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ABSTRACT: Molten globule-like intermediates have

been shown to occur during protein folding and are

thought to be involved in protein translocation and membrane insertion. However, the determinants of
molten globule stability and the extent of specific packing in molten globules is currently unclear. Using
far- and near-UV CD and intrinsic and ANS fluorescence, we show that four periplasmic binding proteins
(LBP, LIVBP, MBP, and RBP) form molten globules at acidic pH values ranging from 3.0 to 3.4. Only
two of these (LBP and LIVBP) have similar sequences, but all four proteins adopt similar three-dimensional
structures. We found that each of the four molten globules binds to its corresponding ligand without
conversion to the native state. Ligand binding affinity measured by isothermal titration calorimetry for
the molten globule state of LIVBP was found to be comparable to that of the corresponding native state,
whereas for LBP, MBP, and RBP, the molten globules bound ligand with approximat8@-tld lower

affinity than the corresponding native states. All four molten globule states exhibited cooperative thermal
unfolding assayed by DSC. Estimated valueg\@j, of unfolding show that these molten globule states
contain 28-67% of buried surface area relative to the native states. The data suggest that molten globules
of these periplasmic binding proteins retain a considerable degree of long range order. The ability of
these sequentially unrelated proteins to form highly ordered molten globules may be related to their large
size as well as an intrinsic property of periplasmic binding protein folds.

Protein folding is a process by which a disordered
polypeptide chain folds into a specific structure (native),
which shows biological activity. It has been previously
postulatedZ, 2) that a protein folds first into a rather flexible
state, which exhibits native-like mutual positionsehelices
andg-strands. However, it lacks tight packing of side chains,

term molten globule applies to all compact denatured states
that have native-like secondary structure but little or no fixed
tertiary structure. This covers a wide range of more or less
disordered and partially folded proteins, with or without
disulfide bonds $—11). The molten globule state has been
asserted to be a third state of proteins, which is different

and the protein acquires its tertiary structure at the end of from the native and unfolded statel?). Detailed structural

the folding process. The first evidence for this kind of
equilibrium intermediate during protein unfolding came from
chemical (GdmC)-induced denaturation of carbonic anhy-

drase 8). The far- and near-UV CD spectra of this

intermediate showed a loss in tertiary structure while
retaining the native-like secondary structure stajeQimilar

information on molten globules is, however, scarce. A study
on a truncated form of staphylococcal nuclease in a non-
native state, using a conformation-dependent chemical cleav-
age technique, indicated that the backbone was adopting a
native-like fold, although there were some regions that had
a non-native structurel®). Another study on urea-induced

observations were made for acid- and temperature-inducednon-native conformations of staphylococcal nuclease by

unfolding @, 5). Similar kinds of equilibrium and kinetic
intermediates were also observed in other proteins,(7),
and these states were referred to as molten glob8)eslite
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NMR suggested a native-like spatial positioning and orienta-
tion of chain segmentsl4).

The presence of the molten globule state has also been
confirmed in living cells, and it is believed to occur during
in vivo protein folding in some cased§, 16). This state
has also been implicated in genetic diseases, such as cystic
fibrosis (17—20) and emphysemal{, 21—23). Several
studies have demonstrated that chaperones can interact with
molten globule states to prevent their aggregatiad),(
reconstitute enzyme activitg®), and mediate protein folding
(26, 27). Molten globule-like intermediates are suggested to
be involved in the translocation and insertion of proteins in
the plasma membrane and other intracellular membranes
(28—31). Molten globule states are also found as both
equilibrium and kinetic intermediates during protein folding
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in vitro (4, 8, 11). It has also been observed that in some 6000 rpm. Following osmotic shock2) to extract proteins
cases kinetic and equilibrium molten globule states for a from periplasmic regions, ion-exchange chromatography was
given protein have similar propertie32). Molten globule carried out on a Q-Sepharose fast flow column using & 0.0
states are stabilized by acidic pH and high salt concentrations0.5 M NaCl gradient in 10 mM Tris at pH 8.0 at’C. LBP,

(33, 34). Thermodynamic properties of molten globule states LIVBP, MBP, and RBP elute at approximately 170 mM,
have been characterized for a few proteins. In certain casesl40 mM, 75 mM, and 70 mM NacCl, respectively.

such as in humaa-lactalbumin, unfolding of molten globule Protein purity was assessed by Coomassie staining fol-
states is accompanied by small or zero valuea\bf and lowing SDS-PAGE. All of the proteins were found to be
AC, (35—39). In contrast, unfolding of the molten globule >95% pure. Protein concentration was estimated using
states of MBP and yeast iso-1-ayshowed significanAC, extinction coefficients of 41,100, 35,600, 65,370, and 4350
andAH (40, 41). The nature of interactions stabilizing molten M~ cm™ at 280 nm for LBP, LIVBP, MBP, and RBP,
globules and the extent of specific tertiary packing present respectively. The extinction coefficients for LIVBP, RBP,
in molten globules are still not well understood. It is also and MBP are identical to those described previoudl, (
currently unclear whether the ability to form molten globules 45), and those for LBP, were calculated as descrils). (

is an intrinsic property of the fold or whether it depends on Approximate yields of purified proteins were 20, 20, 25, and
the specific sequence of the protein. Most studies on molten40 mg /L for LBP, LIVBP, MBP, and RBP, respectively.
globules have been on relatively small proteins, typically less  Far-UV CD MeasurementdAll CD measurements were
than 20 kDa, many of which contain disulfides, metal ions, carried out on a JASCO J-715A Spectrometer. Far-UV CD
or prosthetic groups in the native state. In addition, typically spectra were acquired at different pH values of 1.0, 2.0, 3.2,
only a single member of a fold is characterized. There are 3.4, 3.6, 3.8, 4.0, and 7.0 for all four proteins in the
few reports, describing molten globules of larger proteins, wavelength range of 266250 nm. All protein samples were
possibly because larger proteins typically do not show incubated for 2a 3 h at 25°C before measurement. The
reversible folding and are prone to aggregation. concentrations of the samples werel® uM. Measurements

Given the potential involvement of molten globule states Were recordedn a 1 mmpath length quartz cuvette with a
in protein translocation and the relatively limited thermo- scan rate of 50 nm/min, a response time of 4 s, and a
dynamic information available on determinants of molten bandwidth of 2 nm. Each spectrum was an average of four
globule stability, we have identified and characterized molten consecutive scans. Buffer spectra were also acquired under
globule states for leucine binding protein (LBP), leucine/ Similar conditions and subtracted from protein spectra, before
isoleucine/valine binding protein (LIVBP), maltose binding analysis.
protein (MBP), and ribose binding protein (RBP). These are  Near-UV CD Measurementilear-UV CD measurements
relatively large (36.98, 36.77, 40.70, and 28.47 kDa, were carried out for native (pH 8.0 for LBP; pH 7.0 for
respectively), monomeric, two-domain proteins found in the LIVBP and MBP) and molten globule states (pH 3.4 for
periplasm ofE. coli. They are involved in the binding and LBP; pH 3.0 for LIVBP and MBP) of LBP, LIVBP, and
transport of leucine, leucine/isoleucine/valine, maltose, and MBP in the presence and in the absence of leucine,
ribose, respectively. We find that the molten globule states isoleucine, and maltose, respectively. Samples were incu-
for these four proteins show reversible thermal transitions, bated at 25C for 2 to 3 h, the respective ligand was then
are likely to be well ordered, and bind to their ligands with added, and the samples were further incubated for 30 min.
comparable (LBP) or with slightly lower (LIVBP, MBP, and  Spectra were acquired over the wavelength range of-250

RBP) affinity than that of their corresponding native states. 310 nm with 40uM protein and 1 mM ligand (for all four
proteins) n a 1 mm path length quartz cuvette; other

MATERIALS AND METHODS conditions were similar to those for far-UV CD spectra. Each
) . ) ) ) spectrum was an average of four consecutive scans. Buffer
Materials. L-Leucine,L-isoleucine-alanine,p-(—)-mal- spectra were also acquired under similar conditions and

tose,p-(+)-ribose b-(+)-glucose, sucrose, IPTG, ampicillin,  subtracted from protein spectra, before analysis.
sodium citrate, ANS, Tris, glycine, and urea were from  |sothermal Equilibrium Unfolding Studies for the Molten
Sigma Aldrich. HEPES and Q-Sepharose were from USB Globule States of LBP, LIVBP, and RBBothermal urea
(Amersham Life Sciences). Other chemicals were from local denaturation studies for the molten globule states of LBP,
commercial sources and were of analytical grade. Origin and | vBP, and RBP were carried out in CGH10 buffer
Sigma plot software were used for data analysis. All the containing 150 mM NaCl. Protein concentration wagdM
studies were carried out in CGH10 (citrate, glycine, and Al of the samples were incubatedrfé h at 25°C. This
HEPES, 10 mM each) buffer except for far-UV CD spectra time was sufficient to attain equilibrium as monitored by
acquisition, which was carried out in CGHS. the time dependence of the ellipticity. Longer incubation
Strains, Plasmids, and Protein Purificatioifthe genes  times did not result in any changes in the observed ellipticity.
encoding MBP and RBP cloned in plasmids pMALp2MBP Denaturation was monitored using the CD signal at 222 nm
and pCMB1 were used for the expression of corresponding for all proteins. The denaturant concentration was estimated
proteins inE coli DH5a. (42). The plasmids pKSty and pJSty by refractive index measurements.
carrying the genes for LBP (a kind gift from Dr. L. Luck Differential Scanning Calorimetrylhermal denaturation
(43)) and LIVBP @4), respectively, under the control of the for the molten globule states of all of the four proteins was
T7 promoter were expressed hcoli BL21 (DE3). Cells carried out using a Microcal VP-DSC. DSC measurements
were grown in LB medium containing 100 mg/L ampicillin  were made for molten globules of 201 concentration as a
at 37°C. The culture was induced with 0.1 mM IPTG at an function of ligand concentration ranging from-@ mM in
ODggo 0f 0.8. After 6 h of incubation, cells were pelleted at CGH10 buffer. The protein solutions used for the DSC study
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were dialyzed against double-distilled water. Buffers of the valuesk, andAH, at Tg (25 °C) were determined by ITC stud-
required pH and concentration were added to the dialyzedies. T, andAH(Ty) are known from the thermal melt of the
samples. The final pH of 3.4, 3.0, 3.0, and 3.2 was adjustedfree molten globuleTy, is the temperature at whidk, = 1.
manually wih 1 N HCI by using a pH meter for LBP, The enthalpy changes at different temperatures can be
LIVBP, MBP, and RBP, respectively. In all cases, samples calculated as follows:

were incubated at 23C for 3 h at therequired pH. This
was followed by the addition of the ligand to the desired
final concentration and incubation for an additional 30 min
before the DSC scan. Ligands used for LBP, LIVBP, MBP,
and RBP were -leucine,L-isoleucine p-(—)- maltose, and
D-(+)- ribose, respectively. A scan rate of 90/h was used
for all four proteins. For all proteins, the reversibility of

thermal unfolding was confirmed by carrying out a rescan.

In all cases, at low pH, LBP, LIVBP, and RBP had

reversibility greater than 90%. But, in the case of MBP, the

reversibility was about 30%. DSC data was fit to a two-

state unfolding with a baseline subtraction model using the

Origin DSC software provided by Microcal Inc.
Estimation of AC,y of Molten Globule Unfolding from
Global Fits of the DSC DataGlobal fits for the data for

each protein in the presence of different concentrations of
ligand were performed by determining excess heat capacity
as a function of temperature using the experimentally

determined values oAH for unfolding andTy, for free
molten globules as well a&H for ligand binding and the
association constant for molten globules af@5s described
previously by Jelesarov et ad{) and are given below. The
equation for fitting DSC data was derived by considering
the following equilibria:

Ka
MG, + L ==MG, — L 1)

KU
MG, == MG, )

MG, L, andMG, are the folded molten globule, ligand,

and unfolded molten globule, respectively. The association

constantK, and equilibrium constant for unfoldini, are
expressed as follows:

MG — L]
*T el ©
MG

The temperature dependencekgfandK, is given below:

Ka(T) = Ky(Tg) x

AH(TR (1 1\ ACe( T Tr |
eX[{—T(T_T—R)‘f‘ R |n_|TR+T—l (5)
K(T) =

AHu(Tm) 1 1 ACpU T Tm .
eX[{—T(T—T—m)'i‘T Inﬂ—i-T—l (6)

whereTg and T, are the reference temperatures for ligand
binding and unfolding of molten globule, respectiveCps

and AC,y are the specific heat capacity changes for ligand

binding and unfolding, respectivelAH, and AHy are the

AHa(T) = AHa(Tg) + ACK(T — Tg) @)

(8)

By considering the molten globule to have a single binding
site for the ligand, we know by mass conservation that

[MG] = [MG] + [MG] + [MG; — L] =
[MG] + K [MG] + K [MG][L] (9)

AH(T) = AH(T,) + AC,y(T— Ty

Equations 3-9 give rise to the following expressions for
determining concentrations of various species at any tem-
peratureT.

e — MGl .
T 14K (T +K(MIL]
KNG,
el m e Y
K MIMGIL
MG U= mekmy
MG, — L] = L] — [L] (13)

where MGy, [Liof, [L] are concentrations of the total molten
globule, total ligand, and free ligand, respectively. Equations
12 and 13 are solved to derive an expressionlfpi terms
of Ky, Ka, [Liod, and MG.

The enthalpy function is defined as follows:

MG [MG,] + [MG{]

AH = AH -
" [MGy,] * [MGy]

(14)

The heat capacityCy(T) is determined by numerical
differentiation of enthalpy with respect to temperature. The
baseline-subtracted excess heat capacity chakgg, was
derived by subtracting the contributions MiG;, MG,, and
MG — L,

el MG
P IMG] (P A% v,

MG, — L]
[MGyJ

AC,=C M - |C +

(Cp t AC,p) (15)

where,C, is the heat capacity of the folded molten globule.

As can be seen from eqs—15, ACp is essentially a
function of ACps andAC,u. Hence, the specific heat capacity
changes for binding and unfolding along wit,; were
allowed to vary for each of the molten globules to fit the
DSC data obtained for molten globules in the presence of
different ligand concentrations to eq 15.

Fluorescence Measurementall measurements were
carried out on a SPEX Fluoromax3 spectrofluorimeter using

enthalpies of ligand binding and unfolding, respectively. The slit widths of 3 nm and 5 nm for excitation and emission,



10342 Biochemistry, Vol. 46, No. 36, 2007

Prajapati et al.

respectively. Fluorescence measurements were made atvere calculated using the following relationship:

different pH values of 1.0, 2.0, 3.0, 3.2, 3.4, 3.6, 3.8, 4.0,
and 7.0. The protein concentrations used wet®& a8M for
LBP, LIVBP, and RBP and 0.6M for MBP. For obtaining

AASA= (ASA, + ASA) — (ASA,)

the spectra of ligand-bound molten globules, protein samplesAS#, ASA, andAS/A, are the accessible surface area for

were incubated at the required pH for @ 8 h atroom
temperature prior to ligand addition. Since all of the molten

the protein, ligand, and proteiiigand complex, respectively.
The ASAvalues were calculated from the free and ligand-

globules had a dissociation constant in the micromolar range,Pound structures of the native states of LBP, LIVBP, and
a ligand concentration 200-fold in excess of the protein was MBP using NACCESSH3). The ASAfor the free form of

used to record the spectra of ligand-bound molten globules.the ligands were calculated by using the ligand coordinates

After 30 min of incubation with ligand, samples were excited

from the corresponding ligand-bound protein structure in the

at 280 nm, and emission spectra were collected over the@PSence of protein.

wavelength range of 360400 nm. For the ANS binding

The isoelectric point and charge of the protein were

study, the protein and ANS concentrations used were 1 andc@lculated using the protein calculator from http://www-
1004M, respectively. Samples were excited at 388 nm, and -SCTiPPs.edutcdputnam/protcalc.html.

emission spectra were collected over the wavelength range EStimation ofAC,y of Molten Globule Unfolding from
of 420-550 nm. Each spectrum was an average of four Indizidual DSC Scandn the presence of ligand, the observed

consecutive scans. Buffer spectra were also taken undernfolding enthalpy for molten globule will have contributions
similar conditions and subtracted from the protein spectrum from the denaturation of both ligand-free and ligand-bound

before analysis.

Isothermal Titration CalorimetryAll ITC measurements
were carried out on a VP Isothermal Titration Calorimeter
from MicroCal Inc. (Northampton, MA). Concentrations of
50 and 50uM were used for protein and ligand, respec-
tively, for all titrations. The ligands used for LBP, LIVBP,
MBP, and RBP were- Leu, L-lle, b-(—)- maltose, and
D-(+)- ribose, respectively. ITC measurements for ligand
binding to molten globule states of LBP, LIVBP, MBP, and
RBP were carried out at pH 3.4, 3.0, 3.0, and 3.2,
respectively. To check for nonspecific binding, titrations of
L-Ala, L-Ala, sucrose, and-(+)-glucose were carried out
against LBP, LIVBP, MBP, and RBP, respectively, at pH

values corresponding to those of the native state and molten
globule states. Ligand binding to the native state was

measured at pH 8.0 for LBP and at pH 7 for LIVBP, MBP,

forms of the molten globule. I& andb are the fractions of
folded ligand-free and folded ligand-bound forms, respec-
tively, then at any temperaturig

aAH (T) + bAHU(MG*L)(T)

wherea + b= 1, andAHy andAHywe-v) are the unfolding
enthalpies of free and bound molten globules, respectively.
a andb can be calculated from the value §f(T). At the
appareni, of thermal unfolding, approximately half of the
total protein is folded, and half is unfolded. The calculation
of Ky(T) is described in the previous section. Since unfolding
of the ligand-bound molten globule involves the dissociation
of ligand,

obs

AH (16)

and RBP. In all cases, protein and ligand solutions were Combining eqs 16 and 17,

separately incubated at 2& for 3 h and transferred to the

cell and syringe, respectively. In all cases, the reference cell
was filled with water. Once the cell temperature reached

25 °C and the baseline stabilized, (8- injections were
performed at an interval of 4.2 min until saturation was

AHUye-(T)= —AH, (T) + AHY(T)  (17)
AHgps= (@ + D)AHe)(T) — bAH, (T)  (18)
AHY(T) = AHgps+ b AH,(T) (19)

observed. A stirring speed of 300 rpm was used for all WhereAH,(T) can be calculated from eq 7 usifig = 298

measurements. The dilution of ligand into buffer and buffer

K, and the values ofAH,(Tg) that were measured by ITC.

into protein was carried out, and these dilution corrections Thus, the observed enthalpies of unfolding of molten globules
were incorporated before data analysis. Data was analyzed the presence of different ligand concentrations can be used

by using the Origin Software package and fit to a single
binding site in all caseAg).
AC, of Ligand Binding and Isoelectric Point Calculations.

for calculating enthalpies of the unfolding of ligand free
molten globules at different temperatures. The linear depen-
dence of the enthalpy of unfolding of the molten globule

The PDB IDs used were 1usk and 1usg for the ligand-bound State on temperature was then used for determining@e
and -free forms of LBP, 1z15 and 1z17 for the ligand-bound Values for molten globules.

and -free forms of LIVBP, and 1anf and 1omp for the ligand-
bound and -free forms of MBP48, 49—51). The AC, of
ligand binding to LBP, LIVBP, and MBP ACys) was

RESULTS
LBP, LIVBP, and RBP Form Molten Globule States at

calculated from the change in nonpolar and polar accessibleAcidic pH. Spectroscopic characterization of the molten

surface areaASA upon ligand binding. The following
relationship between heat capacity aR8lSA(52) has been
used for the calculation.

ACp = (0.28+ 0.12)AASA) — (0.09+ 0.3)(AASA)

globule state of MBP has been previously reported by our
group @1), and hence, is not discussed in this section. The
data in Figure 1 show that LBP, LIVBP, and RBP also satisfy
the criteria for the formation of a molten globule state at pH
3.4, 3.0, and 3.2, respectively, that is, native-like secondary

structure, reduced tertiary structure, and exposed hydrophobic
AASA,, and AASA are the changes in nonpolar and polar surface. The changes in secondary structure as a function of
accessible surface area for ligand binding, respectively, which pH ranging from 1.0 to 7.0 for LBP, LIVBP, and RBP were
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Ficure 1: (A) Far-UV CD spectra for LBP, LIVBP, and RBP as a function of pH at@5 The different pH values are 1.0, 2.0, 3.0, 3.2,

3.4, 3.6, 3.8, 4.0, and 7.0 (from top to bottom at 220 nm). Spectra for the molten globules are shown as filled triangles for all three proteins.
(B) Fluorescence emission spectra of ANS in the presence of LBP, LIVBP, and RBP as a function of pH. The different pH values are
similar to those used for far-UV CD measurements. ANS binding was monitored by the fluorescence emission intensity at 470 nm with
excitation at 388 nm. (C) Near-UV CD spectra for LBP and LIVBP of native (pH 8.0 for LBP and pH 7.0 for LIVBP), molten globule (pH
3.4 for LBP and pH 3.0 for LIVBP), and acid unfolded states (pH 1.0 for LBP and LIVBP). (D) Fluorescence emission spectra with
excitation at 280 nm of RBP for native (pH 7.0), molten globule (pH 3.2), and acid unfolded (pH 1.0) states. Similar data for MBP have
been described previouslyl, 45). All of the spectra were recorded at 26.

monitored by far-UV CD. The results are summarized in results are shown in Figure 1C. Near-UV CD spectra for
Figure 1A, which show that pH 3.4, 3.0, and 3.2 are the LBP at pH 1.0 and pH 3.4 are very similar and show a large
lowest pH values at which the far-UV CD spectra for LBP, decrease in tertiary structure in comparison to the native state
LIVBP, and RBP, respectively, have been found to be similar at pH 8.0. A similar observation was made for LIVBP at
(though not identical) to those of their native states (at neutral pH 1.0 and 3.0.
pH). Below the pH values of 3.4, 3.0, and 3.2, the far-UV  Since RBP has very weak ellipticity in the near-UV CD
CD spectra for LBP, LIVBP, and RBP, respectively, show region owing to an absence of Trp residues, fluorescence
a loss of secondary structure. spectra instead of near-UV CD spectra were acquired. The
ANS binding to LBP, LIVBP, and RBP as a function of fluorescence spectra for RBP were acquired at pH values
pH in the range of 1.67.0 was monitored by fluorescence 1.0, 3.2, and 7.0. Figure 1D shows that the fluorescence
spectroscopy. Significant binding of ANS to LBP, LIVBP, spectra at pH 1.0 and 3.2 are very similar and are different
and RBP was observed at pH 3.4, 3.0, and 3.2, respectivelyfrom that of the native state at pH 7.0. The data in Figure 1
(Figure 1B). ANS binding was not observed for any of these thus show that RBP also satisfied the criteria for a molten
proteins at pH 4.0 and above. globule state at pH 3.2, that is, native-like secondary
Near-UV CD spectra have been acquired for LBP at pH structure, reduced tertiary structure, and exposed hydrophobic
1.0, 3.4, and 8.0 and for LIVBP at pH 1.0, 3.0, and 7.0. The surface.
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Ficure 2: Profiles for the binding of native and molten globule states of LBP, LIVBP, MBP, and RBP with their respective ligands Leu,
lle, maltose, and ribose, respectively, at’®5 measured by ITC. Data points are shown as solid circles, and the fit is shown as a solid line.

The four proteins LBP, LIVBP, MBP, and RBP have binding site model48). The parameters (binding constant),
calculated isoelectric points of 5.4, 5.5, 5.4, and 6.4, AH° (enthalpy of ligand binding), and (number of binding
respectively, and at pH 3 have predicted net charges of 38.9 sites) were obtained for the native and molten globule states
38.9, 44.6, and 32.2, respectively. of all four proteins. As expected,was found to be close to

Ligand Binding to the Natie and Molten Globule States one in all casesAG® and TAS were calculated using the
of LBP, LIVBP, MBP, and RBF.he ligand-binding affinity equationsAG®° = —RTIn K andTAS= (AH°® — AG®). The
of the molten globule and the native states of LBP, LIVBP, errors of the binding parameters listed in Table 1 are based
MBP, and RBP was studied by isothermal titration calorim- on the standard errors obtained from repeated experiments
etry. Results are shown in Figure 2 and Table 1. It was at 25°C. In the case of all four proteins, neither the native
observed that the molten globule state of LIVBP binds ligand protein nor the corresponding molten globule, showed
with an affinity comparable to that of its native state, whereas binding with non-cognate ligands (Supporting Information,
those of LBP, MBP, and RBP bind ligand with affinities Figure 4).
lower than those of their native states. In all of the  Spectroscopic Characterization of Ligand-Bound Molten
experiments, heat of ligand dilution was very small in Globule StatesThe change in tertiary structure for the
comparison to the heat of binding. After dilution correction, molten globules of all four proteins on ligand binding has
raw data were fitted assuming an identical and independentbeen monitored by Trp and ANS fluorescence as well
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Table 1: Thermodynamic Parameters for Ligand Binding at@3%0btained from ITC Studies of Native (N) and Molten Globule (MG) States
of Periplasmic Binding Proteifs

Kax 1075 AHp° TAS AG®
(M™Y (kcal/mol) (kcal/mol) (kcal/mol)
protein/ligand N MG N MG N MG N MG
LBP/Leu 8.3+ 2.8 1.9+ 0.6 12+0.1 2.2+0.1 -9.1+04 -9.3+04 —-8.0+0.3 —-7.2+0.3
LIVBP/lle 1.7+06 15+0.1 —-71+04 —-2.8+0.1 0.1+ 0.7 —42+0.1 —-7.0+04 —-7.0£0.1
MBP/maltose 7.8:2.0 0.3+0.1 2.3+ 0.1 1.6+0.1 —10.2+0.1 —-75+0.2 —-7.9+0.2 —-6.0+0.3
RBP/ribose 259 3.0 0.8+ 0.0 —46+04 —-10+1.1 —4.0+0.2 34+ 1.1 —-8.7+0.1 —6.6+0.1

@2 The pH values were 8.0 for LBP and 7.0 for LIVBP, MBP, and RBP in the native states and pH 3.4, 3.0, 3.0 and 3.2 for LBP, LIVBP, MBP,
and RBP, respectively, in molten globule states. The error estimate was derived from the standard error of repeated experiments under similar
conditions.
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Ficure 3: Fluorescence and CD spectra for ligand-bound and free forms of native and molten globule states of periplasmic binding proteins
at 25°C. (A) Intrinsic fluorescence emission spectra with excitation at 280 nm. (B) ANS fluorescence spectra with excitation at 388 nm.
(C) Near-UV CD spectra. In all of the panels, curves 1, 2, 3, and 4 represent the native state, ligand-bound native state, molten globule
state, and ligand-bound molten globule state, respectively.

as by near-UV CD. Figure 3A shows that Trp fluorescence LIVBP. For MBP, ligand binding to the molten globule
spectra for the ligand-bound and -free forms of the molten results in a small red shift, whereas for RBP, there is an
globule states are very similar to each other but are differ- increase in fluorescence intensity. However, in both

ent from the corresponding native states for LBP and cases, the fluorescence of the ligand-bound molten



10346 Biochemistry, Vol. 46, No. 36, 2007 Prajapati et al.

Table 2: Thermodynamic Unfolding Parameters for the Molten
Globule and Native States of Periplasmic Binding Proteins,
Obtained from DSC Studiés

MG N MG — N

Tm AH°(T) Tm AH°(Tw) AT
protein (°C) (kcal/mol) (°C) (kcal/mol) (°C)

LBP

[ 5.0 [keal/mol/°C]

LBP 35.4 71 60.7 128  —-25.3
LBP, Leu 47.0 105 67.8 166 —20.8

LIVBP 43.1 110 67.0 163  —239

LIVBP, lle 50.4 132 74.6 218  —24.2 : ' '
MBP 46.0 121 63.3 205 —17.3 LIV-BP

MBP, maltose 56.4 142 75.3 225 —18.9

RBP 37.6 65 62.6 111  -25.0

RBP, ribose 48.4 82 75.4 132 270 {5-0 [keal/mol/°C]

aDSC studies were carried out in the presence (of 1 mM of the
respective ligand) and in the absence of ligand for both native and
molten globule states. The average errorsTinand AH°(Ty,) are
+ 0.2 °C and 20%, respectively, as determined from repeat
experiments.

P

MBP

AC [keal/mol/°C]

globule state is different from that of the ligand-bound native
state.

ANS binding for the ligand-bound and -free forms of the
molten globule states was observed to be similar for all four
proteins, although the RBP molten globule shows slightly
decreased ANS binding in the presence of ligand (Figure
3B). As mentioned above, ANS binds only to the molten
globule state and not to the native state. The data therefore :
clearly demonstrate that ligand binding to the molten globule ! ‘
does not result in conversion to the native state for any of
the four proteins examined.

Near-UV CD spectra for three of the proteins in the
presence and absence of ligand are shown in Figure 3C. As
described previously, RBP lacks Trp residues, and therefore,
the molten globule of RBP could not be characterized using
this technique. For LBP and LIVBP, ligand binding does
not result in any change in the near-UV CD spectrum, for
neither the native (curves 1 and 2) nor the molten globule ‘ . ‘ ‘
(curves 3 and 4) states. In the case of MBP, addition of the 20 30 40 50 60 70
ligand results in a decrease in the near-UV CD signal for Temperature [ C]
the native state and an increase for the molten globule state Ficure 4: Baseline subtracted DSC scans for the free and ligand-
There are & Trp and 15 Tyt resdues in MBP. and e b0 e O s e oo e e
observed changes n near-U\/ CD.SpeC'tra could probably EBP, LIVBP, MBP and RBiD, respectively. Data points at d%fferent
be due to a change in the relative orientations of one or more|jgang concentrations are shown with the following symba#s:
of the Trp and Tyr residues in MBP upon ligand binding. A (0.0 mM), © (0.05 mM), ¥ (0.1 mM), v (0.5 mM), & (1.0 mM),

Trp residue and a Tyr residue are in close proximity to the O (1.5 mM), and® (2.0 mM), and two state fits to the data are
ligand binding site, and these are likely to be the major shown as thin solid lines. Protein concentration was-0.5 mg/
contributors to the change in the near-UV CD signal on mL in all cases.

ligand binding. the same method, isothermal chemical denaturation for

The data in Figure 3 show that ligand binding to the molten molten globule states of LBP, LIVBP, and RBP was carried
globules of LBP and LIVBP does not result in any substantial out at 25°C with urea. However, the reduced stability of
ordering of the molecule. For MBP and RBP molten the molten globule states resulted in a lack of a significant
globules, ligand binding may be coupled to some degree of native baseline, and the data, therefore, could not be analyzed
structure formation. However, even for these two proteins, (data not shown). Unfolding thermodynamics for the molten
the ligand-bound molten globule is distinct from the ligand- globule states for all four proteins were, therefore, character-
bound native state because the former binds ANS and haszed using differential scanning calorimetry. Thermal unfold-
an intrinsic fluorescence spectrum different from that of the ing for the molten globule states of LBP, LIVBP, and RBP
latter (Figure 3A and B). was found to have a reversibility of about 90%. However,

Thermodynamic Stability for Molten Globule States. in the case of MBP, the reversibility was only about 30%.
Stabilities of the molten globule states for all four proteins DSC studies were carried out in the presence and absence
were characterized by thermal and isothermal chemical of the respective ligand for both molten globule states and
denaturation. A urea denaturation study for the molten native states for all four proteins. The results are shown in
globule state of MBP was reported previousti). Using Figure 1 (Supporting Information) and Table 2. Molten

I 5.0 [keal/mol/°C)
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Table 3: Estimated Heat Capacities of UnfoldingQpu) and Ligand Binding ACpg) for Periplasmic Binding Proteins

ACyy ACps
(kcal/molPC) (kcal/molPC)
(ACpu (MG)/
protein MG MGP Ne ACy(N)) x 100 N MG
LBP 41+0.6 3.1+ 0.1 6.1+ 0.6 67.% 50.8 0.17 —0.124+ .03
LIVBP 3.2+0.2 1.8+ 0.2 5.6+ 0.6 56.4 32.1 0.22 —0.04+ .03
MBP 3.3+ 0.7 3.2+ 0.3 54+19 61.5 59.2 0.14 1.20+ .04
RBP 1.2+ 0.3 1.3+0.1 45+0.2 27.7 289 0.4 0.44+ .03

a Estimated from the linear dependence of the enthalpy of molten globule unfolding on temperature derived from individual fits of DSC scans
as a function of ligand concentratiohDerived by global fitting of DSC data obtained for molten globule unfolding as a function of ligand
concentration¢ Estimated from the linear dependence/dfi°(Ty) on T, (42) for data in Table 1 (Supporting Informatiorf)Derived by global
fitting of DSC data obtained for molten globule unfolding as a function of ligand concentrat@aiculated from M@ and N-. f Calculated from
MGP and N. 9 CalculatedACys for ligand binding to the native state estimated as described iB2éee text for details)! AC,s for RBP could
not be calculated because no structure of the ligand bound form is available. The measured@gdfes L-arabinose and-galactose binding
to L-arabinose binding protein were approximately 0.4 kcal/Mb(54), and therefore, this value was assumed for RBP.

Table 4: Unfolding Parameters for the Molten Globule States of Periplasmic Binding Proteins as a Function of Ligand Concentration Derived
from Individual DSC Fit3

LBP LIVBP MBP RBP

ligand T AHO(T) T AH°(Ty) T AH(Tr) Tm AH°(Tp)

(mM) (°C) (kcal/mol) (°C) (kcal/mol) (°C) (kcal/mol) (°C) (kcal/mol)
0.0 354 71 43.1 110 46.0 121 37.6 65
0.05 41.3 80 45.1 117 53.0 143 43.6 80
0.1 43.0 98 48.5 129 53.6 143 45.0 83
0.5 44.0 112 50.0 132 55.6 159 46.2 86
1.0 47.0 105 50.4 132 56.4 142 48.4 82
15 48.7 121 52.0 135 56.2 146 52.8 84
2.0 49.8 121 53.0 139 57.8 157 52.7 85

a Average errors iy, and AH°(Ty,) are+ 0.2 °C and 5%, respectively, as determined from repeat experiments.

globule thermal melts were also carried out as a function of magnitude ofACyg for ligand binding to the molten globule
ligand concentration (Figure 4). All DSC data were fitted will be less than the corresponding value for the native state.
with a baseline-subtracted two-state unfolding model. As Second, the enthalpies of binding measured by ITC are also
expected, unfolding thermodynamic parameters for molten small, with the exception of RBP (Table 1). Also, as will be
globule states for all four proteins show a large destabilization seen from the analysis below, the precise valuaGfg is

in comparison to those of their respective native states.not important because alACyg values are considerably

Furthermore, with increasing ligand concentration, the smaller than the correspondidgC, values of unfolding of
thermal stability of molten globule increases, indicating an the molten globules.

increase in the proportion of ligand-bound molten globule. AC, for Unfolding of Molten Globule States Estimated

AC, of Ligand Binding to the Nate StatesACyg values : ;
for ligand binding to the native states of LBP, LIVBP, and from an Analysis of Indidual DSC ScansThg DSC Qata
for the molten globule states of all four proteins, carried out

MBP were calculated as described in Materials and Methods . ; .
as a function of cognate ligand concentration, were sub-

and are listed in Table 3. . L . .
AC. for Ii L RBP | lcul jected to |nd|V|dgaI two-state fits. The results are shovyn in
Cys for ligand binding to could not be calculated Table 4 and Figure 4. All DSC data have been fitted

because the ligand-bound structure of RBP was unavailable. ¢ .
However,AC,z values for-arabinose and-galactose bind- with a basellne-subtractgd two-state mpdel. Molten globule
ing to L-arabinose binding proteins wered.4 kcal/mol?C states for all four proteins show an increaseTin with

as reported previousig). Since ribose is also a monosac- Ncreasing concentration of their respective ligand. k-
charide similar in size to galactose, the same value was(Tm) Values obtained from DSC studies listed in Table 4
assumed to hold for RBP. ThisCyg value was similar to contain contrlbut'lons from ligand-binding eqthalpy in
our calculated values oAC,g for ligand binding to LBP, a}ddltlon to unfoldlng and result from the.unfoldlng transi-
LIVBP, and MBP. We assume thaiC,g for ligand binding tions of both ligand-free and -bound proteins. The measured
to the molten globule states of the periplasmic binding €nthalpies were corrected for these effects as described in
proteins will be quite similar to correspondingC,s values the Materials and Methods section. The enthalpy of unfolding
for ligand binding to the native states. This is based on the of the molten globule state at ea@h value (Table 4) was
following arguments. First, it is unlikely that ligand binding calculated as described in Materials and Methods, and the
in the molten globule buries a larger ligand surface than that values are listed in Table 5. Valuesk{(Tr), AHA(Tr), and

in binding to the native state. The spectroscopic data suggestACps were taken from Tables 1 and &C,y values for all

that there do not appear to be large changes in exposedour molten globules states were estimated from the linear
hydrophobic surfaces or the tertiary structure of protein upon dependence of the enthalpy of unfolding of the molten
ligand binding to the molten globule. Hence, in the absence globule state on temperature (enthalpy data in Table 5 and
of large protein conformational changes upon binding, the Figure 2 (Supporting Information)). The values®t, for
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Table 5: Calculated Enthalpy for Unfolding of the Molten Globule State as a Function of Tempgrature

LBP LIVBP MBP RBP

ligand T AHy(T) T AHy(T) T AHy(T) T AHy(T)
(mM) (°C) (kcal/mol) (°C) (kcal/mol) (°C) (kcal/mol) (°C) (kcal/mol)
0.0 354 71.0 431 110.0 46.0 121.0 37.6 65.0
0.05 41.3 84.5 45.1 118.4 53.0 146.8 43.6 80.8
0.1 43.0 103.0 48.5 131.2 53.6 147.6 45.0 84.1
0.5 44.0 117.4 50.0 134.7 55.6 164.7 46.2 88.1
1.0 47.0 110.9 50.4 134.8 56.4 147.9 48.4 84.5
1.5 48.7 127.2 52.0 138.1 56.2 151.9 52.8 86.4
2.0 49.8 127.4 53.0 142.3 57.8 163.1 52.7 88.1

aSee text for details.

all fourmolten globule states calculated in the above mannersimilar to that of the native state with respect to the amount

are listed in Table 3, column 2. and type of secondary structure. They also show a loss of
AC, values for unfolding of the native states for LIVBP, tertiary structure and an increase in the hydrophobic surface
MBP, and RBP were reported previousi§2). The AC, accessible to the solvent. These characteristics are similar

values were derived by measurimgH°(T,) and T, as a to those of previously reported molten globules for other
function of pH in the pH range 6:59.5. In the case of LBP,  proteins 8, 56—60). A decrease in pH leads to the proto-
thermal denauration at pH values below 8.0 was found to nation of negatively charged residues of the protein and a
be non-two state, whereas at pH 8.0, it is two state. Henceconsequent increase in the total positive charge of the protein.
for LBP, DSC was carried out as a function of urea This results inincreased electrostatic repulsion on the surface
concentration from 0.20t2 M with an interval of 0.2 M at  of the protein. Consequently, there is a loss of tertiary
pH 8. LBP showed a decrease iR, with increasing structure and some hydrophobic residues that were formerly
concentrations of urea. The results are shown in Supportingin the interior of the protein become more exposed to the
Information (Table 1 and Figure 3). The value &€, for solvent than those in the native state. This results in a reduced
the unfolding of LBP has been estimated from the slope of near-UV CD signal and binding of the hydrophobic dye
the linear dependence aHy (Ty,) uponTy, and as expected  ANS. All four proteins, which have been used in this study,
is quite similar to the corresponding value for its close satisfied the above criteria typically used to define the molten
homologue LIVBP. We recently used a similar approach to globule state (Figure 1). However, it must be noted that the

measure the\C, for unfolding of the homodimeri&. coli decrease in the near-UV CD signal need not imply a loss of
toxin CcdB 65). AC, for unfolding of the native states for tertiary structure. Thermal denaturation studies show that as
all four proteins are also shown in Table 3. expected the molten globule states of all four proteins show

AC, for the Unfolding of Molten Globule States Estimated a large decrease ifi, in comparison to that of the native
from Global Fits of DSC Scan3he data obtained for each state.

of the molten globules in the presence of different amounts  Thermodynamics associated with unfolding of molten
of ligand was also subjected to a global fit as described in gjohyle states have been measured previously. However,
Materials and Methods to obtain estimates €y and  (jfferent results have been obtained for different proteins
ACpe. (Table 3 and Figure 5). These fits were made with 514 jn some cases for the same protein by different groups.
the assumptions that ligand binding ar_1d unfol_dlng are both Thermal unfolding of the molten globule state of apo
two state and that th&C, values for ligand binding and = _jactalbumin at acidic pH is observed to be accompanied
unfoldln_g are temperature-independent. The_ qga_lllty of the by small or zero values dkH andAC, (35—39). However,
global fits is much worse than those of the individual two iher calorimetric measuremengi) revealed a significant

states, presumably because of the smaller number of adjusty,eative heat capacity difference between the molten globule
able parameters. However, the value\@h,, obtained were 54 ynfolded states. The same study reported a negative

similar with both fitting procedures, and the magnitude of enthalpy of unfolding of the molten globule. An earlier

ACyp was signficz_;mtly _Iess than that &G, in all cases. calorimetric study§2) of the unfolding of the molten globule
The poor QIOb?I fits might also resglt from the presence of of the same protein in the presence of GAmCI at neutral pH
intermediates in the thermal unfolding, temperature .d(.apen— reported a&AC,, of unfolding that was about 80% of the value
dence of the\C, values, and problems with baseline fitting. for unfolding from the native state. Spectroscopic studies of

Despite these caveats, the DSC data clearly demonstrate tha},, o atyration of molten globule states of MBP and Yeast
the molten globules of all four proteins bind ligand and show iso-1-cytc proteins showed\Cyy values of that were 70%

distinct thermal transitions with appreciable positive changes and 60%, respectively, of the corresponding values for the

Inheat capacity upon thermal unfolding. native states40, 41, 63—65), indicating that there is a
DISCUSSION considerable burial of nonpolar surfaces in these molten
globules. Another spectroscopic study of the denaturation
We have shown that all four periplasmic binding proteins of bovine and horse cytochromessy LiCl/CaCl, (66) or
(LBP, LIVBP, MBP, and RBP) form molten globule states thermal unfolding at low pHE&7) yielded AC,y values for
at acidic pH values ranging from 3 to 3.4. The molten globule the molten globule that were about 30% of those of the native
states of these proteins exhibit a marked amount of secondarystate. A recent study of a salt-stabilized alkaline molten
structure, which from the far-UV CD spectra appear to be globule of the same protein yielded a value A€,y that
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LBP

AC, kcal/mol/°C

I 5 kcal/mol/°’C

RBP

5 keal/mol/’C

20 25 30 35 40 45 50 55 60 65 70 75
0
Temperature C
Ficure 5: Global fits of baseline subtracted DSC data for representative DSC scans of the free and ligand-bound forms of the molten

globule states of LBP, LIVBP, MBP, and RBP. Data points at different ligand concentrations are shown with the following sy@nbols:
(0.0 mM), O (0.5 mM), andv (2 mM). Global fits to the data are shown as thin solid lines.

was about 50% of that of the native state. The values of the tight and unique packing of amino acid residues. In the
AH°(Ty), Tm, and ACyy for the unfolding of native and  absence or reduction of tertiary structure, it has been asserted
molten globule states in the present study are summarizedthat one cannot observe cooperativity between all the
in Tables 2 and 3. These molten globule states show 28 elements of proteins6@). The enthalpy change associated
67% of the AC,, of their native states and have positive with protein thermal unfolding is thought to consist primarily
enthalpies of unfolding. The cooperativity of folding, which of contributions arising from the solvent exposure of buried
is a feature of globular proteins, is thought to result from nonpolar groups in the protein as well as the rupture of the
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secondary and tertiary structure hydrogen bor&8. (The structure in other previously characterized molten globules
heat-capacity changes associated with the unfolding of by appropriate functional and spectroscopic assays. In the
proteins contain a large positive contribution due to the majority of previous characterizations, no functional/ligand
exposure of previously buried hydrophobic residues to water binding assays have been carried out. Ligand-binding affinity
and a smaller negative contribution associated with the is a sensitive probe of tertiary structure; however, care must
rupture of hydrogen bond$9, 70). be taken to demonstrate that ligand binding does not induce
There have been relatively few calorimetric characteriza- tertiary structure in the molten globule being studied. All
tions of molten globule states, especially in the absence offour proteins do not have prosthetic groups; therefore, it is
denaturants. This is presumably because of the low/negativelikely that these molten globule states are stabilized by
enthalpies of unfolding of some molten globules. In addition, hydrophobic interactions, specific packing, and hydrogen
molten globules show a tendency to aggregate because obonding.
the exposed hydrophobic surface, and this may result in  The ligand binding affinity of both native and molten
irreversible thermal unfolding. Recent isothermal titration globule states was similar similar for LIVBP. In the case of
studies have monitored molten globule transitions ina@yt- LBP, the affinity of the molten globule for ligand is only
induced by either sal7(l) or acid (72). AC,y for the native 4-fold lower than that of the native state (Table 1). Interest-
to molten globule transition was found to have values about ingly, LBP and LIVBP both bind amino acids with hydro-
20% of that forACyy of unfolding of the native state, again  phobic side chains. For MBP and RBP, which bind carbo-
suggesting that the molten globule of eytetained signifi- hydrate ligands, the molten globule bound with about 30-
cant structure. A similar study of the molten globule of sperm fold lower affinity than the native state. This might be
whale apomyoglobin reported an undetectable enthalpy of because binding to carbohydrate is mediated by several
unfolding (73). hydrogen bonds that require an ordered binding pocket,
Although molten globules show little or no tertiary whereas binding to the amino acid is mediated by a less
structure as assessed by near-UV CD, the role of specificspecific van der Waals interaction with the side chain,
interactions in stabilizing molten globules remains unclear. although the amino and carboxyl groups of the amino acid
The extent of specific packing in molten globules of are involved in specific hydrogen bonds with the protein
a-lactalbumin, cyte, apomyoglobin, and staphylococcal (43, 51, 77).
nuclease has previously been studied by examining the effect Most of the earlier studies on molten globules have focused
of point mutations on the stabilities of native and molten on relatively small proteins. There have been fewer studies
globule states. These results indicate a small but significanton the folding of large multidomain proteins because of
degree of specific native-like packing interactions in these aggregation and lack of reversibility. In contrast, all of the
molten globules 74). In the present studies, the relatively four large periplasmic binding proteins examined in the
high heat capacity, unfolding enthalpies, and ligand-binding present study show reversible folding. LBP and LIVBP are
affinity of the molten globules are all consistent with an closely related with a sequence identity of 77%, whereas
appreciable degree of ordering. The ligand binding in these MBP and RBP are sequentially unrelated to each other and
proteins involves several residues, which are spatially distantto LBP/LIVBP. However, all four proteins adopt similar
in the three-dimensional structure. Hence, it appears reasonthree-dimensional structures. Three of these proteins (LBP,
able to assume that ligand binding to the molten globule is LIVBP, and RBP) belong to the same SCOP family
only possible if there is a native state-like topology and not (L-arabinose binding proteins) and fold (periplasmic binding
just a localized structural organization. However, further protein, 1). MBP belongs to a different family (phosphate
structural studies are needed to confirm this assertion. Thebinding protein) and to a similar fold (periplasmic binding
picture that emerges from thermodynamic parameters of protein, Il) (78, 79). The observation that these sequentially
molten globule states of the four proteins is that the molten unrelated but structurally similar proteins all form molten
globule state contains almost all of the secondary structureglobules at low pH suggests that this may be an intrinsic
and some tertiary structure, which has been observed infeature of the periplasmic binding protein folds. As a
molten globule states of some other proteid§, (/5). The consequence of their large size, all four proteins are predicted
binding of ligand to the molten globule shows that even to have significant positive charge-80 to +45) at pH 3.0.
though the molten globule state appears to lose tertiary All of these proteins undergo translocation across the inner
structure relative to the native state as assayed by near-UVmembrane ofE. coli, and interestingly, all form molten
CD the binding pocket is retained in a native-like conforma- globulesin zitro. Since molten globules have previously been
tion, and hence, an appreciable degree of specific packingimplicated in protein translocation, the present studies have
is likely to be present in these molten globules. biological relevance. In the case of MBP and pre-MBP, a
Binding is not as sensitive an assay for the detection of collapsed, molten globule-like intermediate has been shown
small amounts of correctly folded protein as enzymatic to form within a few milliseconds of denaturant dilutioB0j.
activity. A recent study by Gebhard et al. elegantly demon- This intermediate is competent to bind the chaperone SecB.
strates the advantages of using enzymatic activity to detectFuture studies will investigate whether similar kinetic
small populations of folded moleculeg€). Nevertheless, intermediates are formed during the refolding of the other
for proteins that lack enzymatic activity, specific ligand three periplasmic proteins. There are a total of 42 annotated
binding is also a useful probe for correct folding. The data periplasmic binding proteins in thE. coli K12 genome
also demonstrate that the lack of an observable near-UV CDranging in size from 185 to 566 amino acids. These have
signal does not necessarily imply a lack of specific packing average predicted charges of 44 13 at pH 3.0. All
and/or a substantial loss of protein tertiary structure. It may, periplasmic binding proteins for which crystal structures are
therefore, be worth re-examining the extent of tertiary currently available adopt a characteristic two-domain struc-
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ture with a cleft for ligand binding. It will be interesting to
examine whether other members of this important family
also form similar ordered molten globule states at low pH
and whether these play any role either in the translocation
process or during periplasmic folding.

ACKNOWLEDGMENT

LBP/LIVBP and RBP expression plasmids were kindly
provided by Dr. L. Luck and S. Mowbray, respectively. We
thank the reviewers for helpful suggestions.

SUPPORTING INFORMATION AVAILABLE

Thermodynamic parameters for the thermal unfolding of
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