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ABSTRACT: In the inducer-bound structure of thec repressor protein, the side chains of H74 and D278

are positioned to form an ion pair between monomers that appears to be disrupted upon operator binding
(Lewis, M., Chang, G., Horton, N. C., Kercher, M. A., Pace, H. C., Schumacher, M. A., Brennan, R. G.,
and Lu, P. (19965cience 2711247-1254). A series of single substitutions at H74 and D278 and a
double mutant, H74BD278H, were generated to determine the influence of this interaction on ligand
binding and allostery ifac repressor. Introduction of apolar amino acids at H74 resulted in distinct effects
on ligand binding. Alanine and leucine substitutions decreased operator binding, while tryptophan and
phenylalanine increased affinity for operator DNA. Introduction of a negatively charged residue at position
74 in H74D had minimal effects, and “inverting” the side chains in H74D/D278H did not significantly
alter inducer or operator binding at neutral pH. In contrast, all substitutions of D278 increased affinity for
operator DNA and diminished inducer binding. These observations can be interpreted in the context of
the Monod-Wyman—Changeux model. If a salt bridge were essential for stabilizing or destabilizing the
inducer-bound conformation, a mutation at either residue that interrupts this interaction should have a
similar effect on allostery. Because the type and degree of alteration in ligand binding properties depended
on the nature of the substitution at these residues, the individual roles played by H74 and D&¥8 in
repressor allostery appear more important than their direct contact across the memumemer interface.

The transcription of the genes required for lactose transportassembly requires a monomenonomer interface involving
and metabolism is regulated by thee repressor protein in ~ numerous contacts between two of the core domain mono-
a process that involves its allosteric interaction with inducer mers (L0, 13, 14, 19, 26). Mutation of residues along the
sugars and specific operator DNA sité3.(In response to  monomer-monomer interface can interfere with com-
binding inducer sugars, the affinity tdc repressor protein  munication between the two ligand binding sit@&<28,
for specific operator DNA sequences decreasdsorders 51).

of magnitude 2—5). This alteration in operator DNA affinity Although the detailed allosteric mechanism for induction
results in the transcription of tHac operon genes by RNA is not known, a model has been proposed on the basis of
polymerase ). Conversely, occupation of operator sites tne crystal structures of the different liganded states of this
reduces the affi_nity of the protein for induce_r sugars and repressor proteinld, 29). A comparison of these crystal
thereby determines the threshold level of inducer sugar stryctures oflac repressor identified the regions that are
necessary for inductiorb{-7). The regions of the protein  reoriented upon ligand bindingl4). On the basis of this
involved in binding to these different ligands have been analysisjac repressor conformational changes arise largely
determined by genetic and structural studiés 14). from the movement of monomers relative to each other and

The repressor consists of three domains: a helix-turn-helix not on large interdomain alteratioris4j. The structural basis
DNA binding region (amino acids~1—50) (14—18), a for the effect of inducer on operator binding may involve a
bilobate core domain (amino acids62—340, displaying “hinge” helix located between the N-terminal helix-turn-helix
homology to periplasmic binding proteins) with the sugar and core domainsl1d, 29). In the presence of specific
binding site located between the N- and C-subdomains ( contacts with operator, this hinge helix makes important
14, 19-22), and a leucine heptad repeat domain (amino acids minor groove contacts3Q). When inducer sugar binds, the
340-360) that forms the dimerdimer interface 23—25). N-subdomains of the core monomenonomer interface
In addition to this dimerdimer assembly motif, tetramer rotate, and this movement may preclude both minor and

major groove proteirroperator contacts. While the rotation
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Ficure 1: Lacrepressor dimer structures with H74 and D278 backbone residues highlightepressor inducer-bound core structure

was derived from PDB file 1LBH14) and rendered using Ribbons 285). The N-terminal DNA binding domain is not shown because

this region of the protein is not resolved in the crystal structure of the repreisstucer complex. The N- and C-termini of the protein are
labeled, and the backbone residues-82 (3-sheet A and helix 5) are shown in white. Intermonomer distance between H74 andi©278
2.76 A, and the B factors for these residues are 3® according to the PDB fileld), sufficiently low to suggest the possibility of an ion

pair interaction. (A) View of entire structure of the dimer unit of the repressor protein. (B) Close up view of the subunit interface near the
inducer binding cleft of the structure shown in A.

ture: K84-E100, Q117#R118, and H74D278 (14). The charged residues at both sites did not significantly alter the
role of these potential ion pairs in stabilizing the protein in properties of the mutant protein. Introduction of tryptophan
the inducer-bound conformation is unknown, and the interac- at position 74 resulted in protein that had a severely
tions of these side chains in the operator-bound structurediminished ability to respond to the presence of inducer.
cannot be determined at the current resolution, although theThese results suggest that the side chains of amino acid
backbone positions corresponding to the HD278 pair are residues H74 and D278 are necessary, but no ionic interaction
sufficiently distant to preclude side chain interaction in the between these residues is required for wild-type ligand
operator-bound structuré 4). binding behavior.

The H74/D278 interaction is unique in that it involves
an amino acid residue in the N-subdomain (H74) with a MATERIALS AND METHODS

partner in the C-subdomain (D278) across the monemer  \ytagenesisMutations in thelac repressor gene were
monomer interface. This pair is located in the center of the generated in the pJC1 plasmid using the method of Kunkel
core domain near the inducer binding site (Figure 1). The (33) Al single substitutions were produced by annealing
intermonomer distance between the H74 and D278 residuesyp, gligonucleotide containing the mutant sequence to a uracil-

is 2.76 A, a value well within the range for electrostatic containing template with théacl gene. The annealing
interactions. The H74 and D278 residues in the same mixture was heated at 75C for two minutes and then
monomer ae 5 A apart and therefore probably do not form gjiowed to cool to room temperature. The extension and
a stable intramonomer interaction. Since the C-subdomainjgation reactions were carried out as described previously
spatial relationships remain constant during the allosteric (34). The double mutant, H74D/D278H, was produced by
transition, this intermonomer interaction may be important jigating theHindlll —Apa fragment which contains the H74D
for stabilizing the N-subdomain in the inducer-bound con- mytation into the pJCI plasmid with the D278H mutation.
formation. Therefore, these residues were specifically sub-The entirdacl gene of each mutant produced was sequenced
stituted to explore their role idac repressor allostery.  at the core facility at University of Texas Health Science
Substitutions at these positions resulted in distinct changescenter (Houston, TX).

in both inducer and operator affinities. Depending upon the  pyyrification. Mutant proteins were expressed in BL-26
amino acid substitution, the affinity for these ligands could ¢gjis (Novagen) which were cured of the episome that carries
be enhanced or reduced. Apolar mutations at either residughe 1 promoter and théacl gene (Diane Wycuff, personal

in this interface resulted in the greatest perturbations of ligand communication). Protein purification followed the previously
binding, while introduction of aspartate at position 74 or gescribed procedur&§, 36). However, the proteins which
histidine at position 278 to generate a structure with similarly \yere not highly expressed (D278H and H74D/D278H) were
purified using an additional DEAE chromatography step. The
! Abbreviations: DEAE, diethylaminoethyl; DMSO, dimethyl sul-  ammonium sulfate pellet was equilibrated in 0.08 M potas-

foxide; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid,; ; ; 0 i i
IPTG, isopropyl,p-thiogalactoside; PurR, purine repressor; SDS sium phosphate, pH 7.5, with 5% glycerol. This material was

PAGE, sodium dodecy! sulfatgolyacrylamide gel electrophoresis; ~ SPUn at 50009 to remove any precipitate and then loaded
TCA, trichloroacetic acid. onto a DEAE column equilibrated in 0.08 M potassium
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phosphate, pH 7.5. The flow-through from this column was (39, 41—43). Fluorescence intensity correction factors were
then loaded onto a phosphocellulose column, also equili- generated using an identical titration with buffer solution
brated in the same buffer. Protein concentrations for mutantsinstead of IPTG. The binding affinity for the protein was
were determined by absorbance at 280 nm using thedetermined by fitting the data points in Igor Pro to the
extinction coefficient for wild-typelac repressor. For the  following equation:

mutant repressor in which an additional aromatic amino acid N

was added, H74W, a Biorad protein assay using wild-type R= [IPTG] @

lac repressor as the standard curve was used to determine K3+ [IPTG]"

protein concentration.

Operator Binding.Operator binding constants were de- whereR is the fraction of bound complexes within each
termined for the proteins using the nitrocellulose filter solution calculated bR = change in fluorescence signal at
binding assay37) modified for use in a 96-well dot blot  [IPTG] divided by the maximum change in fluorescence
apparatus38). The assay was carried out at room temper- signal, n is the Hill coefficient, andKq is the apparent
ature in FB buffer (0.01 M Tris-HCI, pH 7.4, 0.15 M KCI,  equilibrium dissociation constant for IPTG.

0.1 mM DTT, 0.1 mM EDTA, and 5% DMSO) with 100 Ammonium Sulfate Precipitatiofhis assay followed the
ug/mL of bovine serum albumin. The operator used was a protocol of Bourgeois44) with the following modifications.
40 base pair double-stranded DNA (sequenceTGTTGT- The assay buffer contained 0.1 M Tris-HCI, pH 7.4, and 0.15

GTGGAATTGTGAGCGGATAACAATTTCACACAGG- M KCI, protein stock concentration was & 10® M
3'). The concentration of labeled operator in the assay wasmonomer, and operator concentration was 4075 M for
~5 x 10 *0r 2.5x 10713 M for tight binding mutants35). those samples in which it was included. The protein in
The concentration of protein was varied fromx51013 to varying concentrations was incubated with operator DNA

1.25 x 10°° M dimer depending upon the affinity of the before the addition of 15 mg/mL lysozyme which acted as
repressor for operator. The amount &H-operator bound  a coprecipitate, and this mixture was incubated witk 5

at each protein concentration was quantified as pixels by a10-7 M [1“C]-IPTG for 5 min before precipitation with 70%
Fuji phosphorimager. All data were normalized by dividing saturated ammonium sulfate. After these samples were
the pixels at the different protein concentrations by the pixels centrifuged, the pellets were resuspended in buffer and the
at a saturating protein concentration. These data were fit tomixtures precipitated with 5% TCA. After centrifugation,

the following equation: the amount of radiolabel in the supernatant was determined
by scintillation counting.
R= [P] 1) Spectroscopic Studies of Protein Unfolding by Urea.
[Kg + [P] Unfolding of repressor proteins by urea was carried out in

0.1 M K;SQ,, 0.01 M Tris-HCI, pH 7.4, as described
whereR is the relative fraction of bound complexes within previously for dimeric repressor mutandb). Ultrapure urea
each solution calculated big = operator bound/operator  (Fluka) was prepared fresh daily and filtered before use. The
boundax [P] is the protein concentration in tetramer, and concentration of the urea stock was determined by refractive
Kq is the apparent dissociation constant in dimer concentra-index. In a denaturation experiment, 15 samples of protein
tion. The maximum value fdR was floated during the fitting. =~ were mixed with the urea stock solution to final urea

Nonspecific binding fotac repressor proteins was deter- concentrations between 0 c&ar6 M and a final protein
mined by the addition of x 1073 M IPTG or the use of  concentration of 4x 10°® M. The final concentration of
CS40i, an alternative 40 base pair DNA construct (se- IPTG was 1x 102 M for those samples which included
quence: 5STGTTGTGTGGAGACATGCCTAGACATGC- inducer. Samples were incubated at room temperature for 2
CTTTCACACAGG-3) that does not contain tHac repres- h before the intrinsic tryptophan fluorescence signal was
sor recognition sequence. The labeled DNA concentration determined using an SLM AB2 spectrofluorometer. The
in these assays was alse2.5 x 107%2, and the repressor samples were excited at a wavelength of 285 nm, and their
concentration range varied depending on the affinity of the fluorescence emission spectra were measured between 300
protein for the DNA. The data were collected and analyzed and 400 nm. The intensity of the intrinsic tryptophan
as described for binding to 40 base pair operator DNA.  fluorescence signal at 345 nm for unliganded and 325 nm

Inducer Binding. Fluorescence Titration Assdgducer for IPTG-bound repressor protein was used to monitor the
binding was assessed by monitoring the change in fluores-protein unfolding.
cence emission intensity’ (39, 40). The protein concentra- Circular Dichroism Spectroscopy. Laepressor mutants
tion for all mutants was fixed at & 10~7 M monomer, and were diluted to a concentration of>4 10-®* M monomer in
the IPTG concentration was varied betweer 108 and 1 0.12 M potassium phosphate buffer, pH 7.4. Samples were
x 1072 M depending upon the affinity of the repressor scanned from 250 to 200 nm by an Aviv 62DS spectropo-
protein. Proteins were diluted into 0.01 M Tris-HCI, 0.15 larimeter n a 2 mmpath length quartz cuvette. Data were
M KCI buffer at the specified pH. The tryptophan fluores- collected for all mutants and compared to the spectrum of
cence emission was monitored on an SLM 8100 spectro-the wild-type protein.
fluorometer using a 340 nm cut-on filter (O-52) from Corning Molecular Siee Column. Lacrepressor mutants were
with an excitation wavelength of 285 nm, @0). Tryptophan applied to a Superose 12 sizing column equilibrated in 0.12
fluorescence itac repressor is dominated by W220, which M potassium phosphate buffer, pH 7.4. Elution was moni-
is located in the inducer binding site. The environment of tored by absorbance at 280 nm. All proteins eluted from the
this fluorophore is altered by inducer binding with a column at the same volume as observed for wild-type
concomitant shift in the wavelength of maximum emission repressor protein.
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Monod—-Wyman-Changeux Model Analysigiducer bind- for operator sequences (examples in Figure 3; Table 1). The
ing data for thelac repressor proteins were fit to the H74W mutant repressor bound operator with high affinity
following equation which expresses the fractional saturation even when complexed with inducer. Its affinity for operator
for a tetrameric protein that binds to four inducer molecules in the presence of inducer was decreased evll§)-fold to

and two operator DNA fragment§,(46): 6.3 x 101! M. Increased incubation times and higher
3 2 2 concentrations of inducer did not alter these results. This
Y ={Kg[ll(1 + Kg[l]) (1 + 2Kg[O] + Kzo[O]) + property is not a result of the H74W protein binding more
LeKg[1(1 + cKg [1]) *(1 + 2K16[O] + Ki[0]19)}/ tightly to DNA in general, as its binding affinity for a 40

4 base pair nonoperator DNA sequence was comparable to
{1+ Kg[l]) (1 + 2KpO] + Kéo[O]z) + wild-type repressor bound either to the nonoperator DNA
L(1 + cKg[l]) ‘(1 + 2K1o[O] + K3o[O]1%)} or to operator DNA in the presence of inducer (Figure 4).
) ) ) ) ] Inducer Binding.Inducer binding for this series déac
In this equation is the fraction of inducer-bound complexes  repressor mutants was measured by the change in tryptophan
at a specific concentration of inducét is the equilibrium  fjyorescence upon IPTG binding. At neutral pH, tlae
association constant for the binding of inducer to the R state, repressor equilibrium constant for wild-type protein binding
and c is the ratio between the equilibrium association {5 |pTG is 2.5x 107 M. However, in the presence of

constants for the T and R states for indudésfr) and  operator the affinity for inducer is decreased—10-fold
reflects the difference in inducer affinity for these two states. (5—7, 46). For wild-type, the same-7—10-fold decrease is
Kro is the equilibrium association constant for operator DNA  mimicked at pH 9.246, 48, 49). The inducer binding affinity
binding to the R state, aritho is the equilibrium association  of H74 and D278 mutant repressors was assessed at neutral
constant for the T state. The equilibrium constabf,  and high pH and in the presence of operator to determine if
represents the relative concentration of the T and R statesihege binding processes were affected. The curves for
when no ligand is present (= [T]J/[R]). Inducer binding repressor mutants are shown in Figure 5, andkthealues
data for repressor proteins in the presence and absence Ofjerived from these curves for all mutant proteins are provided
operator DNA were fit simultaneously in Non Lim1) in Table 2. At neutral pH, substitutions at H74 resulted in
varying only the value ot. slightly tighter or weaker inducer binding depending upon
RESULTS the size of t_he residue. '_rhe sma_llest amino_acid substitu_tion,
A, resulted in a slightly higher affinity than wild-type protein,
Generation of Mutants and Protein Purificatioffrive while L at position 74 diminished binding. The H74D
substitutions at residue H74 (A, L, D, F, W), seven repressor, which has two negatively charged residues in close
substitutions at D278 (A, L, H, N, E, K, W), and a double proximity at the subunit interface, displayed essentially wild-
substitution (H74D/D278H) were made to explore the type inducer binding. In contrast, a large, apolar amino acid
importance of this amino acid pair lac repressor allostery.  substitution at this position, F, resulted in-aB-fold decrease
The entirelacl gene of each mutant was fully sequenced to in inducer affinity.
determine that no other alterations were present. All mutant At elevated pH, the smaller amino acid substitutions did
repressors were expressed Hscherichia coliwith the not show the characteristic shift in inducer affinity, while
genomiclacl gene deleted and were purified by phospho- the H74F repressor displayed-&-fold decrease in affinity
cellulose column chromatography. The D278W mutant was compared to its affinity in neutral pH, behavior which is more
not expressed at levels sufficient for purification. The D278H similar to that of the wild-type protein (Figure 6). In the
and the H74D/D278H mutants also were poorly expressedpresence of operator, inducer affinity was reduced for all of
but could be purified with an additional DEAE chromatog- the H74 mutant repressors relative to their affinity at neutral
raphy step. Circular dichroism spectra for all repressors pH. Both H74A and H74L repressors had slightly decreased
demonstrated the same secondary structure content as wildaffinity for IPTG in the presence of operator, while the
type repressor within experimental error (data not shown). affinity of the H74D protein for IPTG was decreased-¥-
On the basis of elution behavior from the phosphocellulose fold under these conditions. The H74F repressor had a greater
column and from a molecular sieve column, all mutant relative shift (~13-fold) for inducer binding with operator
proteins were deduced to be tetrameric (data not shown). present compared to wild-type protein-{-fold). These
Operator Binding All proteins with substitutions for H74  results indicate that different amino acid substitutions at this
or D278 bound to operator sequences specifically as shownposition alter inducer affinity and the effect that operator
in Figure 2, and the derived equilibrium dissociation and high pH have on inducer affinity. Because elevated pH
constants are listed in Table 1. Mutation of H74 to apolar significantly alters the inducer affinity of the H74F repressor,
residues altered operator binding with the effect related to the histidine side chain at residue 74 is clearly not the sole
the size of the substitution. Substitution with smaller apolar determinant of the elevated pH effect.
amino acids (A or L) decreased operator binding, while larger  All residues substituted for D278 resulted in decreased
amino acids (W or F) increased operator affinity. The H74D affinity for inducer at neutral pH. The D278A and D278N
mutant repressor displayed essentially wild-type affinity for mutant repressors displayed -a5-fold decrease, while
operator binding. All of the D278 substitutions resulted in D278H, D278E, and D278K mutant repressors showed only
increased affinity for operator. The double mutant protein, a~2-fold decrease. All mutant repressors displayed a further
H74D/D278H, had a slightly reduced affinity for operator, decrease in affinity at elevated pH and a relativ&0-fold
similar to the H74D mutant repressor. decrease in affinity in the presence of operator compared to
In the presence of inducer, all mutant proteins except for their affinity at neutral pH. Therefore, the pH-dependent
the H74W protein exhibited significantly decreased affinity properties of the protein were less sensitive to the nature of
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FiIGURE 2: Operator binding curves for mutant repressor proteins. The concentration of labeled DNAxd§22 or 5 x 10713 M

depending upon the affinity of the repressor protein, and protein concentration is reported as dimer. Assays for repressor binding to 40 base
pair operator sequence were performed a minimum of three times. The curves were generated by simultaneously fitting all the data to eq
1 in Materials and Methods. Relative fractional saturation was determined as the ratio of labeled DNA retained on nitrocellulose for a
specific concentration of repressor to labeled DNA retained at saturating concentrations of repressor. H74W data are shown in Figure 4.

the substitution at residue 278 in comparison with the H74 affinity as the H74F mutant for inducer at neutral pH and in
substitutions. Since all side chain alterations resulted in athe presence of operator (Figure 7). The H74A mutant
decrease in affinity at elevated pH, the presence of D278 in protein, which only has a 2-fold reduced affinity for inducer
the interface is not essential for this allosteric effect. inthe presence of operator, did not show a change in affinity
Interestingly, the double mutant repressor, H74D/D278H, did in this assay (data not shown). Since the H74F and H74W
not re-establish wild-type inducer binding behavior for the repressors behave similarly in the ammonium sulfate pre-
repressor protein. While H74D/D278H protein had a slightly cipitation assay, we conclude that their inducer binding
reduced affinity for inducer at neutral pH, elevated pH affinities are similar in both the absence and presence of
resulted in inducer affinity comparable to wild-type protein operator DNA.
at neutral pH. The presence of operator decreased inducer The affinity of the D278L repressor for inducer could not
affinity only ~2-fold, a degree comparable to that observed be determined because this protein precipitated noticeably
for the smaller substitutions at H74. upon binding IPTG. Although other substitutions at this site
Because the additional tryptophan altered its emission resulted in a tendency to precipitate at high protein concen-
properties, the fluorescence assay could not be used tarations in the presence of inducer, this phenomenon was
determine inducer affinity for H74W repressor; therefore, most severe for the D278L mutant protein. The amount of
an ammonium sulfate precipitation assay was used toprecipitation was dependent on both protein and IPTG
determine the relative affinity of the protein for inducer. concentrations. Fluorescence titration assays indicated that
Since no change in inducer affinity at elevated pH was the D278L repressor had «100-fold decrease in IPTG
detected for wild-type protein in this assay, presumably due binding affinity compared to wild-type protein (data not
to the high ammonium sulfate concentrations required, this shown), although the precision of these results is questionable
method could not be used to determine the effect of high due to potential precipitation even at the lower concentrations
pH on inducer affinity. The H74W mutant displayed the same employed in this assay.
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Table 1: Operator Binding Properties of Mutant Repressors

K¢ operator binding

Barry and Matthews

R and T forms of the protein (i.eL)) but do not alter the
thermodynamics of inducer or operator binding directly (i.e.,
the intrinsic binding constant&ro, Kro, K7, andKg, are

repressor x104M TIPTG x 10" M unchanged), an assumption that may not apply for every
wild-type 1.84+0.10 4800+ 2200 mutant examined. Nonetheless, this analysis is useful in
:;Z‘ﬁ igi g-g ggggi ggg conceptualizing the effects of mutations generated in this
H74D 314 040 42004 470 stu_dy. W|Id-typ¢ repressor has an allogterlc constant near
H74F 0.72+ 0.07 2000+ 430 unity (7, 46). This value indicates that this protein exists in
H74W 0.50+ 0.03 6.4+ 1.1 an equilibrium that favors equally the two ligand-bound
H74D/D278H 3.8 0.44 1400+ 320 states.
D278A 0.51+0.14 9900+ 2800 L .
D278L 0.72+ 0.07 nd To fit binding data using the MWC model, one must know
D278N 0.60+ 0.15 2800+ 850 the intrinsic binding constants. Sortee repressor mutants
Bg;gg %)'%t 06226 %28?&52200 have tighter binding constants for either inducer or operator
D278K 0.86.L 0.15 200004 5500 than wild type 28, 51). Whether the behavior of these mutant

repressors reflects the intrinsic binding constants for different
. : " . states of the protein or results from an alteration of binding
base pair operator DNA were measured using nitrocellulose filter ™. . . L, 2
binding assays as described in Materials and Methods. Each value wasSit€ thermodynamics has not been established. The intrinsic
determined by fitting at least three curves simultaneously to eq 1 as affinity for IPTG can be determined because monomeric
described in Materials and Methods. Error values were generated bymutant repressors retain this activity with kinetic and
Igor Pro and represent the standard deviation of the fitted curve. The thermodynamic parameters similar to those of the wild-type
values are determined using the concentration of repressor dimer to : : :
represent the affinity of a single binding siteEquilibrium dissociation Fe”amenc repressoby). HOnge_r, since the dimer TS.trUCture
constants were measured in the presencesoflD-3M IPTG. Operator IS Necessary for operator binding, and the stability of the
concentration for these assays wa® x 10712 M. °nd = not dimer influences the apparent equilibrium constant for
determined. operator binding, the intrinsic operator binding constant is
more difficult to determine45).

One rationale for the precipitation of D278L upon binding By using the Monod-Wyman—Changeux model, one
IPTG is that occupation of the inducer binding site desta- could fit inducer binding in the absence and presence of
bilizes the structure. Urea denaturation was monitored usingoperator for the H74 and D278 mutant repressors (Figures
tryptophan fluorescence to determine if the precipitation was 5 and 6) to one set of ligand binding parameters varying
a result of the mutant protein being less stable when boundonly the allosteric constant. The binding isotherms in Figures
to IPTG. The emission wavelength maxima of both wild- 5 and 6 were fit simultaneously to determine the allosteric
type and D278L repressor proteins are shifted to shorter constant i) for each mutant using the intrinsic binding
wavelength upon binding IPTG, and this shift in the constants for wild-type repressov, (46) rather than the
wavelength of maximum fluorescence emission was used toextreme values observed for mutant proteins, which may
establish that the D278L protein remained bound to IPTG result from altered contacts between ligand and protein. The
at different concentrations of urea (Figure 8). The fluores- allosteric constants generated from these fits are shown in
cence intensity for D278L as a function of urea was Table 3. The error ranges for the deriviedalues indicate
compared to wild type both in the presence and absence ofthe degree to which this model is appropriate for each mutant,
IPTG (Figure 9). The D278L repressor displayed slightly and we conclude from the nature of the fits and error ranges
diminished stability compared to wild-type protein in this that application of the MWC model to H74L and H74D/
assay; however, both of the repressors appeared more stabl®278H is not appropriate. Despite the underlying assump-
when bound to IPTG than the corresponding, unliganded tions and inherent limitations in applying this model to
repressor. This shift in stability was slightly greater for the mutant proteins, the derived values indicate that mutations
D278L protein Compared to W||d_type protein_ Therefore, at H74 can result in StabIIIZIng the equilibrium-toward elther
IPTG binding does not markedly decrease the stability of inducer-bound or operator-bound conformation depending

precipitation remains unclear. of the D278 mutant repressors were all shifted toward the

Monod-Wyman-Changeux Model of AllosteryTradi- operator-bound state to varying degrees.
tionally, lac repressor allostery has been described using theDISCUSSION
Monod—Wyman—Changeux (MWC) model50) for con-
certed allosteric transitions between distinct ligand binding A comparison of X-ray crystallographic structureslad
conformations of the protein7( 46). This model assumes repressor in different ligand-bound forms demonstrates a
that the protein possesses different ligand binding conforma- reorientation of the N-subdomain in the monomeronomer
tions (R and T forms) that have either a higher or lower interface between these states of the protéi).(H74 is
affinity for the ligand, and that the equilibrium between these located at the beginning of helix 5 near the inducer binding
conformations alters the apparent affinity of the protein for cleft (Figure 1). The secondary structural element before helix
the ligand. Therefore, alterations in ligand binding are 5 isfS-strand A, which is the firs-strand in the core domain
expressed as changes in the equilibrium between the differeniof the protein. Thig3-sheet attaches the DNA binding region

aThe equilibrium dissociation constants of tlae repressor for 40

conformations, and this value is calldd the allosteric
constant of the proteir{ [T])/[R]). This analysis presumes
that amino acid substitutions alter the equilibrium between

to the core via the hinge helix. Clustered at the beginning of
helix 5 are several amino acids important for forming
hydrophobic contacts with IPTG in the inducer-bound crystal
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Ficure 3: Comparison of operator binding curves for repressor proteins in the absence and presence of IPTG. The binding of repressor
protein to a 40 base pair operator sequence in the presence 401° M IPTG (O) was determined in the same manner as the unliganded
protein @) in Figure 2 except for changes in the range of protein concentrations assayed. A selection of mutant proteins that represent the
different patterns observed for operator binding is shown. Assays for binding in the presence of IPTG were performed a minimum of three
times, and the curves were generated by simultaneously fitting all the data to eq 1 in Materials and Methods.

12f . On the basis of its location in the monomenonomer
5 10k interface spanning the N- and C-subdomains across the
g 08l subunit interface, the H74D278 interaction is in a unique
8 o6l position to influence the conformational stability of the
g 0l inducer-bound form. Therefore, the importance of this
g o2l interaction for lac repressor structure and function was
= explored by mutational analysis. Dramatically different

- effects on both ligand binding and allosteric properties of
log [repressor] the mutant repressors were observed on the basis of the

FIGURE 4: H74W repressor protein binding to different operator nature of the amino acid substituted for residue H74. The

constructs. The affinity of H74W repressor protein for 40 base pair results from the multiple mutations made at this residue

operator sequence in the absenapdnd presencey) of 1 x 102 indicate that the size of the substitution is important. The

M IPTG was determined by nitrocellulose binding. The binding of | . ids. F and W. both dad .
the repressor to a nonspecific 40 base pair sequence (C30i) ( .arger amlhq acids, . an A oth caused a decrease In
was also determined for H74W protein. Binding curves for wild- inducer affinity and higher affinity for operator. The smaller

type repressor to CS408) and to 40 base pair operator in the amino acids, A, L, and D, displayed the opposite behavior.
presence of IPTGY) are also included. The samples that contained The latter three substitutions all resulted in decreased operator
IPTG were incubated for greater th@ h with 1x 103 M IPTG. binding and approximately wild-type affinity for inducer. The
hydrophobicity of the substitution did not seem to be as
crucial, because L and F substitutions exhibited different
binding characteristics. However, as observed previously
(36), introduction of the bulky side chain of tryptophan at
position 74 resulted in a drastic reduction in the allosteric
response to inducer. This alteration resulted in ontyl®-

fold decrease in operator DNA binding affinity in the
presence of inducer, although the nonspecific affinity for
DNA was unaltered. The D mutation, for which the similar
charge should have prevented interaction with D278 across
the monomermonomer interface, demonstrated the least

though these areas do not correspond with the proposecdtn@nge in ligand binding. One reason for this observation
ligand binding sitesX1, 12, 29, 53). Presumably, mutation could be that the size of D is the most similar to_H. Frc_)m
of these residues alters ligand binding due to effects on thethese data, we conclude that the size of the amino acid at
allosteric transition of the protein, either by perturbing H74 is the most important factor for allosteric properties
structural transitions between different conformations or by rather than the formation of a salt bridge.

affecting the forces which stabilize or destabilize the ligand- ~ Substitutions at D278 did not have effects on allostery as
bound conformations. severe as mutations at residue H74; all D278 mutant

structures 13, 14). Therefore, H74 is located at the end of
the strand which connects the core with the DNA binding
region and is also located near a cluster of amino acids which
are important for inducer contacts. This location potentially
allows H74 to play a role in stabilizing the proper contacts
for inducer binding. The location of D278 in the C-
subdomain, which does not change its orientation upon
inducer binding, would anchor the H74 residue in the proper
conformation for high-affinity inducer binding. Previous
genetic screens déc repressor have shown that mutations
in this region result in altered ligand binding behavior, even
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Ficure 5: IPTG titration curves folac repressor proteins. Fluorescence titrations were performed on an SLM 8100 spectrofluorometer as
described in Materials and Methods. The concentration of protein wasl87 M monomer in 0.01 M Tris-HCI (pH 7.4), 0.15 M KCI

buffer. The curves were generated by simultaneously fitting at least three replicates to eq 2.

Table 2: Inducer Binding Properties of Mutant Repressors

K¢ IPTG binding

substitutions at D278 was reduced by high pH and in the
presence of operator compared to their affinity in neutral
pH. Therefore, the potential salt bridge is not necessary for

pH 7.4 pH9.2 -+ operator DNA sensitivity of inducer binding to operator or high pH.

repressor (x10 M) (x1CP M) (x10° M) . - . .

y However, mutations in this region nonetheless altered the
wild-type 25£01  16+0.1 17£0.1 ligand binding properties of the repressor, with increased
H74A 2.0+0.1 2.0+ 0.01 3.5+ 0.02 o - i -

H74L 36+ 03 4.0+ 0.02 8.0+ 0.05 operator binding affinity and reduced inducer binding af-
H74D 2.14+0.05 2.8+0.02 8.9+ 0.07 finity. The alteration in ligand binding affinity can be
E;Z‘\'jv Zgi 16 1§0i 11 ZZOi 31 explained on the basis of the allosteric equilibrium of the
n n n ) . . _
H74D/D278H 3.5+ 003 214 0.02 734 0.08 protem being shifted toward .the opgrator—bounq form. Wh||le
D278A 14+ 0.4 714 0.33 210+ 1.9 mutations at the D278 residue did not abolish allosteric
D278L nd nd nd behavior, D at this position appears to be important for
D278N 13+ 0.7 72+£0.64 130+ 1.4 maintaining wild-type ligand binding, in particular operator
D278H 5+0.3 10+ 0.08 60+ 0.4 finity. | d affinity f tor sit b df
D278E 49117 18+ 03 384 0.7 affinity. Increased affinity for operator sites, as observed for
D278K 4.6+ 0.2 18+ 0.2 36+ 0.6 these mutant repressors, could affect the ability of the

a Equilibrium dissociation constants for IPTG binding were deter-

bacterium to respond effectively to lactose availability.
Substitution of other subunit interface residues in the

mined using fluorescence titration experiments. Protein concentration
was 5x 1077 M monomer. Values were determined by simultaneously
fitting at least three independent data sets to eq 2 in Materials and
Methods.P Samples with operator DNA contained<110-¢ M 40 base

pair operator fragment.nd = not determined.

regions involved in allosteric transitions has been shown to
result in altered inducer and operator binding affinities.

Mutation of A110, located in helix 6, yielded effects on both

inducer and operator ligand binding properties that were
repressors displayed a similar decrease in operator bindingdependent upon the nature of the substitutidh).(These

in the presence of IPTG. The IPTG binding affinity of all results were also interpreted in the context of different
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Ficure 6: Comparison of IPTG titration curves for repressor proteins under different conditions. A selection of mutant proteins that represent
the IPTG binding behavior of repressor proteins under different conditions is shown: p#)7gH 9.2 ©), or in the presence of 40 base

pair operator DNA M). Samples with DNA contained ¥ 106 M 40 base pair operator. Except for these changes, the assays were
performed and analyzed as described in Figure 5.

Substitution of K for D88, located in helix 5, resulted in a
£ decrease in inducer binding and an increase in operator
g 200 binding affinity. Modification of subunit interface residues
€ 500 not located in regions where structural changes are observed
= upon ligand binding also has resulted in binding behavior
;ﬁ 1000 that can be explained by alterations in the allosteric equi-
§ librium of the modified repressor. The modification of C281
g 500 with methyl methanethiosulfonate (MMTS) generated a
decrease in operator binding affinity@). The complete
ligand binding behavior of this protein could be fit to an
[repressor] x 10° M allosteric model where the protein was stabilized in the
FIGURE 7: IPTG binding measured by ammonium sulfate assay. inducer-bound state. Thus, specific residues in the subunit
Binding was measured as described in Bourgedid) (with interface exert significant influence over the allosteric

modifications listed in Materials and Methods. Curves are drawn equilibrium of lac repressor, and substitutions or modifica-

through the data for comparison purposes only. The different Hi fth . id id lter thi ilibri
proteins are as follows: wild type®), H74W (a), and H74F ). 10NS O €se amino acld residues can alter this equiiprium.

Open symbols represent samples which include 10°° M 40 The inability to express the D278W mutant repressor,
base pair operator DNA. while the H74W protein could be purified, is an indication
substitutions stabilizing the repressor in either the inducer- of the differences in steric limitations between the N- and
or operator-bound conformation. Another residue that has C-subdomain monomeimonomer interfaces. From an analy-
been substituted and the protein characterized in vitro with sis of the crystal structure, the N-subdomain interface, which
alterations in both operator and inducer binding is D38.( must have the flexibility to rearrange upon ligand binding,
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Ficure 8: Fluorescence emission scans of D278L protein in the absence and presence of inducer at various concentrations of urea. Fluorescence
emission scans were collected on an SLM AB2 spectrofluorometer using an excitation wavelength of 285 nm. The repressor samples were
diluted to 4x 10°® M monomer concentration in 0.01 M Tris-HCI, pH 7.4, 0.1 MSQ, buffer at the indicated concentrations of urea.

Spectra represented by dashed lines indicate thatlD—3 M IPTG was present. The difference in the wavelength maximum between the
unliganded versus the inducer-bound samples demonstrates that the protein is bound to IPTG even in the presence of urea.

Table 3: Allosteric Constants for Mutant Repres3ors
%’ allosteric
§ repressor constant ()° error range
= wild-type 0.73 (0.56-0.96)
e H74A 0.0006 (5-8 x 1074
g H74D 0.013 (9% 1073-2 x 107?
9 H74L 0.009 (6x 103-2 x 1072
E] H74F 40000 (36 x 109
= H74D/D278H 0.0063 (4 1073-9 x 1072
; h D278A 9700 (8x 10°—1 x 109
0 D278H 79 (58-100)
[urea] M D278N 9500 (7x 10°—1 x 109
. . . . D278E 13 (8.6-19)
Ficure 9: Urea denaturation of D278L repressor protein. Relative D278K o5 (17-37)

stability of D278L in the absencd} and presence of IPTQ)
was determined by monitoring the unfolding of the protein as a  2Inducer binding curves (Figures 5 and 6) in the absence and
function of urea concentration by fluorescence signal. The dena- presence of operator were fit to the Mored/yman—Changeux model
turation data for wild-type protein in the absend@®) (and the using NonLin @7). The two different data sets for each repressor mutant
presence of IPTG{) are included for comparison. Curves are were fit using the same intrinsic binding constants and varying only
drawn through the data for comparison purposes only. Protein the allosteric constant_j. The intrinsic binding constants for these
concentration was 4 10~ M monomer, and samples with inducer  fits wereKg = 7.1 x 10°P M71, Kro = 6.3 x 10° M™%, Ko = 1.7 x
present were preincubated withx110-3 M IPTG. Samples were 10° M~%, andc = 0.011 @6). P L = [TV/[R].

excited at 285 nm, and the fluorescence emission intensity at 345
nm for unliganded or 325 nm for IPTG-bound protein was recorded steric constraint that precludes the structural shifts required
using a SLM AB2 spectrofiuorometer. to rearrange the N-subdomains and the DNA binding site in
is less constrained than the C-subdomain of the monemer this mutant protein. The inability to generate D278W and
monomer interface, which remains in a fixed orientation upon precipitation of the D278L repressor in the inducer-bound
ligand binding (4). Differences in the steric constraints form may reflect the additional constraints experienced by
present in the N- and C-subdomain monome&ionomer the C-subdomain interface. The larger, charged amino acids,
interface are demonstrated by a comparison of the residuessuch as K, E, and H, may be tolerated at this position because
surrounding the H74 and D278 residues. The only inter- they are more polar and can interact with the solvent when
monomer contact withi 6 A for the H74 residue is D278.  excluded from the subunit interface.

However, withih 6 A the D278 residue is surrounded by If the loss of a putative H74D278 salt bridge were
residues S221, A222, Q248, L251, and Y282, as well as H74responsible for the decrease in inducer affinity at high pH,
of the opposite monomer. The lack of steric constraints mutation of either of these residues would result in no change
surrounding H74 may be responsible for the dramatic in inducer affinity at high pH compared to the affinity of
alteration in the effect of inducer binding on the operator the mutant repressor at neutral pH. However, one of the H74
affinity for H74W repressor. The substitution of a bulky side and all of the D278 mutant proteins showed changes in
chain at the N-subdomain subunit interface may introduce ainducer affinity at high pH compared to their neutral pH
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affinity. The magnitude of the decrease in affinity at high maintain the flexibility needed for the allosteric transition
pH compared to neutral pH varied for the different mutant to occur.

repressors. The D278 mutant repressors all displayed an These studies link amino acids identified in regions that
almost wild-type decrease in inducer affinity at elevated pH. differ between the two ligand-bound conformationslad

No H74 substitutions, except for the H74F repressor, repressor with a functional role in allostery. A similar pair
displayed a significant decrease in inducer binding at high of charged residues interacting across the subunit interface
pH. The H74F mutant protein displayed-@-fold decrease  from the N- and C-terminus was also found in the PurR
in inducer affinity at high pH. High pH actually restored structure 81). The presence of these similar pairs of
wild-type inducer affinity for the double mutant repressor interacting residues in two members of this family of proteins
protein, H74D/D278H. Elevated pH reduces the inducer indicates that they may contribute to the allosteric properties
binding affinity of the wild-type repressor, presumably via required for the function of these regulatory proteins.
a quaternary conformational change, with results similar to Mutations of amino acids located in subunit interfaces
those caused by binding operateit). However, the ad- involved in conformational changes induced by ligand
ditional decrease in inducer affinity when the protein is bound binding advance our currently limited understanding regard-
to operator at high pH indicates that these two allosteric ing how specific structural elements contribute to the
processes do not share identical mechanigtls Mutation functional aspects of allostery.

of subunit interface residues in either the N- or C-subdomains

reduces the effect of elevated pH on inducer binding. In the NOTE ADDED IN PROOF

N-subdomain, mutations of K84 and D88 resulted in only  agier submission of this article, Lu et al. (Lu, F., Brennan,

2- and 4-fold decreases in inducer binding at high @ ( R G, and Zalkin, H. (1998iochemistry 3715680-15690)
28). In the C-subdomain, the size of the substitution at C281 reported that the homologous interdomain salt bridge ob-

correlated with alterations in inducer binding affinity at goped petween E70 and R278 purine repressor is not
elevated pHZ6). These results indicate that multiple factors, ..,cial for stabilizing the closed conformation of PurR.

such as charge and size of the residues in the subunitggects on allosteric equilibrium were also observed with
m_terface, affect the decrease in inducer binding observed atg,stitution of E70 in PurR as found for its homologue, H74,
high pH. _ o _ in the present study for Lacl.

High pH effects on inducer binding correlate with the
influence of operator on inducer binding. In general, those REFERENCES
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