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ABSTRACT: Allosteric modification of ligand binding is central to Lacl transcription control. Recently, the
conformational change between Lacl operator- and inducer-bound states was simulated with targeted
molecular dynamics (TMD) [Flynn, T. C., Swint-Kruse, L., Kong, Y., Booth, C., Matthews, K. S., and
Ma, J. (2003Protein Sci, 12, 2523-2541]. Atomic-level analyses of TMD results indicate the structural
importance of the core pivot region that connects the N- and C-subdomains flanking the inducer-binding
site. Further, a number of Lacl mutations in the core pivot have been identified recently by their altered
behaviors in phenotypic screens. Biochemical characterization of three of these velribdgs, S151P,

and P320A-provides an opportunity to directly explore the role of the core pivot in repressor function.
For L148F, inducer IPTG binding affinity is strengthened, wherelaspg@rator DNA binding is diminished
~30-fold. In contrast, ®binding is increased for S151P, whereas IPTG binding is decreased. UV-difference
spectroscopy and urea denaturation indicate long-range effects in both variants. Interestingly, P320A binds
to DNA ~4-fold more tightly than wild-type, yet inducer binding is unaffected. To examine linkage
between the core pivot and DNA binding domains, the L148F substitution was combined with Q60G, a
previously known mutant with enhanced operator affinity. The double mutant exhibits the properties of
both parent proteins, resulting in near wild-type DNA binding affinity and enhanced inducer sensitivity.
These features may render Q60G/L148F more cost-effective in technological applications than wild-type
repressor. As a group, the behaviors of the core pivot mutants are consistent with the allosteric structural
role predicted for this region by TMD and reflect the significant long-range impact that single substitutions
can elicit on protein function.

The core domains of the Lacl/GalR repressor proteins, the structural changes in the extracellular domain in response
periplasmic binding proteins (PBPsand the extracellular  to ligand binding effect a variety of intracellular alterations
domains of many G-protein coupled receptors (GPCRs) have(e.g., refs 11, 14, and 16—18). Given the functional
a common fold, which comprises two interconnected sub- importance of the fold common to these disparate proteins,
domains flanking a small-molecule binding sit2—14). the significant information available on the lactose repressor
Generally, ligand-binding to these proteins results in struc- protein (Lacl) provides an opportunity to ascertain the
tural changes that are utilized to transmit signals. In the Lacl/ mechanism by which binding information is transmitted to

GalR family, these structural alterations result in genetic distant regions of a protefh.

regulation (e.g., refl5). For the PBPs, structural shifts
provide information on availability/transport of small mol-
ecules in the environmen#,(5). For the GPCR family,
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Structure determination is an indispensable tool for
understanding conformational change. For Lacl, crystal
structures are available for the large, dimeric core domains
(~280 amino acids/monomer; Figure 1A,B8, 7, 19, 20)
in several liganded states. These models provide information
about the binding sites as well as the structural differences
of the functionally distinct conformations. However, their
static nature precludes understanding the dynamics critical
to function. With the recent availability of enhanced comput-
ing power, these “fixed” models may be coupled with

2Thelac repressor protein (Lacl) exerts its repression function via
binding to its target operator DNA sequence with high affinity, thereby
inhibiting RNA polymerase transcription of the downstream lactose
metabolic genes. DNA binding occurs via an N-terminal DNA-binding
domain. A separate ligand-binding site on the Lacl core domain
recognizes a small-molecule inducer sugar. Binding to inducer results
in a protein conformational change through which the sequence-specific
DNA-binding affinity of Lacl is reduced by 10* Lacl thus vacates
operator DNA, and repression is relieved (for review, seelyef
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Ficure 1: (A) Core pivot region and allosteric pathway for Lacl response to inducer from targeted molecular dynamics sim@ations (

The dimeric structure shown is from Protein Data Bank file 1€ja©ne monomer is dark gray, and the other is light gray. The protein
consists of an N-terminal DNA binding domain, the N- and C-subdomains (see Figure 1B) of the core flanking the inducer binding site,
and the C-terminal oligomerization motif that facilitates tetramer formation (not present in the dimer structure shown). The three strands
and two loops comprising the core pivot are indicated on the structure with a wider ribbon in contrasting colors. Anti-inducer ONPF is
represented with a light gray spacefilling model. The shaded area covering the DNA binding domain indicates that this region was not
included in the simulation, since this region is not resolved in the IPTG-bound structure and identical atoms must be included in the
simulation. The dotted circle denotes the flexible loop that includes S151P and is near to D149, which appears to instigate the conformational
change. Positions for L148 and P320 are also indicated. Arrows labeled 1, 2, and 3 depict the direction of the allosteric pathway, which
begins within a single “trigger” monomer (dark gray). Pathway 1 (long dash) initiates at D149 and is transmitted along the outside of the
protein to the N-subdomaiN-terminal interface and then travels down the N-subdomain subunit interface (pathway 2; solid arrow), affecting
both monomers. Changes similar to pathway 1 then occur at the top of the “response” monomer N-subdomain (light gray), indicated by the
continuation of the dashed line on the darker monomer. Over the time frame of pathways 1 and 2, structural changes also occur across the
bottom of the inducer-binding site between the N- and C-subdomains (pathway 3; dotted arrow). The backborstediiuks in the core

pivot near P320 show significant changespiandy values during the simulation. Removing the proline at position 320 therefore has the
potential to increase the flexibility in this region. This overall path for allosteric change is consonant with the broad spectrum of data for
Lacl available from genetic, biochemical, and biophysical studies. (B) Structure of Lacl with positions of relevant mutations. The structure
of the dimeric form of Lacl bound to DNA (top, black ladder) and anti-inducer, ONPF (gray spacefilling), is shown. ONPF occupies the
inducer-binding site. The dimer is the DNA binding unit. One monomer is colored dark gray, the other monomer light gray. The coordinates
are from Protein Data Bank File 1ef@)( The side chains mutated in the variant proteins and presented in this study are shown in black
spacefill (Q60, L148, S151, P320). The side chains of W201 and W220, which are responsible for intrinsic fluorescence, are shown by light
gray spacefilling models. Note that Q60 is located at the end of the hinge helix that connects the DNA binding and core domains, in the
cross-domain interface critical to allosteric communicatién7d).

computer simulations that use equations of motion to predict mutations in the core pivot were not anticipated to evince
structural fluctuations and/or changes. Targeted moleculartheir respective phenotypes, leading to the conclusion that
dynamics (TMD) provide an especially promising avenue these variants must have long-range conformational effects
for simulating the molecular pathway between two known, (24). This hypothesis was supported by the recent TMD
end-point conformation22(, 22). Such calculations may be results 23). Biochemical characterization of three represen-
accomplished more quickly and for larger systems than tative Lacl variants from the screens (L148F, S151P, and
unrestrained simulations. Recently, we have utilized TMD P320A,; Figure 1B) provides the opportunity to examine the
simulations using the DNA- and inducer-bound conforma- putative long-range conformational effects that must underlie
tions of the core domain of Lacl (Figure 1A23). Detailed the observed phenotypic behavior. We have pursued a range
analyses of the results indicate that a number of residues inof experiments to illuminate these properties: spectroscopic
the “core pivot” region, which connects the N- and C- analysis, measurement of binding affinities, operator release,
subdomains that flank the inducer-binding site, are important and chemical denaturation. The data accumulated indicate
to the allosteric conformational change. significant functional and structural changes compared to

Mutations in this core pivot region have been identified Wild-type Lacl.
recently from two different phenotypic screens: The first  In addition, we used one of these variants to explore the
searched for second-site mutations that restored repressiostructural linkage between the core pivot region and the
to the monomeric Y282D protein2§), and the second interface between the core N-subdomain and the DNA-
identified Lacl variants with altered inducer properties binding domain. L148F, which exhibits diminished operator
(described herein). At the time the screens were executed binding and enhanced inducer binding, was combined with
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the previously known Q60G mutation (Figure 1B), which Plate 1: No inducer or no response to altered inducer

has enhanced operator affinity and wild-type inducer binding My ‘g‘:l';i
(25). The double mutant retains features of both parent y
mutant

proteins: Repression is enhanced compared to the L148F E?gamcmsiaase
single mutation, but induction still occurs at lower IPTG
concentrations. Lastly, since Lacl has been exploited for
many commercial purposes that require inducible control of Plate 2: WT plus IPTG or mutant plus alternate inducer sugar
recombinant protein expression, Q60G/L148F potentially can o
alleviate the considerable cost of IPTG used for induction. | fr-;duced MUG
LacO

LacZ Fluorescent

MATERIALS AND METHODS Colony

LacO LacZ

Plasmids and Mutagenesi®Restriction endonucleases, HogH, g
thermostable DNA polymerase, dNTPs, and related reagents ”‘” o “ b”‘.
were purchased from either Promega (Madison, WI) or New ‘..‘.'/ Qi “
England Biolabs, Inc. (Beverly, MA). sopropyl B-D- .

To facilitate phenotypic screening of the induction func-  thiogalaciopyranoside o-Melibiose
tion, a new plasmid containing the Lacl gene was constructed e _ _ o
by excisinglacl and related promoters from the plasmid Ficure 2: Schematic for the phenotypic screen for inducible

. : . . h repressor variants. The circle represents a plasmid containing the
pLS1 @4) with EcoRI and inserting this fragment into the g tyne Lacl sequence or a randomly mutated Lacl gene. The

EcoRl site of pBR322. The resulting plasmid, named pCRE, phenotypic screen utilizes duplicate agar plates in the absence and
has the low plasmid copy number and ampicillin resistance presence of inducer. Two responses are possible. On the plate with

of pBR322 but expresses thacl gene under control of the ~ ho inducer, cells transformed with a Lacl mutant that is capable of
strong P promoter of pLS1. repressing the downstregrgalactosidase gene will produce white

. colonies in the presence of MUG (response 1). If this mutant protein
For random mutagenesis, tleel gene of pLS1 or pPCRE s induced by one of the sugars in Table 1, colonies expressing
was subjected to error-prone PCR amplification based uponthat construct will fluoresce in the presence of MUG (response 2).

the protocol of Fromant et al26). This procedure encour- ~ Structures are shown for the inducers IPT&melibiose, and
ages base substitution via increased concentration of MgcCl allolactose at the bottom of the figure.

(>4 mM final concentration), addition of Mn&{0.5 mM), CATGAGCTGTCTTC-3 and 3-GAAGACAGCTCATGT-

as well as including a large excess of one of the four ANTPS TATATCCCGCCG-3 (Biosource International, Camarillo,
(>3 mM, compared to 0.25 mM of the remaining three dNTP  CA).

species, leading to four different amplification reactions).  The double mutation Q60G/L148F was similarly created

Amplification utilized the following primers: (i) 5GC- using the primers'sSCTGGCGGGCAAAGGGTCGTTGCT-
CCGTGCATATGAAACCAGTAACGTTATACGATGTC- GATTGGC-3 and -GCCAATCAGCAACGACCCTTTGC-

3 and (ii) 3-CCCCGAATTCTCATTACTGCCCGCTTTC-  CCGCCAG-3 (Genosys/Fisher; Houston, TX) to add the

CAGTCG-3 (Genosys Inc., Houston, TX). The PCR product Q60G substitution to pCRE containing the L148F mutation.
was treated wittBad and Kad to generate strand scission  The coding regions of the DNAs containing laitl mutations
at internal sites, small fragments were removed with the created by random or site-specific mutagenesis were fully
QIAquick PCR Purification Kit (Qiagen), and the resulting sequenced (Genosys, Inc. or Lonestar Laboratories, Inc,
insert was ligated into the vector, pCRE, from which the Houston, TX) to confirm that they carried only the relevant
corresponding wild-type sequence was removed. Iridble substitutions.
gene, theSad site occurs in the codon for amino acid 45,  pPhenotypic Screeningince the proteins in the extended
while theKad site is concurrent with the codon for amino | acl/GalR family @, 15 30—32) bind a range of small
acid 328. Thus, random mutagenesis was limited to the Lacl molecules (mono- and disaccharides, amino acids, ions, and
core domain and did not affect either the DNA binding region nucleotides (e.g., ref$ 15, and33—36), we anticipated that
or tetramerization domain. The resulting, randomly mutated the Lacl inducer binding site could be modified to recognize
PCRE was amplified from the ligation mixture by transform- g different small molecule. Indeed, very recent studies
ing the ligation reaction into “MAX efficiency” DH& cells accomplished a similar goal using the homologous periplas-
(Gibco BRL/Invitrogen Corp.; Carlsherg, CA), growing all  mic binding protein scaffold37). The modified Lacl would
transformants in 5 mL of LB media, and purifying mixed deally retain both DNA binding/transcription control and
plasmid with a QlAprep Spin Miniprep Kit (Qiagen). the allosteric signal to relieve repression. Our experimental
Mutated pCRE was transformed irfischerichia col3.300  design was to couple random mutagenesis with a functional
cells (Hfrlacl22 relAl spdl thi-1; E. coli Genetic Stock  screen to identify variants with altered inducer specificity
Center, Yale University)d7). Single plasmids were purified  or with increased sensitivity to IPTG. Phenotypes of bacterial
from a number of colonies, and thelacl genes were  colonies expressing randomly mutated plasmids were ascer-
sequenced; random mutagenesis resulted between 0 and 2@ined using the screen shown in Figure 2 and adapted from
mutations petacl gene (1080 basepairs). Swint-Kruse et al. Z8). Specific changes utilized the
The gene encoding the S151P/Y282D double mutant wasfollowing: (i) E. coli 3.300 cells (see above) instead of
identified on the plasmid pAC128, 29). The Y282D DzCam 8), (ii) low copy pCRE plasmid instead of high
substitution was restored to wild-type tyrosine sequence with copy pAC1 or pLS1, and (iii) the indicator 4-methylumbel-
site-directed mutagenesis (Quickchange; Stratagene Inc., Ldiferyl -p-galactopyranoside (MUG) as a fluorescent sub-
Jolla, CA) utilizing the primers SCGGCGGGATATAA- strate of the reporter protejfrgalactosidase instead of the

o Allolactose
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Table 1: Concentration of Sugars in LB Agar Plates for Phenotypic EPTeSSOr protein. Again, both L148F and P320A appeared
Screen of Randomly Mutated Lacl to retain repressor function and to be induced by a wide range

of sugars, including low concentrations of IPTG.

sugar concentration (mM1) . o .

A number of double mutants identified by Swint-Kruse
IPTG 0.005 : :
PTG 0.25 and. go-workersZS) occur in a region of Lacl structure near
p-arabinose 100 positions 148 and 320. Many of these mutations were tested
L-arabinose 25 with the -galactosidase liquid assay for their inducibility.
maltose 910 None were induced by alternate sugars. S151P/Y282D was
mannose chosen as a representative construct that had significant
ribose 5 o P . 9
galactose 05 ability to repress and was induced by IPTG under the current
lyxose 10 screening conditions.
o-melibiose 100 To verify intracellular concentrations of Lacl L148F and

2 Except for 0.25 mM IPTG, concentrations used in the screen were P320A, whole cell extracts from 3.300 cells grown under
identified by finding the highest concentration of inducing sugar that conditions of the phenotypic screen were centrifuged to

did not induce Wll_d-type Lacl. _SpeC|aI care was taken to ensure that separate soluble protein from the cell pellet. Both soluble
sugar concentrations were uniform between batches of plates. These

included (i) carefully accounting for volume effects when making stock and pelleted samples Were runin du_pllcgte on 10% SDS
sugar solutions (which were stored in aliquots-g20 °C), and (ii) PAGE. One gel was stained for protein (either Coomasie or
when pouring plates, waiting until agar was below &5to add the silver stain) and the other was used for Western blotting with
sudgar and almpicillin. The vt\)/ide rang$ o;fconcefnt;]ations required for g acl polyclonal antibody (a gift from Jay Kirchner,
induction relates to a combination of affinity of the protein for the ; ; ; ™

respective sugar and the efficiency of bacterial uptake and metabolism.vemderbllt University). Results showed that significantly Igss
The concentrations in vivo would be expected to differ significanty SOlUble P320A was present in the cell extracts than either
from the concentrations in the mediufControl for IPTG quality; wild-type or L148F Lacl.

wild-type Lacl should be induced under these conditions. Purification. Prior to purification, plasmids expressing the
appropriate Lacl mutations were transformed into chemically
blue-white indicator 5-bromo-4-chloro-3-indolgto-galac- competent BLIM cells41). After growing cells in 12 L of

topyranoside (Xgal)38). The first change increased repro- LB or 2x YT media overnight at 37C with shaking, cells
ducibility of the assay, whereas the latter adaptations were harvested by centrifugation. Before freezing the sample
increased sensitivity to induction through lowered repressor at —20 °C, a small amount of lysozyme was added to the
protein concentrations and enhanced detectiof-gélac- resuspended cell pellet to facilitate lysis of bacterial cells.
tosidase activity. Most details of the purification were as described previously
Specifically, randomly mutated pCRE plasmid was trans- (42, 43). The speed of purification was enhanced by changing
formed into CaGlcompetent 3.30E&. coli and plated onto  the post-ammonium sulfate dialysis to three 30-min dialyses
a variety of LB/agar/ampicillin plates with varied inducer and buffer changes. Purified protein was divided into aliquots
sugars (Table 1). Plates were incubated overnight &(C37  and stored at-80 °C. For high concentration protein samples
so that final colony diameters were2 mm; smaller or larger ~ used in spectroscopic studies, the eluate from phosphocel-
colony sizes produced false negative or positive results. Next,lulose was dialyzed against buffer containing 0.05 M Tris-
a TLC sprayer was used to evenly spray the colonies with HCI, pH 7.4, 0.05 M KCI, 0.3 mM DTT overnight with one
20 mg/mL MUG in DMSO, and plates were viewed in UV change of buffer. The protein was then loaded onto a heparin
light. Controls were provided by wild-type Lacl, which column using an FPLC system and eluted using a gradient
should not produce fluorescent colonies in the absence ofcomposed of the loading buffer and an equal volume of 0.05
inducer, and the Y282D variant, which cannot repress M Tris-HCI, pH 7.4, 0.5 M KCI, 0.3 mM DTT. The protein
transcription and thus should always exhibit fluorescent was concentrated using VIVASPIN20 at 2@0@or ap-
colonies. Fluorescent colonies of interest were replated in proximatey 2 h at 4°C.
duplicate: (i) in the absence of inducer, to ascertain repressor The S151P/Y282D double mutant did not purify similarly
function of mutated Lacl and (ii) plus inducer, to reconfirm to tetrameric Lacl and may be in equilibrium between various
induction. Finally, the colony was grown in 5 mL ofx2 assembly states (monomer, dimer, tetramer). Therefore, we
YT broth for plasmid DNA purification (QIAprep Miniprep  chose instead to study the singly substituted S151P repressor,
kit; Qiagen) and subsequent full sequencing. Two constructswhich purified in the same manner as wild-type Lacl. Lacl
with point mutations were identified, encoding the L148F containing L148F, Q60G/L148F, and P320A substitutions
and P320A substitutions. Surprisingly, both proteins appearedalso purified like wild-type repressor. Gel filtration experi-
to be induced by the entire range of inducing sugars testedments using a Superose 6 column as part of a BioCAD 700E
(Table 1). workstation (PerSeptive Biosystems, Framingham, MA)
Colony phenotype was further verified using a liquid demonstrated that L148F, Q60G/L148F, S151P, and P320A
culturef-galactosidase assay adapted from Milg8)( The all have a molecular mass of150 kDa, comparable to wild-
only significant change was to use polymixin B to disrupt type Lacl. Reference proteins included thyroglobulin (669
the cell membrane (16L of 2.5 mg/mL b a 5 mLculture) kDa), f-amylase (200 kDa), BSA (66 kDa), and cytochrome
(39, 40). Since repressor was expressed on a multicopy C (12.9 kDa). These experiments utilized 0152 mg/mL
plasmid, S-galactosidase activity was not reproducible Lacl protein or variant, dialyzed into 200 mM Tris-HCI, pH
between colonies, and we could not reliably compare 7.4, 200 mM KCI, 1 mM EDTA.
behaviors of different mutants. However, a single culture  Stoichiometric DNA activity assays to measure the
could be incubated in the presence and absence of variougpercentage of active protein were performed using a precisely
inducers to determine inducibility of a specific mutant known concentration of DNA at least 10-fold above e



14008 Biochemistry, Vol. 42, No. 47, 2003 Swint-Kruse et al.

for DNA binding; a small fraction of radiolabeled DNA was fold below the lowesKq estimated for operator binding, and
used for detecting the amount of LEBNA complex retained protein concentration was varied. Protein concentrations and
on nitrocellulose filter paper (see belowid-46). Activities buffers are indicated in the table footnotes and figure legends.
of purified variants were generally90%, and affinity After filtration on nitrocellulose (Schleicher and Schuell,
binding constants determined under equilibrium conditions Keene, NH), protein-bound, radiolabeled DNA was detected
(with the concentration of DNA at least 10-fold beldy; and quantified using a Fuji phosphorimager. DataJ were
see below) and reported herein are corrected for activity. analyzed with IgorPro (Wavemetrics, CA) or NonLiB1j
SpectroscopyA number of assays were used to determine to estimate values for the variables in the following equation:
mutant and wild-type protein concentrations and thus cal-
culateezgo nm including the BioRad Protein Assay (BioRad, [Lacl]”
Hercules, CA), magnetic circular dichroism determination Yobs= maxm 1)
of tryptophan concentration (Jasco J-500C spectropolarimeter d
attached to a 1.13 T electromagnet)), and the method of
Edelhoch that employs guanidinium hydrochloride to dena-
ture protein so that the extinction coefficients of tryptophan
and tyrosine residues approximate model compound value
(48). Prior to concentration determination, centrifugation to
remove any aggregated protein was essential for accurat
measurements. For all mutantgso nmappears to be the same
as that of wild-type Lacl, 0.6 (mg/mtm)~! (49). However,
L148F exhibited different behavior in the BioRad assay than
wild-type protein, and the concentration of this protein must
be determined by ultraviolet absorbance at 280 nm or one
of the other methods indicated. All UV/visible spectroscopy
was carried out using a Varian Cary 50 spectrophotometer.
UV difference spectra were determined for all mutants in
the presence IPTG ar-melibiose. These experiments were
performed at room temperature in 0.01 M Tris-HCI, pH 7.4,
0.15 M KCI using concentrations of =2 mg/mL protein
and 1.0 mM IPTG or 10 mMx-melibiose prior to mixing.

Here,Ymaxis the level of radioactivity measured when 100%
of the DNA was in complex with repressoKq is the
equilibrium dissociation constant, and is the level of
Sbackground radioactivity detected when no DNA is bound
to repressor. The valuewas either fixed at 1 or allowed to
q‘loat, in which case the values cluster around 1.

IPTG Binding. Inducer binding to Lacl mutants was
monitored using fluorescence emission intensity change with
increasing concentrations of IPTG2). Experiments utilized
a 340 nm cutoff filter (O-52) from Corning with an excitation
wavelength of 285 nm. Total Lacl fluorescence above 340
nm decreases upon the addition of inducer. Protein concen-
tration was set so that it was at least 10-fold below Khe
determined for inducer binding, and IPTG concentration was
varied. Inducer concentrations and buffers are indicated in
the table footnotes and figure legends. An identical titration,
using buffer instead of inducer, was performed for each

Protei . . . . experiment to correct for effects of photobleaching and
rotein and inducer solutions were centrifuged, and preC|serdilution (53). Corrected dataY(o,) were analyzed with the

equal volumes were added to separate sides of a split quart%ollowin equation:
cuvette. Absorbance was set to zero at 340 nm, and three g€ '

spectra were recorded before and after mixing solutions in IPTG]"
the cuvette. The step size was 0.25 nmhwat1 saverage Yeorr = Yonax = | Yoex——— 2)
time. The difference spectrum was determined by subtracting K§ -+ [IPTG]"

the average spectrum of apoprotein from the average ligand-
bound spectrum. Equation 2 is a variation of eq 1 that accommodates
Fluorescence spectroscopy was performed using either ardecreasing signal as a function of inducer binding. The
SLM-Aminco AB2 or an SLM-Aminco 8100 spectrofluo- program Igor Pro (Wavemetrics, GAr NonLin (51) was
rometer using an excitation wavelength of 285 nm and used to determine values for the four variabléa. the
recording fluorescence spectra from 300 to 380 nm. Protein maximum change in fluorescence signal between conditions
concentration was-0.05 mg/mL following dialysis into 0.01  of zero and saturating inducen; the Hill coefficient; Kg,
M Tris-HCI, pH 7.4, 0.15 M KCI. Circular dichroic spectra the apparent equilibrium dissociation constant; anda
were obtained at room temperature on an AVIV 62DS constant background coefficient. For inducer binding, the
spectropolarimeter. Spectra derived were an average of threevild-type value ofn is 1 in the absence of operator, but
scans collected from 200 to 250 nm with a 0.25-nm step increases te-1.5—1.9 in the presence of operator DNBX
size aml a 1 saverage time; protein concentration wa8.5 54). Therefore,n was allowed to float during the fitting
mg/mL in 0.12 M potassium phosphate, pH 7.4. process, but for all mutant proteins this value clustered
DNA Binding. Stoichiometric (activity) and equilibrium  around 1 in the absence of operator DNA. When presented
(affinity) DNA binding to Lacl mutants was monitored by in the figures, these data are recast as fraction bound, which
nitrocellulose filter binding assay44—46). Oligonucleotides increases with inducer concentration.
encoding the 40-base natural operaté(®-TGTTGTGTG- Operator ReleaseThese experiments measure the con-
GAATTGTGAGCGGATAACAATTTCACACAGG-3) (50) centration of inducer sugar needed to release operator from
were purchased from Biosource International (Camarillo, the LackDNA complex. We utilized two different experi-
CA). The top and bottom strands were hybridized (70 mM mental designs: (i) The concentration of radiolabeled DNA
Tris-HCI, pH 7.6, 10 mM MgC}, 5 mM DTT) and was set>10-fold belowKg, as in operator binding experi-
radiolabeled at the'®nd using {?P]-ATP via a polynucleo-  ments (10'3—1012 M), whereas the repressor concentration
tide kinase reaction. To purify labeled operator from free was such that-80% of the operator was boun8&3); (ii)
nucleotide, the reaction mixture was passed through a Nick the concentration of DNA (152 x 108 M) was set 3-fold
column (Amersham Biosciences, Uppsala, Sweden). For thehigher than the concentration of protein(B x 10°° M),
equilibrium assay, DNA concentration was set at least 10- so that all repressor protein was bound to operator. Note,
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however, that the DNA concentration remained below the
Kqg for Lacl-inducer binding to DNA. In both types of

Biochemistry, Vol. 42, No. 47, 20034009

core pivot substitutions. We report the identification, puri-
fication, and initial biochemical characterizations of L148F,

experiments, the concentration of inducing sugar was varied,P320A, as well as purification and characterization of S151P

usually in the range of 13—102 M. Because the inducer

(originally identified in the Y282D revertant screen). We

concentration in both types of experiment was in vast excesshave also used site-specific mutagenesis to create the Q60G/
of the protein, the same phenomenon was monitored, evenL148F double mutant, which was characterized in parallel

though design (i) included unbound Lacl. Similar results were

with the other three Lacl variants. The double mutant

obtained for these two experimental conditions, and results provides an opportunity to determine the interactivity of

from arrangement (i) are shown in Figure 5. Data were
quantitated with a Fuji phosphorimager and analyzed with
eq 2. In this instancédsy does not represent a true equilibrium
constant and can be thought of as [induggr]in contrast

mutations in distinct domains that individually enhance
binding of opposing ligands (DNA versus induce2p). In
addition, the resulting variant with full repression and greater
sensitivity to inducer may potentially be substituted for wild-

to fluorescence-detected inducer binding, which observes thetype Lacl in technological applications to reduce the cost of
event of one repressor monomer binding one inducer induction.

molecule 63, 55), operator release monitors at least two

Phenotypic Screefhousands of Lacl single-site substitu-

events: (i) binding the number of inducer molecules required tions have been catalogued by their phenotype (e.g.38fs

to release DNA (an unknown number) and (ii) the ac-
companying protein conformational change.

Urea DenaturationUrea denaturation experiments were
carried out as previously describe®6( 57). Denaturation

58, 60, and61). These data are enormously informative, but
this method is limited to reporting phenotypic differences
resulting from alossin either the repression or induction
function. Previously, we developed a screen to detect gain

was monitored by changes in fluorescence intensity at 340 0f repression for second-site reversion mutations of the Lacl

nm, and data were analyzed to identify the midpoint of the
transition for comparison with wild-type operator. Urea
denaturation is fully reversible for wild-type Lacdq) and

all variant proteins.

RESULTS

Core Piot RegionThe core pivot of the Lacl core domain

Y282D mutant 28). Here, we report a new adaptation that
detects Lacl mutants with altered inducer properties. We
screened~50 000 colonies expressing random mutants in
this study. We detected two point mutations that satisfied
our phenotypic criteria, L148F and P320A.

Both L148F and P320A were induced by all sugars tested
in plate and liquid culture assays @fgalactosidase activity,
including IPTG levels 10-fold less than the lowest concentra-

is defined as the central portions of the three strands thattion required to induce wild-type. For P320A, this phenotype
interconnect the N- and C-subdomains of the Lacl core js fully consistent with the previous study showing no loss

(amino acids 161164, 296-293, and 318 322) 23). Two
additional loops contact this region, further involving amino
acids 156-153 and 196-193. Since the core pivot area is
near the back of the inducer-binding pocket (Figure 1A),
the functional phenotypes of mutations in this region were
previously interpreted as important to inducer binding if they
resulted in the inducer-insensitive phenotyp®, (ivhereas
those exhibiting loss of repression™ (phenotype) were
generally thought to be requisite for maintaining structural
integrity (i.e., these mutants did not fold or assemble
properly) 68, 59). Recently, a number of mutations were
identified in or adjacent to the core pivot region by their
ability to restore repression to the phenotype of Y282D
(at positions 133, 149, 150, 151, 191, 296, and 32%).(
The Y282D variant of Lacl is monomeric and thus lacks an
intact high-affinity DNA binding site formed by the two
N-terminal domains of a dimer. However, the core domain
of Y282D retains wild-type inducer-binding affinity and thus

of repression or induction for this substitutids8j. Although
phenylalanine substitution at position 148 was not explored
in earlier genetic studies, other substitutions at position 148
exhibit partial or full loss of repressios§), consistent with
biochemical analysis of L148F (see below). Western blot
analysis of protein levels in the 3.300 cells indicated these
cells expressed2-fold less soluble P320A than either wild-
type Lacl or L148F variant, which were expressed at
comparable levels (data not shown).

In light of their structural proximity, we also monitored
the inducer phenotypes of several long-range revertants of
Y282D—including D149N, V150I, S151P, and V3212§).
Experiments were performed using both the double (revertant
plus Y282D) and single mutations (reversion mutation in a
wild-type background). None of these mutants were induced
by other sugars (data not shown). However, preliminary
biochemical evidence indicated that the S151P single mutant
had DNA and inducer binding propertieppositeto those

must retain the native fold. Therefore, these new substitutionsof | 148F. Therefore, we continued characterization of this
were postulated to have a long-range conformational effect| gc| mutant.

on the structure, with possible consequent changes in the pyrification and Characterization of Core Rt Mutations.

Lacl allosteric mechanisn4).

Determination of the phenotype caused by a protein variant

Recently, the core pivot region has been implicated as acan be very useful. However, multiple functional changes

crucial part of the allosteric conformational change by
analysis of a TMD simulation2@). These observations

may combine to effect a given behavior in vivo. The
phenotypes generated i coli may result from changes in

support previous hypotheses regarding the Y282D long-rangeany combination of (i) inducer specificity, (ii) inducer

revertants. In addition, we have recently identified two new
mutations in this region (L148F and P320A) via phenotypic

affinity, (iii) protein expression levels, (iv) repressor stability,
(v) DNA binding affinity, (vi) the ratio between Lacl

screen for changed inducer properties (see Materials andconformations with different properties (e.g., the T and R
Methods, above). We have therefore directly explored the states described by Monod-Wyman-Changeux analysis), or

possibility of long-range, allosteric, structural effects of these

(vii) metabolism of alternate sugars that results in induction
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Table 2: DNA Binding by Lacl Core Pivot Mutatiofis

Swint-Kruse et al.

Kg(M x 10 mutant/WT
WT 1.5+0.43 1
L148F 49+ 15 33
S151P 0.48t 0.05 0.32
P320A 0.40+ 0.19 0.27
Q60G/L148F 4.6+ 1.6 3.1
Q60@ 0.384 0.07 0.25 - é
& _
a Operator binding was measured in buffer containing 0.01 M Tris- 3 10F
HCI, pH 7.4, 0.15 M KCI, 0.3 mM DTT, 0.1 mM EDTA, 5% DMSO. 8 O Q60G/L148F
Operator concentration was less than £.2072 M for L148F, WT, 0.8 A L148F
and Q60G/L148F proteins, and less than £.5.071 M for P320A, < 06 kL
S151P, and Q60G proteins. Standard deviations shown represent a % '
minimum of three measurements and up to six measurenfedtyi- . 0.4
nally reported in re25. 8 02k
by unspecified molecules. Biochemical analysis of purified § 00 1 TG '
protein is critical to determining exactly which processes are w 13 e a1 0 9 8
affected. All four Lacl mutants (L148F, S151P, P320A, and 10 ¥ SI51P -
& P320A

Q60G/L148F) purified in a manner similar to tetrameric wild- 0.8
type protein. This process is sensitive to oligomerization state

(42, 54, 62), and gel filtration demonstrated that all exhibit oer
the molecular weight anticipated for tetrameric proteit50 04 r
0.2}

kDa (42, 54, 62). Further characterization included UV/
visible and fluorescence spectroscopy, circular dichroism 00E i |
spectropolarimetry, determination of thermodynamic param- A3 oz a0 -9 8
eters for operator and inducer binding, and urea denaturation. |Og[pr0tein]
Results are presented in subsequent sections and summarizggl re 3: Operator DNA binding of Lacl variant proteins. Operator
in Tables 2-4. binding assays were conducted as described in Materials and
Spectroscopy Data from a variety of techniques to Methods. Binding at each of the indicated protein concentrations

establish protein concentration demonstrate that all purified 2> c“:“le%sgrer:]jl\}l” Bﬂer Ocinﬁf]l:\r/‘li”gDOT-oAl '\5/|0/T”S;\'A‘|SC(|)' ngzfétgl-rﬁ
H : : o] ’ . y . y 0 .
repressor variants have the same extinction coefficient at 280, ncentration was less than 1510-12 M for L148F, WT, and

nm (see Materials and Methods). Fluorescence spectra wergygoG/L148F proteins, and less than &510-13 M for P320A,
determined for the purified L148F, P320A, S151P, and S151P, and Q60G proteins. Data are shown for single determina-
Q60G/L148F substitutions of Lacl. Compared to wild-type tions (triplicate points). Data were analyzed as described in

protein, the quantum yields of all the mutant proteins are Materials and Methods, and the results from multiple determinations
’ are summarized in Table 2. The dashed line in the lower two panels

very_similar (data not shown). SinC(_e the tryptophan residues g {4 fitted curve for wild-type Lacl for comparison.
(positions 201 and 220) that dominates Lacl fluorescence

are not in close proximity to the core pivat, (20, 49), this DNA Binding.Operator affinity was determined for each
similarity is not surprising. Circular dichroism spectroscopy mutant using the nitrocellulose filter binding technique (Table
demonstrates that the mutant proteins exhibit spectra similar2; Figure 3) 44—46). The data demonstrate that mutations
to wild-type Lacl (data not shown), consistent with their in the core pivot can either strengthen or weaken DNA
fluorescence spectroscopic properties and ability to purify binding affinity: L148F binds DNA>30-fold more weakly
similarly to the wild-type protein. The folding pattern of the than wild-type repressor, while P320A and S151P bind
mutant proteins does not appear to be disrupted by theoperator at least 3-fold more tightly. The Q60G mutation
substitutions introduced. was previously discovered to increase operator binding

Table 3: Inducibility of Lacl Core Pivot Mutatiofs
inducer binding

operator release

Ka (M x 10°) mutant/WT [inducer}ia (M x 10°) mutant/WT

o-melibiose IPTG IPTG o-melibiose IPTG IPTG
WT 1604+ 31 1.2+ 0.13 1 460+ 190 2.9+ 0.62 1
L148F 260+ 38 0.41+ 0.07 0.34 37Gt 190 0.71+ 0.08 0.24
S151P 1606t 150 45+ 0.8 3.8 22006t 800 6.9+ 1.3 2.4
P320A 210+ 15 1.0+ 0.2 0.83 380t 340 3.1+1.38 1.1
Q60G/L148F 2506t 5.5 0.40+ 0.08 0.33 290t 240 0.80+ 0.25 0.28
Q60G& 180+ 17 1.5+ 0.3 1.3 500t 300 29+1.1 1.0

a Standard deviations shown represent a minimum of three measurements and up to six meastr8ogantinding was measured in buffer
containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI by fluorescence spectroscopy as described in Materials and Methods. Protein concentration was
below 5 x 107 M monomer fora-melibiose and below 1.5 10~7 M monomer for IPTG measurementdOperator release was monitored in
buffer containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3 mM DTT, 0.1 mM EDTA, 5% DMSO. Operator concentration was 1062 M,
and protein concentrations were as follows: wild-type, 2.4071° M; L148F, 6.5x 10°° M; S151P, 9.6x 107t M; P320A, 1.1x 10710 M;
Q60G/L148F, 6.5« 1071 M; Q60G, 5.2x 1071 M. Alternatively, operator was (1-55) x 1078 M, protein (5-7) x 10-° M. Both experimental
designs yielded similar values (see Materials and Methdd3jiginally reported in re5.
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o _ _ o FiIcure 5: Operator release by IPTG for Lacl variant proteins.
FiGure 4: IPTG binding of Lacl variant proteins. IPTG binding  Protein complexed to operator was exposed to varying concentra-
was measured by fluorescence spectroscopy as described irtions of IPTG to monitor release. These experiments were performed
Materials and Method$rotein was diluted into buffer containing  as described in Materials and Methods in buffer containing 0.01
0.01 M Tris-HCI, pH 7.4, 0.15 M KCI. Final protein concentration =M Tris-HCI, pH 7.4, 0.15 M KCI, 0.3 mM DTT, 0.1 mM EDTA,
was below 1.5x 10~7 M monomer. Data shown are for single 5% DMSO. In the experiments shown, operator concentration was
titrations for each of the proteins, and the results from multiple 1.5 x 1012 M, and protein concentrations were as follows: wild-
analyses are summarized in Table 3. The dashed line in the lowertype, 2.4x 10710 M; L148F, 6.5x 10° M; S151P, 9.6x 101!

two panels is the fitted curve for wild-type Lacl for comparison. M; P320A, 1.1x 10710 M; Q60G/L148F, 6.5x 1071 M; Q60G,

5.2 x 10711 M. Data from a single experiment (triplicate points)
affinity nearly 4-fold 63). When combined with the L148F  are shown, and the results from multiple measurements are
mutation, theKqona for the double mutant was increased Summarized in Table 3. The dashed line in the lower two panels is

: . . P the fitted curve for wild-type Lacl for comparison with the variants.
~10-fold over that of the single core pivot substitution. None
of the DNA binding data for the mutants reflected evidence
of coupled protein assembly and DNA binding, consistent
with other data that indicates tetrameric structure.

Inducer Binding.Although allolactose (Figure 2) is the
natural inducer of Lacl@4), a number of other compounds
can serve as gratuitous induce8§,(64). Of these, IPTG is
bound most tightly, with a micromolar equilibrium dissocia-

(Table 3, Figure 4). Q60G/L148F retains the inducer binding
affinity of the single L148F substitution. Interestingly, P320A
has very little influence on IPTG affinity, a result that
suggests this mutation may engender its DNA binding
enhancement through a mechanism distinct from that for
L148F and S151P. One possibility is that the proline to

: : alanine mutation increases flexibility in the core pivot region.
tion constant§3). L148F and P320A were isolated because, Future experiments will explore this possibility by monitoring

based on phenotype, they can be induced by a variety Ofbinding kinetics
sugars. Although the sugars presented in Table 1 were able o - ) ) )
to serve as inducers in vivo, only IPTG aaemelibiose were _ o-Melibiose is a d|s_acchar|de and_|somer of the natural
effective inducers in DNA binding assays in vitro using [nducer allolactose (Figure 2). Despite the fact thatds
purified proteins (data not shownyArabinose and galactose (10~ M) is 100-fold less than that of IPTG-melibiose
at 1 mM elicited a small decrease in operator binding in the IS Pound by wild-type Lacl with higher affinity than most
in vitro assays for L148F and Q60G/L148FZ0%), other known inducers6g, 66). Fluorescence spectroscopy
compared to a smaller effect{0%) of arabinose on wild- ~ Was used to monitor-melibiose binding to wild-type Lacl,
type protein and P320A. Galactose had no effect on wild- @nd results were in agreement with previous equilibrium
type Lacl or P320A. dialysis experiments (Table 3p%). Interestingly, similar
Inducer binding affinity for Lacl and its mutants can be affinity for this I|gand was _o_bserved for all of the mutants
determined by monitoring the change in repressor fluores- €xcept S151P, which exhibited a greater decrease (almost
cence as a function of sugar concentratib8)( Data from 10-fold) for a-melibiose affinity relative to_de—type than
these experiments indicate that alterations in the core pivotfor IPTG (~4-fold). Thus, the mutated residues in the core
can affect IPTG binding in a manneppositeto changes in ~ Pivot region interact differently with alternate inducer sugars.
operator affinity: L148F binds IPTG 3-fold more tightly than Operator Releasd=ven though a Lacl variant may be able
wild-type, whereas S151P binds nearly 4-fold less tightly to bind both operator and inducer, allosteric communication
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Ficure 6: UV difference spectra in response to IPTG andhelibiose. Difference spectra were measured as described in Materials and
Methods at room temperature in buffer containing 0.01 M Tris-HCI, pH 7.4, 0.15 M KCI. Prot&0 (ng/mL) was diluted to 1:32

mg/mL into buffer prior to spectral measurements. Protein was placed in one chamber of a split quartz cuvette, and a precisely equal
volume of 1.0 mM IPTG or 10 mMx-melibiose was added to the other chamber. After mixing, the final concentrations of inducer and
protein were precisely half their initial concentrations, while the effective path length for the mixed solution doubled. The spectra are
reported as the change in the absorption coefficient. The difference spectra were determined by subtracting the average of three spectra for
the unmixed, apoprotein from the average of three spectra for the mixed, inducer-bound protein. Error bars are shown for every fifth data
point; the width of the error bars is frequently similar to the width of the plotted spectrum. In the lower panels, the wild-type spectra are
repeated for comparison with the Lacl variant proteins; wild-type error bars were not repeated for simplicity.

between the two sites can be altered or disrup#sg). ( occupation of the inducer binding site elicits a quite different
Operator release experiments monitor the concentration ofset of structural changes in proteins with the L148F mutation
inducer required to release radiolabeled DNA from a complex and that variant sugars may trigger conformational shifts that
with repressor protein. We employed filter binding to monitor affect aromatic residues differently. These changes appear
this process using IPTG amdmelibiose as inducers. Results to alter spectral regions that can be ascribed to both tyrosine
are presented in Table 3 and Figure 5. For wild-type Lacl, and tryptophan absorption and are thus dispersed in the
our data compare very well with values reported in the structure rather than localized.
literature B6, 44). Data for both sugars correlate with Urea Denaturation.Analysis of Lacl function is very
repressor affinity for that compound: L148F and Q60G/ complex. In addition to binding two different ligands and
L148F release operator at lower IPTG concentrations; S151Pundergoing an allosteric change between two conformations,
requires more IPTG; and P320A behaves similarly to wild- thermodynamic linkage to repressor assembly and folding
type Lacl. For a-melibiose, L148F, Q60G/L148F, and equilibria must also be taken into account. Thus, functional
P320A behave similarly to wild-type protein, and S151P effects of mutations can indirectly result from altering
requires morex-melibiose. In fact, the wild-type-to-mutant  structural equilibria. Urea denaturation experiments can
ratios forKy and [sugar}iq are essentially identical for all assess whether these latter processes are affected by side-
repressor mutants. chain substitution%6, 57). Although rigorous thermodynamic
UV Difference Spectroscopy.o explore the effects of  analysis is complicated by the linked equilibria, comparison
inducer binding on the structure of the protein, UV difference of denaturation midpoints provides a simple means of
spectra were measured for IPTG amdnelibiose binding comparing Lacl variants and identifying targets for detailed
to the variant proteins (Figure 6). Q60G, S151P, and P320A future studies. Repressors containing L148F and S151P
exhibited spectra similar to wild-type Lacl for both IPTG substitutions are more sensitive than wild-type Lacl to urea
and o-melibiose binding, although the minima at 278 and denaturation, while P320A and Q60G appear to be unaltered
288 were consistently deeper for S151P. However, L148F (Figure 7 and Table 4). These results suggest that the L148F
and Q60G/L148F exhibited spectra substantially different and S151P substitutions exert long-range structural effects
from the other proteins in the 27295 nm region. Further-  on the repressor structure. However, recall that S151P was
more, the difference spectra were very different for IPTG discovered by its ability to restore repressor function to the
anda-melibiose, paralleling more subtle differences between monomeric Y282D mutant, presumably through restoration
these sugars previously observed for wild-type protein and of assembly. Thus, S151P may alter the monerneonomer
mutants with single tryptophand9). These data suggest that interface, and the alternate interface may be less stable to



Mutations with Long-Range Effects in Lacl Biochemistry, Vol. 42, No. 47, 20034013

Table 4: Urea Denaturation of Lacl Core Pivot Mutatidbns 1.0

urealyig (M 0.8 ® WTlLacl
[urealnia (M) > o600

WT 28+0.1 0.6 -

L148F 2.3+ 0.1 0.4 -

S151P 2.6:0.1 ’

P320A 2.8+ 0.1 0.2 -

Q60G/L148F 2.4-0.2 ok . .

Q60G 2.8+ 0.1 0 1 > 3 2 5 6

aUrea denaturation was measured in buffer containing 0.01 M Tris-
HCI, pH 7.4, 0.1 M KSQ, with protein concentration at & 1075 M
monomer as described previoush6(57). Standard deviations shown
represent a minimum of three measurements and up to six measurements.

1.0 [eeeassgg:

0.8 O Q60G/L148F

A L148F
0.6 -

0.4 -
0.2 |-

urea denaturation. Experiments are in process to explore these
possibilities further.

DISCUSSION

When Lacl changes from the DNA- to inducer-bound
conformation, the core C-subdomains anchor the screwing

1.0

0.8 v S151P

<& P320A

Normalized fluorescence signal

motions of the N-subdomain$,(67). When comparing the 0.6 |-

two crystal structures, interest has focused on the N- 0.4 -

subdomain interface, which is subject to widespread rear- 02 L

rangement. In contrast, the core pivot region that intercon-

nects the N- and C-subdomains shows little alteration B R T

between these static views. In fact, the leucine side chain of [urea] (M)

148 undergoes very little change between the operator- and

inducer-bound Lacl X-ray crystallographic structurés); FiGure 7: Urea denaturation of Lacl core pivot variants. Urea

; o _ ; denaturation was performed as described in Materials and Methods
the leucine moves as a unit with the N-subdomain, but all Data from single experiments are shown, and the results from

of the residues contacted by 148 remain within 0.5 A of their 1 itiple measurements are summarized in Table 4. Solid lines are

original juxtapositions (Table 5). Likewise, the serine 151 the results from fitting to an equation modeling denaturation of a

side chain shows only subtle variations, and the side chainsingle domain, monomeric protein and thus are only intended to

Of pro“ne 320 |S Solvent exposed and ShOWS almost no aid visual inspection/normaﬁzation of the data. The dashed line in
. the lower two panels is the fitted curve for wild-type Lacl, which

change between the t.W 0 ;tructurésK, Table 5)' Receptly, is repeated for comparison with the variants.

however, TMD has implicated the core pivot region as

structt:jrallly important to tEe confqrma?on_al ch?nmé( , Seesaw manner, the most obvious explanation is that these
Aroun tde same time, p endot)r/]plc rsf ection oh randomly \tations change the allosteric constant L, the ratio between
generated mutants suggested that this region has a crucialye honylations of the two allosteric conformations R and T

rol_ﬁhi.n Lacl fungt[[on (re![:)otr)t'edhher(_ainland Iin .m)f' ot in the Monod-Wyman-Changeux model. For unliganded
IS Manuscript reports biochemical analysis of core pivo wild-type Lacl, both conformations are equally populated.

variants that integrates information from TMD and pheno- Thus, the allosteric constantisL (53, 55), the AGeonformation

typic analy_5|s. De_splt_e the effectl\_/eness O.f broad scale is zero, and the measured DNA and indukgralues reflect
mutagenesis and in vivo phenotypic analysis, the present.

work illustrates the importance of biochemical analysis of intrinsic binding affinities §3). However, if an amino acid
purified proteins in understanding the behavior of any substitution changes LAGconrormaton! nonzero and contrib-

identified mutants. For example, P320A exhibited an identi- utes to the free energies of DNA and ”.DTG binding in
. : opposite manners (e.g., 188). The hypothesis of a changed
cal phenotype to L148F, an observation that persisted thrOUghallosteric constant is consistent with the structural role of
multiple rounds of screening in both plate and liquid assays. h ot (Fi 1A). Eurther. the cl llel betw
Nevertheless, purified P320A protein demonstrates no changet € core pivot (Figure 1A). Further, the close parallel between
in inducibility or inducer binding and paradoxically exhibits induger binding and operator release_ experiments |nd|cat_es
increased operator binding affinity, whereas the biochemical that none of the core pivot mgtat_|on§ alters the_ 'baS|c
behavior of L148F is easily reconciled with its phenotype. mechgmsm of a_‘IIOSte”C cqmmunlcatlon n Lacl. Addltlongl
The apparent discrepancy between phenotypic and biochemi&XPeriments will be required to determine the allosteric
cal analyses for P320A likely arises from its lowered protein constant, ,L' fpr gach mutant and cpnstruc§ complete th_er-
expression levels, a situation masked by its enhanced affinity™m0dynamic circuits for these proteins to directly test this
for operator DNA. Thus, fewer P320A repressor proteins POSSibility 63, 59).
adequately repress the reporter gene, and the increased The effects of L148F and Q60G on repressor function
inducer/protein ratio might appear as greater inducer sensi-appear largely to be additive and independent rather than
tivity. synergistic. The properties of L148F binding dominate all
At first glance, the binding parameters presented in Tablesfeatures of inducer binding for the Q60G/L148F double
2—4 appear to provide a simple structural explanation for mutant, as well as its structural changes reflected in UV
the biochemical behaviors of L148F and S151P. Since thedifference spectroscopy and urea denaturation. If L148F
DNA and IPTG affinities of these mutants change in a functional effects were derived from a drastically altered
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Table 5: Contacts between Sites of Core Pivot Mutations and denaturation experiments indicate that the stability of the

Residues of Allosteric Pathways in Wild-Type Lacl monomer-monomer interface or the stability of the core
distance movement __ allosteric participation domam is altered in SlSlP: Perhaps this core pivot mutation
contacts  (A)P (A)e pathway: structural regidh reorients the N-subdomain so that a new monomer

148 183% 29 ~05  1: N-subdomain hydrophobic monomer mterface is formed tha_\t can l?et_ter accommodate
1123* 3.9 1: N-subdomain hydrophobic Y282D_effec_ts in the_ C-subdomain. Preliminary attempts to
L146* 4.5 —0.5 1. N-subdomain hydrophobic  crystallize this protein have been successful, and we hope a
Bigg* ég 04 ii ]fllexyglle ||00|0 structure will be forthcoming that can illuminate structural

. —0. . Tiexiple loop ; : 1A
L296* 4.1 3: core pivot hydrophobic dn‘fgrences .Wlth wild type !‘aCI' . .

S151 V150 1.3 1: flexible loop Finally, since DNA binding of P320A is affected inde-
D152 1.3 1: flexible loop pendently of the inducer-binding affinity, results do not
Q153 29 —0.5  1: flexible loop suggest a change in L for this variant. Instead, the conversion
Tisar 31 —04 1 flexible loop of proline to alanine significantly alters backbone constraints

P320 F161* 35 3: core pivot hydrophobic . . AT . .

L 295+ 46 3: core pivot hydrophobic in a region where flexibility is crucial (see legend to Figure
L319* 1.3 3: core pivot hydrophobic 1A (23)). This possibility is easily reconciled with the TMD
v3zlr 13 3: core pivot hydrophobic results 23), which demonstrate that the backbapandy

aContacts are listed for polar/charged amino acids within 3.5 A of angles of the interconnecting strands (which encompass
the designated core pivot mutation in the DNA-bound structure of wild- P320) change over the course of the allosteric transition. This
type Lacl (1efa) §) or for hydrophobic residues within 5 A. Contact change may lower the energy barrier to the conformational

residues were identified using the web-based program Contacts of _, .. : . . .
Structural Units (http://bioinfo.weizmann.ac.il:8500/oca-bin/lpccsu) shift in response to inducer. More detailed thermodynamic

(73). b Shortest distance between the site of the core pivot mutation in &nd Kinetic experiments will illuminate the possibilities.
the repressed form of wild-type Lacl (1ef&){ calculated with CSU Analysis of the TMD simulation indicated that motions
(73). ¢ Distance between core pivot mutation site and residue changesthat drive the allosteric change could be grouped into three
by 20.4Aupon the conformational change from the repressed (lefa) pathways that intersect at the core pivot and the core
(6) to the induced form (1lbh)gj. ¢ The numbers represent the pathway . . . .
in which the partner amino acid participates during the allosteric N-Subdomain interface (Figure 1A). While neither L148 nor
transition; the structural region is also describ@)(¢ Asterisk (¥) S151 directly participates in these processes, collectively
indicates contacts made through partner side chain. positions 148, 151, and 320 contact a large number of
residues that undergo significant changes (Table 5). Partners
protein conformation, a likely consequence would be to to 148 participate in pathways 1 and 3, so changes at L148
change the orientation of the core N-subdomain with could potentially affect both processes. Further, the leucine
consequent interruption of the interface between the top of at position 148 contacts residues 170 and D149 that interact
the subdomain and the DNA binding domain. Note, however, with IPTG, and L148 itself may have some hydrophobic
that Q60G is located in this interface. This mutation has a interaction with ligand§, 7, 20). S151 is located on a flexible
similar functional effect on both wild-type and L148F Lacl loop, the motion of which appears important for allowing
(i.e., enhancing DNA binding)26), although the enhance- early changes at D149. A serine-to-proline substitution could
ment in the L148F background is slightly higher than that profoundly affect flexibility of this loop and thus modify
in the wild-type Lacl context. Therefore, the interface appears the allosteric response to ligand binding. P320 interacts with
to be intact in the double mutant. Together, these observa-a number of hydrophobic residues in the core pivot that have
tions support the interpretation that L148F shifts the popula- changing phi/psi angles along pathway 3. Again, mutating a
tion between normally accessible states rather than generatingproline in this region could have a significant structural
a new conformation(s). consequence. Finally, residues in the core pivot region have
However, at least one observation conflicts with the beenimplicated in the conformational change of homologous
allosteric model. Note that L148F and Q60G/L148F affinity proteins in the Lacl/GalR family7d, 72).
for the alternate inducemr-melibiose doesiot change, yet The single core pivot mutations described herein have
this compound fully induces these mutant repressors. Thesdong-range functional impact and highlight the exquisite
data can be reconciled if-melibiose and IPTG trigger the  sensitivity of protein properties to changing only one side
Lacl allosteric conformational change via distinct mecha- chain in the sequence. These results emphasize the challenges
nisms. In fact, UV difference spectra for Lacl in the presence inherent in predicting functional characteristics from similari-
and absence of inducer differ for IPTG aménelibiose 49). ties between related amino acid sequences. Further, this
This distinction is more pronounced for L148F and Q60G/ works illustrates the limitations of relying upon any single
L148F than for the other proteins examined (Figure 6) and experimental technique. Integration of biochemical analysis
is intriguingly reminiscent of the behaviors for a family of with the results from static structures, dynamics simulations,
Lacl variants that have allosteric properties dependent uponand functional/phenotypic selection were essential to under-
the sequence of DNA boun®9, 70). standing the unexpected consequences of core pivot muta-
Biochemical analysis also offers several avenues for tions.
understanding how the S151P mutation, with its enhanced
affinity for operator and diminished affinity for inducer, ACKNOWLEDGMENT
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substitution, the manner in which this mutant was originally and colleagues at Genosys Inc. for providing oligonucleotides
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exert detectable repression function. Alternatively, urea for Lacl polyclonal antibody, Drs. Graham Palmer and Daniel
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