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ABSTRACT. Lactose repressor protein, regulatoriaé enzyme expression iEscherichia coli maintains

its structure and function at extremely low protein concentratieti('? M). To examine the unfolding

and dissociation of this tetrameric protein, structural transitions in the presence of varying concentrations
of urea were monitored by fluorescence and circular dichroism spectroscopy, analytical ultracentrifugation,
and functional activities. The spectroscopic data demonstrated a single cooperative transition with no
evidence of folded dimeric or monomeric species of this protein. These spectroscopic transitions were
reversible provided a long incubation step was employed in the refolding reactio Bt urea. The
refolded repressor protein possessed the same functional and structural properties as wild-type repressor
protein. The absence of concentration dependence expected for tetramer dissociation to unfolded monomer
(M4 < 4U) in the spectral transitions indicates that the disruption of the monemenomer interface

and monomer unfolding are a concerted reaction {MU,) that may occur prior to the dissociation of

the dimer-dimer interface. Thus, we propose that the unfolded monomers remain associated at the
C-terminus by the 4-helical coiled-coil structure that forms the dindémer interface and that this
intermediate is the end point detected in the spectral transitions. Efforts to confirm the existence of this
species by ultracentrifugation were inhibited by the aggregation of this intermediate. Based upon these
observations, the wild-type fluorescence and CD data were fit to a modet; My, which resulted in an

overall AG® for unfolding of 40 kcal/mol. Using a mutant protein, K84L, in which the monormonomer
interface is stabilized, sedimentation equilibrium results demonstrated that the-diimer interface of

lac repressor could persist at higher levels of urea than the moramamnomer interface. The tetramer

dimer transition monitored using this mutant repressor yieldsG8 of 20.4 kcal/mol. Using this free
energy value for the dissociation process af<J 4U, an overall free energy change 60 kcal/mol

was calculated for dissociation of all interfaces and unfolding of the tetraraeriepressor, reflecting

the exceptional stability of this protein.

Lactose repressor protein regulates the transcription of themonomers§, 16). In contrast, the dimerdimer interface is
lac operon genes that are responsible for transport andformed by a short C-terminal sequence~dl0 amino acids
metabolism of lactose i&. coli (1). lac repressor is a well-  that contains a leucine heptad repeat sequence; this region
characterized tetrameric protein comprised of identical generates an antiparallel 4-helical coiled-coil that serves to
monomers with a molecular mass87 500 Da 2—4). The assemble 2 dimers into a tetram8r {6—19). The extent of
monomers are separated structurally into three domains: arsurface area buried in these two structurally and physically
N-terminal domain (amino acids1—60) that binds operator  distinct interfaces is similar based on the crystallographic
DNA (4—8); a core domain (amino acids60—340) that structures §, 16. The oligomeric structure of théac
binds inducer sugars and forms the dimer interf&:€l(); repressor can be altered by mutation to generate both dimeric
and a C-terminal domain (amino acids340—360) that and monomeric derivativeg 1, 14, 17-20). Dimeric proteins
forms the tetramer interface8,(16-19). Crystallographic result from mutation or deletion of the C-terminal assembly
studies determined that the two interfaces that must associatenotif, while point mutations within the monomemonomer
to produce the tetrameric protein are physically separatedinterface result in monomeric proteingl( 14, 17-20).

from each other in different regions of the monon&r1g. The association of the repressor into a tetramer is important
The monomermonomer interface is formed as a result of o1 jts apility to diminish transcription of the genes for lactose
numerous interactions between the core domains of tWo yetapolism. Tetrameritac repressor possesses two DNA
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strength of these loops, which derives from both DNA  monomer) were mixed with the urea stock solution to final
protein interaction and proteirprotein interaction. urea concentrations between 0 and 6 M. Samples were
Attempts to determine the stability of tHac repressor ~ incubated at room temperaturer fd h before fluorescence
protein have employed pressure dissociation, DNA binding and CD signals were determined.
methods, dilution of the protein, and urea denaturation of Measurements of the intrinsic tryptophan fluorescence of
dimeric mutants 29—35). While dissociation of the wild-  the repressor proteins were performed using SLM 8000 or
type protein was observed by pressure dissociation in theAB2 spectrofluorometers. An excitation wavelength of 285
nanomolar range2@, 30, results from other experiments nm was used, and the fluorescence emission spectra were
indicate thatac repressor does not dissociate in accessible collected between 300 and 380 nm. The intensity of the
concentration ranges<(L0~12 M) (31, 32, 39. For example,  fluorescence signal at 340 nm was used to monitor protein
no evidence for the presence lat repressor dimers was unfolding. CD spectra were measured using an Aviv Model
detected in the thermodynamic analysis of DNA binding over 60 DS spectropolarimeter. The spectra were collected over
a wide range of conditions36). These experiments set a a range of 216300 nm in an 0.2 cm path length cuvette,
lower limit for the stability oflac repressor protein subunit ~and the intensity of the signal at 222 nm was used to monitor
interfaces at femtomolar concentrations. protein unfolding.

Protein unfolding studies using chemical denaturants have Renaturation of Lactose Repressor Protein from Urea.
provided information about the energy involved in the folding Wild-type lac repressor cannot be refolded finc M urea
of a large number of monomeric systen86{38). This without precipitation using the procedure developed for the
approach has also been used for examining folding anddimeric lac repressor mutants34). An additional step
subunit interactions in dimeric and tetrameric proteins, involving a longer incubation at an intermediate concentra-
including dimericlac repressor mutant84, 39-42). Inthe ~ tion of urea was found to be necessary. Wild-tylpe
present study, we have measured the free energy of wild-repressor was denatured 2 h in urea concentrations 5
type lac repressor dissociation and unfolding using urea M at 28.5uM monomer concentration at room temperature.
denaturation coupled with multiple structural assessments.Renaturation was initiated by diluting the sample to 2.6 M
By employing a mutantlac repressor protein with a  ureaat 4«M monomer concentration, and equilibrating for
strengthened monomemonomer interface (K84L), a path- 2 h. This material was then further diluted to 0/
way for wild-type repressor unfolding and dissociation was monomer at the final urea concentration desired, and allowed

established. Based on these measurements, we propose th&@ incubate fo 2 h atroom temperature before the signal
lac repressor denaturation occurs through an intermediatewas recorded. The lowest concentration of urea that could

that consists of unfolded monomers still associated at the b€ reached using this renaturation scheme was 0.7 M urea.

C-terminus. The renatured protein samples which had their oligomeric
state determined in the ultracentrifuge were refolded by
MATERIALS AND METHODS diluting the denatured protein togdM monomer concentra-

. o . o tion at a urea concentration of 2.5 M urea. Afte 2 h

Protein Purification.Protein purification followed proce-  jncupation, the samples were dialyzed into 0.1 VBR,
dures that have been described previoudB, @4 with the 0.01 M Tris-HCI (pH 7.4) buffer overnight.
following modifications. Wild-type and mutant proteins were Operator Binding AssayFor measurement of operator
ex_pressed in BL—26 cells (Novagen) that were cured of the binding activity, protein was denatured 6 M urea for 2 h
episome carrying the promoter and the | gene (D. Wycuff,  anq then renatured f@ h at 2.5 Murea. This sample was
personal communication). The ammonium sulfate pellet was gjjyted © 1 M urea and exhaustively dialyzed in 0.1 M
resuspended in 0.08 M potassium phosphate (pH 7.5) andy .50, 0.01 M Tris-HCI (pH 7.4) to remove the remaining
dialyzed against the same buffer. This solution was centri- ;req The operator assays were performed as described
fuged to remove any precipitate and then loaded onto a previously #3—45) using buffer containing 0.15 M KCI, 0.01
phosphocellulose column equilibrated in the same buffer. For \; Tyis (pH 7.4), 0.1 mM EDTA, 5% DMSO, 0.1 mM DTT,
tetrameric proteins, the column was washed with the samegq 100ug/mL bovine serum albumin.
buffer, followed by elution with 0.12 M potassium phosphate |, q,cer Binding AssayAn ammonium sulfate precipitation

buffgr, and thelac repressor protgin was eluted Wi.th 8 assay was used to monitor the binding of inducer by the
gradient from 0.12 to 0.3 M potassium phosphate. Dimeric yenatred repressor proteins at different urea concentrations.
lac repressor mutants; 11 aa and K84L#11 aa, were eluted  rpig 455ay followed the protocol of Bourgeod with the
from the phosphocellulose column with Q.12 M' potassium following modifications. The assay buffer was 0.1 M3Q,
phosphate buffer after extensive washing with 0.08 M ¢ o1 \ Tris-HCI (pH 7.4) as described for the denaturation
potassium phosphate. Protein concentrations for mUta”texperiments. The protein concentration was constantt 5
repressors were determined by absorbance at 280 nm usmgnonomer and the repressor was preincubated in urea
the extinction coefficient for wild-typéac repressor. concentrations between 0ca6 M urea overnight with 5¢
Spectroscopic Studies of Protein Unfolding by Urea. 10-7 M [24C]-IPTG. Overnight incubation with inducer was
Unfolding of tetrameridac repressor in varying concentra-  necessary because of the very low association rate constant
tions of urea was carried outin 0.1 M,8Qy, 0.01 M Tris-  for K84L with this ligand @7). Each sample had 15 mg/mL

HCI (pH 7.4) as described previously for dimeric mutants |ysozyme added before precipitation with 70% saturated
(34). Ultrapure urea (Fluka) was prepared fresh daily and

filtered before use. The concentration of the urea stock was™ o . o . o

. . . . Abbreviations: CD, circular dichroism; DMSO, dimethyl sulfoxide;
determined by refractive index. In a denaturation experiment, ot " dithiothreitol; EDTA, ethylenediaminetetraacetic acid; IPTG,
16 samples of a fixed amount &dc repressor (0.54 uM isopropyl#,p-thiogalactoside.
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ammonium sulfate. After these samples were centrifuged,

Barry and Matthews

The ultracentrifuge unfolding data for K84L were normal-

the pellets were resuspended in buffer and the mixturesized in a similar manner:

precipitated with 5% TCA. After centrifugation, the amount

of radiolabel in the supernatant was determined by scintil-

lation counting.

Sedimentation EquilibriunThe molecular mass at varying
urea concentrations was determined for wild-typé1 aa,
K84L, and K84L/11 aa by sedimentation equilibrium using
a Beckman XL-A ultracentrifuge. The sedimentation equi-
librium experiments were conducted in buffer containing 0.1
M K,SQOy, 0.01 M Tris-HCI (pH 7.4). Initially, the proteins
were characterized in buffer containing no urea at multiple
concentrations (& 107 to 1 x 10> M monomer) and
multiple speeds (10 06616 000 rpm). Samples were loaded
into a six-channel Epon charcoal-filled equilibrium cell and
scanned at 280 nm or at 230 nm for the samples>atlD’

M monomer. For the urea experiments, the protein concen-

tration was constant atiM monomer, and multiple speeds

M
Meorr = M — ’Mt ap;(M : N)] 3)
' d,ap

where the molecular mass in native buffer iador K84L
andMq for K84L/—11 aa, and the molecular mass apparent
in different concentrations of urea w4 ap, for K84L and
Ma,appfor K84L/—11 aa.Mcorr from the ultracentrifuge data
was plotted as fraction of dimeF(), calculated by dividing
the Mcorr at each point by the value ., at 6 M urea.
This method of normalizing the data corrects for any changes
in the value ofy for the proteins at different concentrations
of urea in the ultracentrifuge, assuming that this value is
affected in the same manner for the dimeric and tetrameric
proteins.

The data for K84L were fit to a two-state transition, M

were employed for each urea concentration. Equilibrium was <> 2Mz, where M, is the K84L tetramer and birepresents
presumed to be reached when no difference was detected84L dimer present in high concentrations of urea, &d

between scan 4 h apart. The average time for a run
consisting of three different speeds was 40 h.
When the protein is at equilibrium in the ultracentrifuge,

the concentration gradient is a function of molecular mass.
The concentration gradient can be analyzed to determine

molecular mass using the equation:

2
G =GCo eX%%-lJVI(l - Z_)p)(rz - r02) (1)

where ¢, = concentration at radius position, ¢ =
concentration of the monomer at the reference radjue

= angular velocity,R = gas constant [8.314& 107 erg/
(mol-K)], T = temperature in degrees kelvid, = apparent
molecular massy = partial specific volume of the solute,
andp = density of the solvent. Data were fit to this equation
using the Beckman Optima XL-A Data Analysis package.

= [M2]%M,. The relationship to determine fraction of dimer,
Fq, can be expressed as

VKZ+ 8K[P] — K

4[P]

where [P] is the total protein concentration in dimer dhd

is the equilibrium constant for dissociation of K84L from
tetramer to dimers. The free energy change for this transition
in the absence of denaturant was determined by fitting the
data using a nonlinear least-squares program (lgor Pro) to
the relationshigk = K° exp{ —(m[urea])/RT)} with base line
correction, wherem is the dependence & on denaturant
concentrationR is the gas constant (1.987 cal dégnol™?),
andT is the temperature in degrees kelvin. The free energy
change for the transitiomn\G®) in the absence of urea could
be determined based upon the relation$tfip= exp(~AG°/

Fq= (4)

Density was calculated based upon the method of KawaharaRT).

and Tanford 48). The partial specific volume was calculated
as 0.7411 for wild-typdac repressor, 0.7413 for K84L,
0.7420 for K84L+11 aa, and 0.7425 for11 aa, in KSO,

Wild-type tetramer spectroscopic data were fit to two
models, each of which potentially could describe the unfold-
ing process. The first model wass 4U where M is the

buffer based upon the amino acid composition of the proteins native tetrameric protein, U is the unfolded monomer, [P] is

using the method of Cohn and Edsall). The data were

the total protein concentration in monomer, aae= [U]%

fit assuming that this value did not change as a function of M4. Since this model involved a fourth-order dependence

urea for the wild-type, K84L, and K84L/11 aa proteins.
Analysis of Denaturation DataThe differences in the

fluorescence and CD spectroscopic signals for wild-type

protein and for-11 aa deletion protein were assumed to be

proportional to the fraction of the native state present at a
specific concentration of urea. The pre- and post-transition

base lines were treated by linear extrapolatiod, 61), and
the intensity of the signalY, was converted to fraction
unfolded using the equation:

Y
Y,

u

Yf_

Fuzyf_

)

whereY; andY, are the signals of the folded and unfolded
states. For the-11 aa protein, the data were fit to the

equations described previously for the dimer to unfolded
monomer transition 34) using a nonlinear least-squares

program (Igor Pro).

on protein concentration, an iterative loop was incorporated
into the NonLin 62) fitting routine to provide a numerical
solution of the fourth-order equation. The data were fit to
fraction unfolded using NonLin (Figure 2A):

Fu= [UV/[P] 5)

It is also possible that the wild-type protein unfolds via a
three-state model of M= U, < 4U where the fluorescence
and CD data monitor only the M= U, transition. If the M
< U, transition is sufficiently separated from thq & 4U
transition, the spectroscopic data can be fit as a first-order
process. Therefore, normalized data were analyzed by the
following equation for fraction unfolded:

F,=K/(1+ K) (6)

whereK in this equation represents the equilibrium constant
for monomer unfolding. The data were fit to fraction
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Ficure 1: Denaturation of wild-type repressor protein. The protein

concentration was 4M monomer in a buffer of 0.1 M ESQO,,

0.01 M Tris-HCI (pH 7.4) with various concentrations of urea. The u?
spectroscopic signals were monitored by the fluorescence intensity

at 340 nm @) and the CD signal at 222 nnoj.

unfolded using Igor Pro (Figure 2B). Because the spectro-
scopic signal from which the\G°® values were derived
corresponds to the monomer transition within the tetramer, [urea] M

the free energy value for this transition was multiplied by 4 Ficure2: Concentration dependence of wild-type repressor unfold-

to determine the value for the tetrameric species. ing. The intensity of the fluorescence signal was monitored as a
function of [urea] at four different monomeric concentrations of

wild-type repressor: 4M (A), 2uM (a), 1 uM (@), and 0.5¢M
RESULTS (®). These data were fit to two different models. (A) The data were
fit globally to the model M < 4U using Non-Lin §2) as explained

. . under Materials and Methods. (B) All data points were fit
Wild-Type Lactose Repressor Denaturatidhe spectral simultaneously as described under Materials and Methods to the

changes associated with the denaturatioriaofrepressor  first transition of the second model, > Uy, using Igor Pro.
were monitored by circular dichroism (CD) at 222 nm and

tryptophan fluorescence at 340 nm. As shown in Figure 1, to the fourth-order nature of this process, this model predicts
the changes in these signals were highly correlated andthat the folding process will display concentration depend-
exhibited an apparent cooperative transition centered?s8 ence. Figure 2A shows simulations of unfolding curves
M urea. A small deviation between fluorescence and CD representing data expected for the ¥ 4U transition. These
data at higher urea concentrations was observed for bothcurves are overlaid with the experimental data, which do
wild-type and mutant dimeric proteins near the end of the not precisely display the concentration dependence predicted
transition and may represent residual helical content in the by the model. Therefore, the data were fit to an alternative
largely unfolded protein. Previously, studies with a dimeric model of folded tetramer to unfolded tetramer (M U,)
lac repressor mutant{11 aa) established the species at the (Figure 2B), where the unfolded tetramer)tepresents four
end point of the CD and fluorescence transitions to be unfolded monomers still associated at the C-terminus to form
unfolded monomeridac repressor 34). a tetramer. This reaction is not concentration dependent
Because the fluorescence and CD signal intensities monitorbecause no dissociation event(s) occur(s). These data provide
the loss of secondary and tertiary structure of the repressorthe first indication that dissociation to unfolded monomers
protein, information about the oligomeric state of the protein may not be monitored by fluorescence and CD during wild-
must be determined by other techniques. Equilibrium sedi- type repressor denaturation experiments. Further unfolding
mentation experiments utilizing different centrifuge speeds experiments with mutant repressor proteins are used to better
and protein concentrations demonstrated thatrepressor  define which model best represents wild-type repressor
sediments in the absence of urea with the expected moleculaunfolding events.

mass of 150 000 Da (data not shown). In these experiments, Reversible Denaturation of Wild-Type Lactose Repressor.
wild-type protein was tetrameric at concentrations of urea To analyze the thermodynamic parameterddomrepressor
in the regions of the pretransition base line for the fluores- unfolding, the process must be reversible. In contrast to the
cence and CD experiments. However, above 2.5 M urea, refolding behavior observed for dimetax repressor mutants
reproducible scans could not be collected in the ultracentri- (34), dilution of wild-type lac repressor from high to low
fuge experiments. Similarly, sedimentation data also could concentrations of urea results in significant precipitatss).(
not be collected for the—11 aa repressor protein at Because dimeric repressors generated by both point mutation
concentrations of urea beyond the fluorescence and CD(e.g., L349A) and deletion at the C-terminus exhibit the same
pretransition base lines. Therefore, the process causing thigefolding behavior (data not shown), this precipitation likely
variation cannot be ascribed to the presence of the dimer results from the presence of a functional dimdimer
dimer interface. interface rather than simple aggregation of this hydrophobic
Because no intermediate dissociation to dimer was detectedregion. A refolding protocol for wild-type repressor which
in the ultracentrifuge in the pretransition range, the spectro- incorporates the incubation of the protein at intermediate
scopic data for wild-type repressor were fit to a model of concentrations of urea (28 M) results in regeneration of
folded tetramer to four unfolded monomers4(#t 4U). Due >80% of the original fluorescence signal (Figure 3). The
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determined for denaturatio®] and renaturationd) of wild-type type protein was renatured as described under Materials and
repressor. Wild-type protein was renatured by diluting samples from Methods. Nitrocellulose filter binding assays were used to measure
5.25 M urea to 2.5 M urea and incubating them for 2 h prior to OPerator binding for renatured wild-type protei®)( and wild-
dilution to lower concentrations of urea. The final protein concen- YP€ control ©). The curves were generated using Igor Pro by fitting

tration in these assays was Q51 monomer. the data as described previoushA).
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Ficure 6: Denaturation of K84L mutant repressor. The fluores-
cence intensity for K84L M) and wild-type ®) repressors was
monitored as a function of [urea]. Protein concentration for both
repressor proteins wasg/M monomer. Lines are drawn through
the points for comparison purposes only. The IPTG binding activity
for repressor proteins at different concentrations of urea was
determined using an ammonium sulfate assay. These data for K84L
(O) and wild-type Q) protein are shown in comparison to the
fluorescence data. Error bars represent the standard deviation of
three experiments used to determine these values.
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6.52 ] 6.56 6.60 these experiments demonstrate that both interfaces are
radius cm correctly assembled in the renatured protein.
FIGURE 4: Sedimentation equilibrium analysis of refolded wild- Denaturation of Mutant Repressor with a Strengthened
type repressor. Wild-type protein was renatured as described undenjonomerMonomer Interface.Wild-type lac repressor

Materials and Methods. The contr@D) and renatured®) wild- : : : o .
type repressor proteins were centrifuged at multiple speeds (12 000 protein unfolds via a single transition when monitored by

14000, and 16 000 rpm) at a single concentration@fmonomer fluorescence or CD spectroscopy even though multiple
until equilibrium was reached. These data sets for the control and processes (monomemonomer interface dissociation, mono-
renatured samples were each independently fit to a molecular massner unfolding, and dimerdimer dissociation) are potentially
oo e o e 23308t e o o, occurting. The ttramer todimer wransiion for i e
sample. The r%siduals for the data se?compared to the fitted valued SPTESSOr appears to be transp_arent to bqth fluorgscence and
are also included. CD signals. It is therefore possible that this transition occurs
concomitantly with monomermonomer dissociation and
structural and functional characteristics of the refolded monomer unfolding. To dissect these processes, a repressor
protein were tested to determine whether the restoredmutant, K84L, with a significantly strengthened monomer
spectroscopic signal correlates with properly folded, wild- monomer interface was employed?2( 47. Fluorescence
type lac repressor. Sedimentation equilibrium experiments signal intensity for this mutant repressor does not decrease
using analytical ultracentrifugation demonstrate that the at urea concentrations as higls & M (Figure 6;42).
refolded protein is tetrameric with an apparent molecular Furthermore, the K84L repressor binds inducer effectively
mass of~150 000 Da (Figure 4). The operator binding in 6 M urea, indicating that the monomer species remains
activity of the refolded protein was assessed to determine if properly folded under these conditions (Figure 6). Since the
the secondary and tertiary structural elements of the proteinK84 residue is located in the monomenonomer interface,
were restored. Specific recognition of operator DNA depends the ability of the leucine substitution to stabilize the protein
on proper folding of the monomemonomer interface to  presumably derives from stabilizing the dimer structi8e (
align the N-terminal DNA binding domains in the correct 16, 42, 47. Using this mutantlac repressor protein is
position to contact the operator sites. Figure 5 demonstratesrequired to generate information regarding the dirrdimer
that the renatured protein binds operator specifically, with subunit interface; however, the inherent assumption in this
no loss of affinity compared to wild-type controls. Together, approach is that the K84L mutation at the monomer
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« 0.2- using sedimentation equilibrium experiments as described under
0.1} Materials and Methods. (B) The apparent molecular mass for K84L
; (®) was converted into fraction of dimdfgy, and these data points

|
6.05 6.10 were fit to a two-state model of M< 2M, using Igor Pro as
described under Materials and Methods. The fraction unfolded for
wild-type repressor proteinX) determined by fluorescence spec-
FiGure 7: Sedimentation equilibrium analysis for K84L mutant troscopy is shown for comparison purposes.
repressor. Two speeds (12 000 and 14 000 rpm) and two concentra- L .
tions (4 and 8:M) were fit simultaneously to a molecular mass of ~ transition is compared to the fluorescence data for the wild-

150 000 Da using a nonassociating model. The residuals for eachtype protein. The midpoint of the transition between tet-

fit versus the data points for each curve shown are plotted. The rgmeric and dimeric species for K84L corresponds-tb5
different conditions are represented by the following symbols: 4 . . . i
M at 12 000 rpm M), 4 uM at 14 000 jpm @), 8 uM at 12000 M urea, while the midpoint for the transition from folded to

rpm @), and 8uM at 14 000 rpm ©). unfolded protein for wild-type repressoris2.8 M urea. The
overall reaction for K84L repressor was assumed to be
monomer interface does not influence the stability of the tetramer to dimer (M< 2M,), and the ultracentrifuge data
dimer—dimer interface. were fit to a two-state model. The free energy value of 20.4
The transition from tetramer to dimer for K84L repressor kcal/mol for dissociation of tetramer into dimer determined
protein was determined by monitoring the molecular mass from these data indicates that the dimdimer interface is
of the protein at different concentrations of urea in the remarkably stable, and information about dissociation of this
analytical ultracentrifuge. Under nondenaturing conditions, interface can be obtained directly when monofaonomer
sedimentation equilibrium experiments using multiple speeds dissociation is prevented by K84L mutation.
and concentrations demonstrated that the apparent molecular Integration of Thermodynamic Analyses of Dissociation
mass of K84L is~150 000 Da (Figure 7). The molecular and UnfoldingMutantlac repressor proteins have been used
mass of a dimeric form of the K84L mutant, K84t11 aa, previously to determine the stability of the monomer
was also determinedt®). This mutant repressor provided a monomer interface and the monomeric specs. (In this
control for the ultracentrifuge experiments because the study, we have expanded the analysis to include the wild-
molecular mass of the dimer should remain constant through-type tetrameric repressor protein and a mutant that allows
out the concentrations of urea used. In sedimentation the dimer-dimer interface to be assessed independently. The
equilibrium experiments in the absence of urea, this repressorcomposite results of these experiments are summarized in
mutant fit well to an apparent molecular mass-~6f2 800 Figure 9. A monomeridac repressor mutant, Y282D, was
Da (data not shown), corresponding to the loss of 22 amino used previously to determine the contribution of the unfolding
acids due to the-11 aa mutation at the C-terminus of both  of monomeridac repressorAG°y-y ~ 4.8 kcal/mol) to the
monomers. At high concentrations of urea, K84L and overall transition for the dimeric specie34j. The energy
K84L/—11 aa repressor proteins each have an observedassociated with the dissociation of the monommonomer
molecular mass~65 000 Da, which corresponds to the interface determined previously ferll aa dimeric repres-
dimeric species. At intermediate concentrations of urea sors wasAG°y,-om &~ 9.7 kcal/mol 84), and the same value
(between 3 and 5.5 M), the K84L protein displays a decreasedetermined in the present studies w&5°y,-ouw ~ 10.0 kcal/
in apparent molecular mass (Figure 8A). In Figure 8B, this mol. The free energy of the tetramer to dimer dissociation

s e
5.95 6.00
radius cm
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AG°y,-qu = 60.4 keal/mol free energy corresponding to, 9= 4U is identical to that
for the tetramer to dimer transition in K84L, given that these
AGm,.u, = 40 keal/mol are identical interfaces, the free energy for the complete
Mg —— Us dissociation and unfolding of the tetrameric lactose repressor
TrGOM‘-z M,/U,-au = 204 kealmet 41 is AG°u,-4u ~ 60.4 kcal/mol.
2Mp ——» 4M ‘/KZ"M.U = 4.8 kcal/mol DISCUSSION
AG°M,-2m = 10 keal/mol An essential aspect of the mechanism by whlak

AG°y,-qu = 59.6 kcal/mol repressor diminishes transcription of tlee operon genes
Ficure 9: Wild-type repressor dissociation and unfolding pathways. is the ability of the tetrameric protein to interact with DNA

Two different pathways by which wild-type repressor tetrameric f':‘t two 'sites and produ.ce I,OODQ& 2§. Two different .
structure can dissociate and unfold are shown. The free energiegnteractions must occur in this process: (1) the monomeric
associated with each of the different steps in these pathways wereprotein must be assembled into dimers that bind to single

determined. operator sites; and (2) the dimeric protein must be assembled
into tetramers that bring two operator sites in separate regions
together via a single protein molecule. These processes
therefore encompass proteiprotein as well as protein

transition obtained from the present experiments using the
K84L mutant isAG°w,-2m, ~ 20.4 kcal/mol. The transition

of tetrameric to unfolded monomerlac repressor can be

described by a sequence of these transitions observed forD NA interactions. AlthO.UQHHF repressor is an exceptionally
mutant proteins. The total free energy change can bestable tetramer, detailed information about the overall

described asAGw,—ay = AG°w,am, + 2AG°w, 2w + stability of the protein has been indirect.
4AG°\v—-y, which yields an overall calculateiG®y,—au ~ ~ Determining the unfolding pathway fdac repressor is
59.6 kcal/mol. However, th&ac repressor mutant proteins |mp0rtant for analy2|ng the enel’getlcs of these interactions.
used to generate these values may not necessarily reflect thélutantlac repressors have provided crucial information in
stability of these interfaces or the energy of the folded dissecting the unfolding pathway. Previous experiments
monomer in the wild-type protein. demonstrated that denaturation of dimeric mutant repressor
The wild-type fluorescence and CD unfolding data could proteins involved a concerted dimer to unfolded monomer
be fit to a variety of models. These spectroscopic techniquestransition based on concentration dependence and simulta-
only detect a single transition and not the multiple equilibria Neous loss of spectroscopic signal intensity and inducer
between oligomeric states that might occur during the binding capacity §4). In the present experiments, thes°
unfolding of wild-typelac repressor. In choosing the models for this transition for—11 aa protein to unfolded monomer
for fitting these data, the following two assumptions were Was measured to be 19.6 kcal/mol, in good agreement with
made: (1) the loss of CD signal correlates with unfolding the previously reported value of 19.3 kcal/m@4d). The
of monomer; and (2) no tetramer to dimer dissociation occurs monomeric Y282D mutant protein unfolds with/G® of

prior to the unfolding transition. The latter assumption was ~~4-8 kcal/mol 84); using this value for monomer unfolding,
confirmed by analytical ultracentrifugation. Two models the AG® for dissociation of the monomemonomer interface

meeting these criteria are (1)4M=> 4U, and (2) M <= U, is ~10 kcal/mol. The dissociation of the dimedimer

< 4U, where U represents unfolded monomers that remain interface in K84L was monitored by analytical ultracentrifu-
associated as a tetramer through the four-helical coiled-coil 9ation at multiple urea concentrations to calculateGt of
structure which forms the dimedimer interface. As shown  ~20.4 kcal/mol. The dimerdimer interface in K84L is

in Figure 2, simultaneous fitting of the unfolding curves for distant from the site of mutation and is presumed to be

wild-type repressor at multiple concentrations indicated that identical to the corresponding interface in the wild-type
the first model, M < 4U, does not describe the data as well Protein. The overalAG® value for the transition of tetramer

as the second model, M= U, < 4U. The difference  to unfolded monomer can be calculated from these individual
between these two models is the concentration dependencéneasurements to be59.6 kcal/mol. The correspondence
predicted for the unfolding process. While either model could between the value estimated based on individual transitions
be interpreted to fit the data, additional support for the M for mutant proteins and that for the wild-type tetrameric
< U, < 4U model is provided by a comparison of the wild- Protein of 60.4 kcal/mol is striking.

type and K84L unfolding curves shown in Figure 8B. The A combination of the unfolding data fdec repressor wild-
transition of K84L from tetramer to dimer occurs well after type and mutant proteins indicates theat repressor remains
the unfolding of wild-type protein detected by spectroscopy, assembled as a tetramer after the monemsonomer
consistent with the interpretation that the dimeimer interface has dissociated and the monomeric protein unfolded.
interface remains associated after the remainder of the wild-No stable monomeric intermediate is detected because in the
type protein has unfolded. With this additional information absence of the dimeric interface, the monomer would not
from the K84L mutant protein regarding the stability of the remain folded. The physical separation of the monomer
dimer—dimer interface, we conclude that the second model monomer and dimerdimer interfaces, determined by mu-
with a tetrameric intermediate best describes the behaviortagenic studies and evident in the crystal structuded {—

of the protein. Using the W= U, < 4U model, the derived  19), allows one interface to remain assembled after the other
AG?° for monomer-monomer dissociation and unfolding of interface has dissociated. However, the unfolded but still
10 kcal/mol corresponds to the transition for a single assembled protein could not be detected by equilibrium
monomer; therefore, the totAIG° for unfolding/dissociation ultracentrifugation in our studies or in previous measurements
of the tetramer is 40 kcal/mol. Assuming the value for the by size-exclusion column chromatograph$3). In this
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context, difficulty in determining the oligomeric state of These data could be fit to any value for tetraméimer
folding intermediates for other tetrameric proteins has also dissociation between & 10 °and 1x 1078 M. Finzi and
been noted4). In folding studies of tetrameri@-galac- Gelles @7) monitored the formation of loops B&c repressor
tosidase, the oligomeric state of the folding intermediate for DNA fragments with two operator binding sites. Their
could not be established using size-exclusion column chro- conclusion was that a tetramer to dimer equilibrium did not
matography or light-scattering experimenggl); The com-  contribute to DNA unloopingd7), and therefore the protein
bined data orac repressor wild-type and mutant proteins protein interactions must be stronger than the protein
lead to the proposed model for denaturation in which wild- gperator interactionsky < 10-1* M). Fickert and Muler-
type repressor exists in an intermediate as an unfolded butHj| (32) determined the fraction of tetrameric wild-type
still associated tetrameric protein due to the strength of the protein present in solution by indirectly detecting the amount
tetramer (dimerdimer) interface. o of protein associated with two operator fragments at saturat-
As more folding studies of proteins with higher order ing concentrations of DNA. They concluded that at 2011

oligomeric states are conducted, an increasing number ofyy"nrotein, more than 80% of the complexes were tetrameric,
stable, intermediate structures have been detected in thesg e at 3 x 1022 M only 30-50% were still tetrameric

folding and assembly pathway89—41). Essentially two
types of folding pathways are typical of dimeric proteins
(reviewed in40): (1) a single two-state transition, or (2)
multiple transitions with the presence of intermediates of
assembly and/or folding. In general, the oligomeric states
of the intermediates tend to be monomeric (e5h, 56,

Levandoski et al. 35) extensively modeled filter binding
experiments over a wide concentration range of ligand and
protein to detect the potential contribution of dimelac
repressor protein to operator DNA binding. A thermodynamic
model incorporating the presence of dimeperator, tet-

but there are also reports of stable, dimeric intermediatesrameFOperator’ and tetrameoperatos Species for fitting

(e.g.,57-59). Folding studies of tetrameric proteins have these extens_ive binding is_oth_erms did. not indicate the
also identified folding intermediates with different oligomeric Présence of dimeroperator binding even in the femtomolar
structures 41). Tetramerigs-galactosidase folds via mono- ~ Protéin concentration rang@§). These experiments set a
meric intermediates that associate to form dimers, althoughcencentration limit fotac repressor tetramer dissociation and
these intermediates were not detected in the unfolding indicate thalac repressor is tetrameric in the concentration
reaction 64). The unfolding pathway for pyruvate decar- range in which it interacts with DNA. Our present estimate
boxylase fromZ. mobilis involves cofactor dissociation, Of ~107** M for the tetramer to dimer transition based on
tetramer dissociation to monomer, and unfolding of the the free energy of dissociation for the dimefimer interface
monomer specie$(). R67 dihydrofolate reductase dissoci- measured using the K84L mutant protein is consistent with
ates to a stable dimeric structure before a transition to these results. This correspondence further justifies using this
unfolded monomers(l). lac repressor is unique in that the  value to determine the contribution of the dimelimer
dimeric structure unfolds before the dimeatimer interface interface derived from the K84L ultracentrifugation data to
that forms the tetramer dissociates. estimate the overall stability of the repressor protein.

A combination of data for the K84L and wild-type lac repressor proteins with mutations in the subunit
repressors allows us to assigh@° value for the transition  jnterfaces allow the energetic contribution of each interface
from tetramer to unfolded monomer of60 kcal/mol. The {5 pe estimated and permit speculation about howlalse
equilibrium dissociation constant derived from the free yopressor assembles both in vitro and in vivo. The free energy
energy value for the dimerdimer interface indicates that 5,65 determined were assigned to each step of the pathway
the protein does not dissociate at concentrations abovefOr lac repressor folding and assembly (Figure 9). An

~10°15 i ilibri ) . S ;
107 “g tm?rr]]omer. tTh'St SQUI!IbI’IUI;?] c?ns:]ar)t can Pbe .important note is that the dimeric structure is never actually
compared o those estimated using other techniques. revl'pre:sent in the transition that occurs for the wild-type protein

ously, the unfolding transition fdac repressor was moni- because the monomemonomer association free energy is
tored by fluorescence polarization in pressure denaturationloWer than that for the dimerdimer association. These
experimentsZ9, 30. Unfolding of wild-type and modified : . : :
repressors results in an estimated equilibrium dissociationValues exp_lalr_1 whac repressor dimers are not detect_ed n
constant for what was presumed to be a tetramer to dimero_perator binding expe“”_”?”ts even at low concentra_ﬂons n
transition for the wild-type protein of ¥ 108to 1 x 10" vitro (31, 33, 35 Moraitis _and Matthews, unpublished
results). The results of this study also demonstrate the

M (30). These values result in a much lower free energy ' =2/ h D )
estimation than values obtained from the present urea_dlfflcultles of refolding proteins in vitro that possess two

denaturation experiments and are also contradicted by!ntérfaces with different stabilities. In vivo, the -NC-
operator binding experiments (see belde, 35. In the terminal synthesis of protelr)s may prevent this assembly
pressure denaturation experiments, treatment of protein priorProblem. Attachment to the ribosome may allow the mono-
to the experiment, assumptions inherent in extrapolating themer to fold and the dimer to form before the C-terminal
data to atmospheric pressure, and the unknown oligomericregion is present to form a tetramer. Therefore, in the
state of the transition end point could all contribute to the bacterium, the reaction would be second order and less
lower apparent free energy values. complicated than the fourth-order reaction that must occur
Operator binding studies provide the most conclusive in vitro. The overall stability and strength of the tetramer
evidence thatac repressor is a tightly assembled tetramer. interface indicate thdac repressor under most circumstances
Brenowitz et al. 81) used footprint titration analysis and does not exist as a dimer in the cell and confirm that the
electrophoretic mobility shifts to correlate double-site oc- tetramer to dimer equilibrium does not play a regulatory role
cupancy with looped or tandem DN#protein complexes.  in modulating formation of looped DNA structures.
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