A. (B) The protein sample was treated

with 1 M guanidine hydrochloride, and elution was with buffer A° nm_ Binding of guanine caused a negative enhancement of
plus 1 M guanidine hydrochloride. the near-UV CD signal for the range from 250 to 295 nm,
tophan, 12 tyrosine, and 11 phenylalanine residues showecda change of sign for the 25263 nm region from positive

a spectrum with two maxima at approximately 259 and 297 to negative rotation, and increased positive CD from 295 to
nm and a deep trough with a negative peak at 283 nm. The310 nm. There was also a small red shift for the 297 nm
peak at 259 nm exhibited a shoulder at a wavelength of 263 peak (Figure 8, inset). The enhancement in the CD was
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in the protein and does not itself contribute to the CD
spectrum. It therefore follows that the increased ellipticity
seen in Figure 8A (inset) and Figure 8B (inset) for wild-

Table 3: Corepressor and Operator DNA Binding by PurR Mutants
operator DNA binding,

corepressor binding, Ka (nM) N -
Ka (uM) o type PurR upon binding Gua must result from a conformation
repressor Gua Hyp Hyp  corepressor change. Furthermore, E70A repressor has essentially the

buR L6t 05 11416 009+ 0010 375: 112 same closed conformatlon with or without bound Gua in
E70A 0.047+ 0.002 033003 012+ 0.010 0.14: 0018 regions that contribute the 29805 nm CD whereas Gua

R278A  5.0+0.8 29+3.8  0.14+0.015 4.55+1.22 binding changes the open PurR wild-type conformation to

W147A  0.16+0.04  0.81+0.04 0.11+0.010 0.15+ 0.013 one more similar to that of E70A which is closed. Binding

S46G 1803 112+13 6-gj3i 2.30 ND: of Gua also decreased the intensity at 297 nm for W147A.

RLLSA 1.7+ 0.4 12.0+18 N ND The CD spectrum of holo-W147A differs greatly from that

R190A 69+ 10° 101+55 e e !

WI147A  0.27+0.07 0.64+012 e e of PurR wild type and E70A repressor because of the absence
R190A of Trpl147.

aDissociation constants were determined by equilibrium dialysis.  To investigate whether corepressor induces a similar
> Operator DNA binding dissociation constants were determined by gel conformational change in the CBD of the R115A and S46G
retardation assay in the presence 200 hypoxanthine or no core- 1 tants as seen for wild-type PurR, we determined the near-
pressor ¢ Corepressor binding data of wild-type and R190A repressors !
(19). “ Not detected® Not determined. UV CD spectra for these two mutant repressors. The spectra
for the R115A and S46G apo- and holorepressors were
closely similar to those of wild-type PurR in both shape and
amplitude (data not shown). Therefore, the CBD in these
two mutant repressors undergoes the same open to closed
conformational transition upon corepressor binding as in
wild-type PurR. However, the structure change in the CBD
is not transmitted to the DNA binding domain when the
Argl15-Ser46 interaction is disrupted.

DISCUSSION

X-ray structures of a PurRhypoxanthine-purF operator
complex @) and a ligand-free PurR CBD dime®)(have
defined conformers that bind operator DNA with high and
low affinity, respectively. From these structures, an allosteric
mechanism was suggested to explain how corepressor

Log[PurR], nM mediates specific binding to DNAQ). According to the
FiGURE 7: Binding isotherms of PurRoperator DNA interaction. current model, binding of corepressor at the interface of the
The fraction of unbound operator DNAwas plotted againstthe  two CBD subdomains results in structural changes that
'k?l?ﬁgfr?ﬁ%&ogoﬁﬂgggggﬂﬁ?gggi ;er%‘fst‘)uwf?éf IIr\]Nki)tl?\fflac))g)( include hinge bending rotations of 1@nd 23 between the
mM magnesium acetate plus &M Gua (). NH- and COOH-subdomains of each monomer and convert
an open CBD conformation to a closed one. It was deduced

dependent on the guanine concentration until a plateau waghat these rotations position DNA binding domain hinge
reached (data not shown). Although free guanine did not residues 4856 of each subunit in closer proximity to each
give any near-UV CD signal (data not shown), it is possible other so that in the presence of operator DNA, helices form
that coupling of bound guanine with aromatic side chains and interact with the DNA minor groove. This minor groove
could alter the CD bands of side chains or bound purine interaction kinks the operator site by greater tha, 4i6us
without a conformation change. enabling base-specific contacts of the 2-fold related kelix
The most significant portion of the CD spectra for turn—helix motifs with the DNA major grooves. We assume

comparing the wild-type and mutant repressors was betweenthat there is an equilibrium between the active DNA binding
297 and 305 nm (Figure 8, insets). Apo forms of wild-type Structure having the closed CBD conformation, in which the
PurR, E70A, and W147A mutant repressors each have a pealPNA binding domains are poised for binding, and the
of positive ellipticity at 297 nm. Of the aromatic residues, Structure in the open conformation that should be incapable
only tryptophan gives a near-UV CD signal in the region of binding to DNA. In the absence of corepressor, this
from 295 to 305 nmZ9). The decreased intensity of the equilibrium must strongly favor the inactive open conforma-
297 nm band in apo-W147A relative to apo-PurR (wild type) tion. Binding of corepressor results in a shift of the
is consistent with a portion of this ellipticity in the wild-  equilibrium to the active DNA binding closed conformation.
type originating from Trp147. We interpret the increased The equilibrium between the open and closed conformations
intensity of the 297 nm band in apo-E70A repressor as can be assumed to be influenced by amino acid side chain
resulting from a conformation that is different from that of and backbone interactions that stabilize or destabilize one
the wild-type aporepressor (Figure 8B). Binding of Gua to or the other of the conformations. In this study, we have
E70A did not change the CD intensity but red-shifted the mutagenized residues noted previousf;, @) to make
maximum by about 1 nm. This indicates that bound guanine prominent interactions that may be important for the active
does not exhibitt—u coupling with amino acid side chains or inactive conformations.
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20

[6], (deg.cm*/dmol)
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’ 290 295 300 305 310
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Wavelength nM

Ficure 8: Near-UV CD spectra of wild-type and mutant PurR in the presence or absenceubdf 8ua. The protein concentration was
1 mg/mL in buffer 1. (A) Spectra of wild type and W147A mutant. The spectra are for (1) wild type, (2) wildty@aia, (3) W147A,
(4) W147A+ Gua. (B) Spectra of wild-type and E70A mutant. The spectra are for (1) wild type, (2) wildttygaa, (3) E70A, and (4)
E70A + Gua. The insets show an expanded view of the-2810 nm region.

Trpl47 and Glu70 Are lmlved in the CBD Allosteric  changes in the Trpl47 mutant of any residue directly
Transition Two residues, Glu70 and Trp147, were shown contacting the bound repressor, the increased corepressor
to have important roles in the allosteric transition. Three binding affinity is ascribed to a higher equilibrium concen-
lines of evidence indicate that the allosteric equilibrium tration of closed conformer. Even the R190A replacement,
has been perturbed and the E70A aporepressor and thavhich alters important hydrogen bonding interactions with
W147A aporepressor are largely in the active closed con- bound corepressofl®) and decreases the binding affinity
formation. First, these aporepressors bind toghegene for guanine by 40-fold, only marginally decreased the
control site with aKy that is similar to that of wild-type  guanine binding affinity when it was combined into the
holo-PurR. These mutant repressors exhibit high-affinity W147A repressor. The CD conformational probe provided
DNA binding in the absence of corepressor. Whereas the third line of evidence that the apo-E70A CBD was in a
corepressor binding increased the affinity of wild-type PurR closed conformation. A peak of positive rotation at 297 nm
for the operator DNA site by over 40-fold, there was that reflects the conformation of the corepressor binding
essentially no further activation of the E70A and W147A pocket was used to monitor the transition from open to closed
repressors by corepressor. Second, binding affinities of CBD upon binding corepressor. The intensity of this peak
corepressors for the mutant repressors were increased 30m apo-E70A corresponds to that of the closed conformation
fold for E70A and 16-13-fold for W147A relative to the  and was not further increased upon binding of guanine. CD
wild type. Since there were no mutational changes in the thus provides strong evidence that the allosteric equilibrium
corepressor binding pocket of the E70A repressor, and nofor apo-E70A repressor is largely shifted to the active, closed
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conformation and does not undergo a further change uponequilibrium between DNA binding and inducer binding
binding guanine. conformations of Lac repressds(). It was suggested that

The functional consequence of these mutations that shiftan A110T mutation stabilized the inducer binding conforma-
the allosteric equilibrium was to create repressors that down-tion, thus shifting the equilibrium toward the state having
regulate purF expression 23-fold more than wild-type an increased affinity for IPTG. An A110K mutation, on the
PurR. This superrepression inhibited the cell growth rate other hand, was thought to stabilize the DNA binding
by starving cells for purines. conformation, thus giving high-affinity DNA binding due

The thermodynamic basis for the shift in allosteric to the increased relative amount of this form. Interestingly,
equilibrium in the two Trp replacements is likely a desta- the side chain of the corresponding PurR residue, Tyr107,
bilization of the open conformation. In ligand-free CBD, makes an intersubunit hydrogen bond to the backbone CO
the indole moiety of Trp147 rotates into the corepressor of Tyr90 in the open conformation, while in the closed
binding pocket and stacks against Tyr73 and Phe74 and itsconformation, this residue is relocated to stack against Phe86
Ne forms a hydrogen bond to the side chain of Tyr73. In and hydrogen bond to Glu82Given these alternative sets
this way Trp147 acts as a structural, but not a functional, of stabilizing interactions, it is possible that Tyrl07 is
surrogate for corepressor. To form the closed state, hypox-involved similarly in the allosteric equilibrium of PurR.
anthine or guanine displaces Trp147 from the purine binding Mutations at a single position that displace the allosteric
pocket. The displacement of Trp147 and its nearby region €quilibrium of PurR toward each of the opposing conformers
leads directly to disruption of a hydrogen bond between the have not been isolated to date.
side chains of Aspl60 and Asnl6l. The loss of this Interdomain Signaling Three hydrogen bonds provide
hydrogen bond is correlated with a changeying torsion connections between the CBD and the DNA binding domain
angles of residues Asp160 and Asn161 located in the hingein the closed state. These interdomain, intersubunit hydrogen
between the COOH- and Nksubdomains, which is respon-  bonds are between the NH1 and NH2 of Arg115 and the
sible in great part for the hinge bending rotations of aiid side-chain @ and main-chain CO of Ser4énd the main-
23 between the Nk and COOH-subdomains. chain CO of GIn113 with the backbone NH of Ald49ur

The stereochemical basis of the shift in the allosteric mutational analysis has provided evidence for an important
equilibrium of the E70A superrepressor to the closed role for the Arg115 side-chainSer46 backbone interaction
conformation is not clear. In the closed conformation, Glu70 as truncation of the R115 side chain to alanine strongly
makes a salt bridge to Arg278 of the other subunit. However, disabled repressor function. In contrast, removal of the
this interdomain salt bridge is not important for stabilizing hydroxyl group of Ser46 (S46A) results in a repressor which
the closed conformation since an R278A replacement hadretained about 60% of wild-type function, indicating the
only a minimal effect on corepressor binding affinity and |esser importance of the weaker Arg115 NH3er46 Oy
repressor function. In the open conformation, Glu70 is hydrogen bond (3.5 A) compared to the hydrogen bond (3.0
repositioned such that it occupies a solvent-exposed area af) petween the main-chain carbonyl oxygen of Sératd
the interfaces of the CBD subdomains. This region is NH2 of Arg115 in interdomain signaling. However, further
electrostatically negative because of the proximity of acidic {ryncation of the Ser46 side chain to glycine disrupted
residues, Glu79, Glu82, and their dyadic mates as well asyepressor function completely. Presumably, the underlying
Glu70 ‘and Glu70 To mitigate partially the negative sty ctyral basis for this nonfunctional repressor is the inability
potential, a Mg" ion binds in this area and interacts primarily ot 5 glycine residue at position 46 to assume the dihedral
with Glu70 and Glu'70 _That such an mteragthn stabilizes angles necessary to form the wild-type main-chain hydrogen
thezgp'en conformation is suggested by the finding that addedyong 1o Arg115 of the other subunit, despite the ability of
Mg®" ion decreased PUFRDNA affinity but had no effect  p115A and $46G to bind corepressor with virtually wild-
on apo-E70A-DNA binding. Further evidence that SUPPOItS e affinity and to undergo the CBD structural change that
the critical need for a negative charge at position 70 and not;g yeiecteq by CD. Thus, it appears that the loss of this single
position 79 or 82 is pro_wded _by the neqtrallzed mutant, e raction disrupts in toto the interdomain signal of core-
E70Q, which although isosteric results in some loss of P

. . . . pressor binding.
repressor function, and E79A and E82A, which display wild- . . .
type and loss of function properties, respectively, rather than Mutations de3|gne_d to dlsrqpt GIn:+Ala49 had no effect
on repressor function. It is not known whether these

act as superrepressors. Therefore, the role of Glu70, its . ; . . . :
2-fold mate, and the Mg ion appears to be that of an mutations disrupted the main-chain to main-chain hydrogen

electrostatic wedge, which through the combination of Pond aswas intended or if the hydrogen bond is not required
electrostatic attraction and repulsion maintains the proper fOr signaling. "From our analysis, it appears that residue
orientation and distance between the CBDAdbdomains ~ S€r46, which is located in the middle of a five-residue loop,
necessary to stabilize the Midubdomain interface of the IS Pivotal in tethering helix 3 and the hefbturn—helix motif
aporepressor. to the hinge helix and CBD. Thus, the critical role of the
Although Glu70 and Trp147 mutations were shown to hydrogen bond between Argll5 and Serdér signal
perturb the PurR allosteric equilibrium, this does not exclude ransmission may be determined by both the strong interac-
the possibility for participation of additional amino acids. It fion and the position of the hydrogen bond.
is in fact likely that a number of key interactions contribute ~ To our knowledge this is the first of the bacterial repressors
to stabilization of the open and closed conformations. In having distinct DNA binding and effector binding domains
aspartate transcarbamoylase, at least four residues have rolés which interdomain signaling residues were functionally
to stabilize the inactive conformation, and four residues were and structurally identified. It remains to be determined if
identified for stabilizing the active conformationLl). other Lac family repressors employ a similar signal transmis-
Recently, Alal10 was reported to influence the allosteric sion mechanism.
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