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ABSTRACT Partly unfolded protein conformations close in energy to the native state may be involved in protein functioning and
also be related to folding diseases, but yet their structure and energetics are poorly understood. One such conformation, the
monomeric and well-behaved molten globule of Helicobacter pylori apoflavodoxin, is here investigated to provide, in a wide pH
interval, a complete thermodynamic description of its unfolding equilibrium and the equilibrium linking molten globule and native
state. All thermodynamic and molecular properties of the molten globule here analyzed are characteristic of a partly unfolded
conformation, and their differences with those of the native state are typically quantitative rather than qualitative. The stability data
depict a native state ensemblewhere the relative populations of the different intermediates are stronglymodulated by pH.Whereas
themolten globule is dominant at pH 2.0, at neutral pH it is just the least stable of three partly unfolded intermediates populated by
this protein. It is of interest that the energy rank of these intermediates at pH 7.0 is consistent with their likelihood to overcome the
native state and become themore stable conformation when the native state protein is subjected to heat or mutation stress. Given
the small volume difference betweenmolten globule and native state, neither crowding agents nor osmolytes can drive themolten
globule back to the native state. This observation, which is in qualitative accord with predictions of simple excluded volume theory,
indicates that molecular crowding in vivo is not an effective mechanism to minimize partial unfolding events leading to equilibrium
intermediates.

INTRODUCTION

It has been suggested that partly unfolded conformations of

proteins that are close in energy to the native state under

native conditions are relevant for protein function and in the

onset of protein conformational defects (1,2). At this time,

NMR techniques, such as hydrogen exchange dynamics,

have been used to detect and characterize partly unfolded

forms (PUFs) in the native ensemble (3–5). Classical ther-

modynamic analysis of partly unfolded forms arising under a

variety of solution stress conditions can also shed light on the

structure and energetics of these conformations and help to

define native state ensembles. In this respect, global analysis

of thermal unfolding equilibria (6,7) can provide good esti-

mations of free energy differences between native and partly

unfolded conformations, and can even delineate low-resolution

structures of intermediates (6,8,9). One partly unfolded form

of proteins, the molten globule, has received much attention

due to its fascinating spectroscopic properties and to pro-

posals that have implicated it in a variety of functional roles,

such as protein folding (10,11) and protein membrane

translocation (12,13). Yet, it is still difficult to know

whether molten globules belong to native state ensembles at

neutral pH or whether molten globules or other partly un-

folded forms can respond to native stabilizing conditions,

such as crowding, osmolytes, or cofactor binding, in the

same fashion as native states. The fact is that although the

stability of molten globules against full unfolding has been

investigated over the years, less is known about the relative

stability of native and molten globule conformations of

proteins.

We use here the flavodoxin from the pathogenic bacteria

Helicobacter pylori to investigate these issues. H. pylori is
the only living entity, to our knowledge, able to survive in the

human stomach, which is because of the presence of an H1-

stimulated cytoplasmic urease (14,15). The cytoplasmic pH

of H. pylori has been proposed to vary between 8 and 5

depending on external pH and urea concentration in the

medium (16–18). Since fluctuations in pH and urea con-

centration might exert a strong influence on the relative

populations of the native state ensemble (2), it is possible

that the bacteria use in vivo stabilizing mechanisms, such

as macromolecular crowding or osmolytes, to counterbal-

ance potential transient destabilizations of the native state.

Flavodoxins are electron transfer proteins involved in many

different reactions (19). H. pylori flavodoxin shuttles elec-

trons from pyruvate to NADP1 in an electron transport

pathway specific for epsilon-proteobacteria (20). It has high

sequence and structure homology with other members of the

flavodoxin family (21,22) but a more exposed flavin mono-

nucleotide (FMN) binding pocket due to the presence of an

alanine residue where a conserved tryptophan is typical for

most flavodoxins. This feature, which is being exploited to
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target new specific inhibitors for H. pylori eradication (23),

makes the affinity for the FMN cofactor the lowest we have

found for a long-chain flavodoxin (Kd ¼ 4.4 nM at pH 7.0).

Stability studies have demonstrated that H. pylori apo-

flavodoxin has both the highest stability toward full thermal

unfolding and the lowest cooperativity (with two partially

unfolded intermediates) we have yet observed for flavodox-

ins (24). Recently, we reported that at pH 2.0, it also popu-

lates a monomeric, partially unfolded conformation with

molten globule characteristics (25) that seems structurally

different from the two thermal intermediates identified at

neutral pH. A similar conformation was described at acidic

pH for the apoflavodoxin from Anabaena,which could not be
characterized because it was not monomeric (26). However, a

truncated version exhibiting molten globule characteristics at

neutral pH was investigated by equilibrium phi-analysis

(8,27) and was shown to be homogenously expanded and to

display a nativelike secondary structure. Very little is known

of the energetics of the equilibrium between the molten

globule of H. pylori apoflavodoxin and the native state

of known crystal structure (21,22) and dominant at neutral

pH (25).

Since the apoflavodoxin molten globule is monomeric and

unfolds in a reversible manner (25), it constitutes an inter-

esting model to investigate molten globule energetics, and to

determine whether molten globules belong to the cohort of

partly unfolded conformations, close in energy to the native

one, that form the native state ensemble (2,28). In addition, it

provides a means to investigate whether common natural

mechanisms that are known to stabilize native proteins

against full unfolding are similarly effective to stabilize and

recover functional native states in conditions where partially

unfolded conformations become populated. According to our

analysis,H. pylori flavodoxin remains functional between pH

2.0 and 10.0 thanks to the strong, native-specific ability of the

FMN cofactor to bind to the native state, which compensates

for the fact that at low pH the molten globule becomes more

stable than the native conformation of the apoprotein. How-

ever, neither crowding agents nor osmolytes can significantly

stabilize the native state relative to the molten globule, which

indicates that these physiological mechanisms are not ef-

fective to minimize partial unfolding events leading to in-

termediates in the cell. A global analysis of all available

thermodynamic information on the folding and binding

equilibria, using data presented here combined with those

from previous studies (24,25), has allowed us to delineate

the dynamics of the free energy landscape of H. pylori
flavodoxin along the pH axes. At neutral pH, the ensemble

contains, in addition to the native state, the molten globule

(this work) and two previously characterized equilibrium

intermediates (24). Incidentally, the intermediate of the en-

semble closer in free energy to the native state is the only one

that has been observed to become dominant under mutational

stress in the structurally homologous Anabaena flavodoxin

(29,30).

MATERIALS AND METHODS

Recombinant expression and purification of
H. pylori apoflavodoxin

RecombinantH. pylori flavodoxin was purified from a culture of E. coli cells

(BL21) harboring the pET28a plasmid, which contains the flavodoxin gene

(23). Apoflavodoxin was separated from holoflavodoxin in a MonoQ10

column (FPLC, Amersham, Piscataway, NJ), with a 0- to 1-M linear gradient

of NaCl in Tris-HCl, pH 8. Apoflavodoxin was also obtained from holo-

flavodoxin by precipitation with trichloroacetic acid (31).

Spectroscopic characterization

UV fluorescence emission and far-UV and near-UV circular dichroism (CD)

spectra were acquired at 256 0.1�C at several pH values in both native and

denaturing conditions (6 M urea or 90�C). Fluorescence emission spectra

(300–400 nm, with excitation at 280 nm) were recorded in an Aminco-

Bowman Series 2 spectrometer, and circular dichroism spectra in a Jasco 710

(Tokyo, Japan) or an Applied-Photophysics Chirascan (BioTools, Jupiter,

FL) spectropolarimeter. Protein samples at different pH values were prepared

by mixing concentrated buffer and protein solutions. Apoflavodoxin con-

centrations were 2–20 mM for fluorescence, 20 mM for far-UV CD, and 20–

40 mM for near-UV CD experiments. All final buffer solutions were of 10

mM ionic strength. For fluorescence and near-UV CD, a cuvette of 1 cm

pathlength was used, and for far-UV CD, a cuvette of 0.1 cm pathlength.

Urea-induced unfolding

The chemical stability of apoflavodoxin has been determined in the 1.5–5.0

pH interval, using urea as a denaturant. Protein samples (2 mM for fluores-

cence and 20 mM for far-UV CD) were prepared at the desired pH and urea

concentration by mixing 900-mL urea solutions with 100-mL aliquots of

buffered apoflavodoxin. The ionic strength of the different buffers in the final

protein solutions was 10 mM. Protein samples were equilibrated at 25�C for

at least 30min before recording their spectroscopic signals. Unfolding curves

were recorded throughout the 1.5–5.0 pH interval by emission fluorescence

(ratio of 320/360 nm emission, with excitation at 280 nm). Additional un-

folding curves were recorded at pH 2.0 and 5.0 by far-UV CD (at 222 nm)

and at pH 5.0 by near-UV CD (at 291 nm). The influence of crowding on

protein stability was determined by recording urea unfolding curves using

protein samples that also contained dextran (35,000–45,000 average mol wt)

(Sigma, St. Louis, MO) at a concentration of 100 mg/mL.

Unfolding data were analyzed as described (32,33), assuming a two-state

equilibrium where the free energy of unfolding, DG, is considered to be a

linear function of denaturant concentration, D:

DG ¼ DGW � mD; (1)

where DGw is the free energy of unfolding in buffered water and m is a

proportionality constant. The spectroscopic signals of the folded and un-

folded states (SF and SU at 0 M urea) are assumed to vary linearly with urea

concentration; mF and mU are the corresponding slopes. Thus, the observed

spectroscopic signal was fitted to

S ¼ SF 1mFD1 ðSU 1mUDÞe�ðDGW�mDÞ=RT

11 e
�ðDGW�mDÞ=RT ; (2)

where R is the gas constant and T the absolute temperature. At pH.2.0 and

,4.0, both the native and molten globule states are significantly populated in

the absence of urea. A three-state model (Eq. 3) was therefore used to fit the

urea unfolding curves obtained in this pH interval.

1914 Cremades and Sancho

Biophysical Journal 95(4) 1913–1927



Individual fitting of the different curves obtained at a single pH value to

the three-state model was unsatisfactory, because each of these curves shows

an apparent two-state behavior. We thus performed a combined analysis of

the curves obtained at pH 2.2, 2.6, and 3.17. In the analysis, the DGw
N�MG

value of each curve was previously calculated from a spectral deconvolution

(see below) and fixed in Eq. 3. On the other hand, the m1 and m2 parameters,

representing the urea dependencies of the free energies, were kept the same

for the three pH values, since no significant changes are expected in the

narrow 2.2–3.2 pH interval. To further reduce fitting dependencies, the un-

folded state signal (SU, mU) was treated as a shared parameter for the three

curves, whereas the slope of the signal of the intermediate state (i.e., the

molten globule) was fixed at zero (34).

Thermal-induced unfolding

Thermal denaturation at pH 2.0 (in 23 mM sodium phosphate buffer) was

assessed by fluorescence emission (emissions ratio 320/360 nm, which is

proportional to the advance of the unfolding, because no change in intensity

takes place at 360 nm (8)) and far-UV circular dichroism (222 nm) for

apoflavodoxin. Apoflavodoxin concentration was 2–20 mM for fluores-

cence measurements and 20 mM for far-UV CD. Global fit of the spectro-

scopic unfolding curves of the apo form was performed assuming a two-state

unfolding model,

S ¼ SN 1mNT1 ðSU 1mUTÞe�ðDG=RTÞ

11 e
�ðDG=RTÞ (4)

with

DGðTÞ ¼ DHmð1� ðT=TmÞÞ
� DCPððTm � TÞ1 TlnðT=TmÞÞ; (5)

where the spectroscopic signal of each state (SN and SU at T¼ 0) is supposed

to vary linearly with temperature with slopes mN and mU, and DHm, Tm, and

DCP are the enthalpy change at Tm, the melting temperature, and the heat

capacity change of the transition, respectively.

For holoflavodoxin, the unfolding was also assessed by near-UVCD (291

nm) and absorbance at 291 nm. Holoflavodoxin was always used at 20 mM

concentration. The clear nonsuperimposition of the unfolding curves moni-

tored by different spectroscopic techniques suggested a three-state model for

the equilibrium unfolding of the holoprotein. The equation used to globally

fit the curves was

where SI and mI are the signal of the intermediate state at T¼ 0 and its linear

temperature dependency, whereas DG1 and DG2, the free energy differences

of the native/intermediate and intermediate/unfolded equilibria, follow ex-

pressions analogous to the one in Eq. 5.

To obtain an accurate value for the unfolding heat capacity change of the

molten globule, thermal unfolding at pH 2.0 was carried out in the presence

of different urea concentrations (0, 0.4, 0.8, 1.0, 1.2, 1.4, and 3.0 M). A

global fit of these curves was performed using a modified version of Eq. 4,

assuming that SN, mN, SU, and mU show a linear dependence of urea con-

centration and that the free energy of unfolding follows:

DGðT;DÞ ¼ DGðTÞ � f ðD; TÞ; (7)

where DG(T) is given by Eq. 5 and f(D,T) describes the urea dependence

of the free energy. Two models have been considered to treat the urea

dependence of the free energy function. The linear model (35–37) imposes a

linear dependence on urea concentration (D), where the m value is affected

by temperature in a manner similar to the free energy of unfolding and takes

the expression in brackets in Eq. 8:

f ðD; TÞ ¼ DHgð1� ðT=TgÞÞ
�

�DCP;gððTg � TÞ1 T lnðT=TgÞÞ
�
3D: (8)

On the other hand, the preferential binding model (38,39) attributes the urea

unfolding of the protein to preferential binding to the unfolded state and, for

independent and similar urea binding sites, provides the following expres-

sion for f(D,T):

f ðD; TÞ ¼ DnRTln 11De
�DGbðTÞ=RT

� �
; (9)

where Dn is the difference in the number of urea binding sites between the

unfolded and native states, andDGb(T) is the free energy of binding, given by

DGbðTÞ ¼ DHb � TDSb 1DCP;b

3 T � 298:15� TlnðT=298:15Þð Þ; (10)

where DHb, DSb, and DCP,b are the enthalpy, entropy, and heat capacity

changes of binding at 298.15 K, respectively.

Spectra deconvolution and analysis of
conformation stability as a function of pH

The populations of native state and molten globule at 25�C, in the absence of
denaturant, and at different pH values (1.8, 2.0, 2.2, 2.4, 2.5, 2.75, 3.1, 3.7,

4.1, and 5.0), were calculated by deconvolution of far-UV CD spectra, using

YðpHÞ ¼ YNXNðpHÞ1 YMGXMGðpHÞ; (11)

where XMG(pH) ¼ 1 � XN(pH) and the spectra of native and molten globule

states are known (spectra at pH 1.8 and 5.0). To calculate the free energy

difference between the two states (DGN�MG) in the absence of denaturant and

at the different pH values, the calculated populations of the native state at

different pH values were introduced into Eq. 12:

XN ¼ 1

11 e
�DGN�MG=RT

: (12)

The different DGN�MG values so obtained make it possible, using Eq. 13, to

evaluate the number of protons that drive the native/molten globule transition

and their pKa values in the two conformations:

DGN�MG ¼ DG
0

N�MG � n1RTln
11 10

pK
MG
a �pH

11 10
pK

N
a �pH

 !
; (13)

S ¼ SN 1mND1 SMGe
�ðDGW

N�MG�m1DÞ=RT 1 ðSU 1mUDÞe�ðDGW
MG�U�m2DÞ=RT

11 e
�ðDGW

N�MG�m1DÞ=RT 1 e
�ðDGW

MG�U�m2DÞ=RT
: (3)

S ¼ SN 1mNT1 ðSI 1mITÞe�DG1=RT 1 ðSU 1mUTÞe�ðDG1 1DG2Þ=RT

11 e
�DG1=RT 1 e

�ðDG1 1DG2Þ=RT ; (6)
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where DG0
N�MG represents the pH-independent difference in stability when

the protein is completely unprotonated, n1 is the number of residues in the

native conformation whose pKa in the molten globule is different enough to

modify the proton content in the states, and pKMG
a and pKN

a are their mean

pKa values in those states.

Once the populations of the molten globule and native states in the pH

1.5–5 interval are known, their stabilities relative to the unfolded confor-

mation have been determined from urea unfolding curves at different pHs

that have been globally fitted to a three-state model in the pH transition re-

gion (pH values 2.2, 2.6, and 3.2), and to a two-state model at pH 1.6 and 2.0

(molten globule/unfolded) and pH 3.9, 4.4, and 5.0 (native/unfolded). The

stabilities of the molten globule (DGMG�U)make it possible to determine the

number of residues, n2, in the molten globule whose pKa in the unfolded state

is sufficiently different to modify the proton content in the states and the

mean pKa values in those states, pKMG
a and pKU

a ; using Eq. 14.

DGMG�U ¼ DG
0

MG�U � n2RTln
11 10

pK
U
a �pH

11 10
pK

MG
a �pH

 !
: (14)

Estimation of protein stabilization by dextran
using equivalent scaled particle theory

According to the scaled particle theory (40,41), the difference in free energy

between two conformations of a given protein (herein the native and molten

globule states of apoflavodoxin:DGMG�N) is influenced by excluded volume

effects exerted by crowding agents (herein dextran) according to

DGMG�N ¼ DG
0

MG�N � ðBMG=dex � BN=dexÞRT½dextran�; (15)

where DG0
MG�N is the free energy difference in absence of crowding agent,

BMG(N)/dex is an interaction coefficient between protein and polymer (con-

stant for a given protein conformation and polymer under a fixed set of

solution conditions), and the concentration of polymer is given in weight/

volume units. Equation 15 can be written as

DGMG�N ¼ DG
0

MG�N � mMG�N½dextran�; (16)

where the value ofmMG-N can be estimated using the excluded volumemodel

of Ogston (42) as

mMG�N ¼ 11 rMG=rdexð Þ2� 11 rN=rdexð Þ2� �
ydexRT; (17)

where rMG and rN are the effective sphere radii of the molten globule and

native states of the protein, rdex is the effective cylindrical radius of dextran,

and ydex is the effective specific excluded volume of dextran. For H. pylori

apoflavodoxin stabilization by dextran at pH 2.5, mMG�N was calculated

from rdex ¼ 7 Å (43), ydex ¼ 0.0008 L g�1 (44), rN ¼ 18.8 Å, rMG ¼ 20.6 Å,

and rU ¼ 39.0 Å (25).

FMN binding to apoflavodoxin

The thermodynamic parameters of the interaction between molten globule

apoflavodoxin and its FMN cofactor were determined in 23 mM phosphate

buffer pH 2.0 at 25�C by fluorescence spectroscopy and isothermal titration

calorimetry (ITC) (VP-ITC calorimeter, Microcal LLC, Northampton, MA).

The FMN used in both ITC and spectroscopic determinations was supplied

by Sigma-Aldrich (.95% pure). In the ITC experiments, a 10-mM fla-

vodoxin solution was loaded in the calorimetric cell and titrated with 90 mM

FMN dissolved in the same buffer. Both solutions had been previously de-

gassed. Between injections, it took 400 s to recover the baseline. On the other

hand, the quenching of flavin fluorescence at 525 nm upon addition of small

aliquots of apoflavodoxin was recorded and the following equation was used

to fit the fluorescence data:

F ¼ Ff 1
Fb � Ff

2CL

CP 1CL 1Kd½

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCP 1CL 1KdÞ2 � 4CPCL

q
�; (18)

where Ff and Fb are the fluorescence signals of free and bound ligand,

respectively; CL is the total ligand concentration; CP is the total protein

concentration; and Kd is the dissociation constant.

RESULTS AND DISCUSSION

Stability of the molten globule state at pH 2.0

At low pH, H. pylori flavodoxin populates a molten globule

conformation that is compact, rich in secondary structure,

and devoid of, or perhaps exhibiting very weakened, tertiary

native interactions, and which displays exposed hydrophobic

patches where the fluorescent probe ANS can bind (25). It is

slightly expanded relative to the native state (30% volume

increase) and remains monomeric at pH 2.0 (25), unlike the

molten globule previously found at acidic pH for the ho-

mologous Anabaena apoflavodoxin.H. pylori apoflavodoxin
molten globule thus constitutes a fine model to investigate the

energetics of this kind of conformation, which have been

implicated in the mechanism of protein folding (10,11) and a

variety of physiological processes, such as protein membrane

translocation (12,13) or enzyme inactivation (13,45), or as

constituents of substrates of chaperonins (46). It has also

been proposed that they participate in the mechanism of

amyloid fibril formation (47). On the other hand, it has be-

come increasingly clear that, in native conditions, the native

state of many proteins is accompanied by a cohort of partly

unfolded conformations of low population but close in en-

ergy and ready to become dominant under a variety of stress

conditions (2). Whether molten globules belong to the native

ensemble remains to be determined. Here, we have investi-

gated the conformational stability of H. pylori apoflavodoxin
molten globule and its relationship to the native state en-

semble, which for flavodoxins includes up to two partly

unfolded conformations that become dominant upon heating

(6,24) and, for one of them, upon mutation (29,30). Stability

has been first studied at pH 2.0 using urea-induced and

thermally induced unfolding. Both chemical and thermal

unfolding are reversible, as is shown by the fact that the

unfolding curves obtained from refolded protein samples are

very similar to those obtained from fresh samples (same

thermodynamic parameters with a signal lost of ;10%, not

shown). In addition, no protein concentration dependence

was noticed (from 2 mM to 20 mM), which indicates that the

unfolding is free from complicating oligomerization or ag-

gregation processes. For urea-induced unfolding, fluores-

cence and far-UV CD curves are superimposable (Fig. 1 A)
and have been globally fitted to a two-state model (Eq. 2).

The stability of the molten globule is very low (1.13 6 0.05

kcal/mol; mean of three experiments6 SE); and the m value

of 1.33 6 0.043 kcal/(mol 3 M), well below the m value of

2.32 6 0.02 kcal/(mol 3 M) described for the native con-

1916 Cremades and Sancho
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formation at pH 5 (25), is consistent with the molten globule

being more hydrated than the native state.

Fluorescence and far-UV CD thermal unfolding curves

(Fig. 1 B) can also be superimposed and have also been

globally fitted to a two-state model (Eq. 4). The molten

globule thus exhibits a much simpler thermal unfolding be-

havior than the native conformation, which unfolds via a four-

state equilibrium (24). The temperature of mid-denaturation

(49.6 6 0.5�C; mean of three global fits 6 SE) is not par-

ticularly low, and it lies between the values of Tm1¼ 31.9 and

Tm2¼ 57.9�C described for the native conformation at pH 9.0

(24). The enthalpy change (25 6 1 kcal/mol) is nevertheless

much lower than that of the native state at pH 9.0 at the same

temperature (;85 kcal/mol at 49.9�C), which is expected for
a conformation with debilitated tertiary interactions. The

thermal unfolding has not been studied by differential scan-

ning calorimetry because, due to the low enthalpy change,

the protein concentration required is high and leads to protein

precipitation at high temperatures (unlike in the low protein

concentration range used for spectroscopic thermal unfolding).

This phenomenon, observed at high protein concentrations

and high temperatures, seems to be preceded by conversion into

a conformation of high beta content (not shown).

To extrapolate the stability data to lower temperatures and

compare thermal and chemical unfolding, the DCP value is

required. Often, DCP values derived from spectroscopic

thermal unfolding curves are completely unreliable (48).

However, when cold denaturation is observed within the

experimental temperature window, the DCP values so ob-

tained are reasonable, because cold denaturation is strongly

linked to DCP. As shown in Fig. 1 B, cold denaturation of the
molten globule is clear and the DCP value derived from the

global fit of the thermal unfolding curves (1.1 6 0.2 kcal/

(mol 3 K); mean of three determinations 6 SE) should be a

good approximation. Nevertheless, to obtain a more precise

DCP value, thermal unfolding of the molten globule has been

carried out in the presence of different urea concentrations,

which induces a more pronounced cold denaturation in the

experimental temperature window (Fig. 2). At 1.4M urea, the

unfolding curve is almost symmetrical, showing two clear

transitions, one corresponding to heat denaturation and the

FIGURE 1 Apoflavodoxin unfolding at pH 2.0. (A) Urea-induced un-

folding and (B) thermally induced unfolding of the molten globule state of

apoflavodoxin followed with fluorescence (squares) and far-UV CD (cir-

cles). For a better visual comparison, data were normalized so that the

signals are from roughly 0 to 1. The lines represent the global fit to a two-

state unfolding model.

FIGURE 2 Cold denaturation in apoflavodoxin. (A) Thermal unfolding

curves of apoflavodoxin at pH 2.0 in the absence of urea (squares) and in the

presence of 0.4 (circles), 0.8 (triangles), 1 (rhombus), 1.2 (stars), 1.4

(crosses), and 3 M (open arrowheads) urea. All curves were globally fitted

to the two-state model for thermal unfolding coupled to either the linear

extrapolation method (solid lines) or the urea-binding method (dotted lines)

for chemical unfolding. (B) The molar fraction of the molten globule state

obtained for each experimental curve and its theoretical value calculated using

the parameters obtained for the two-state unfolding model coupled with the

linear extrapolationmodel for the interpretation of urea influence (solid lines).
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other, at low temperatures, to cold denaturation. At 3 M urea,

the protein is completely unfolded, which is consistent with

the urea unfolding curve in Fig. 1 A, and no thermal transition

is observed. The smooth linear temperature dependence of

the fluorescence of the denatured state at 3 M urea from 0 to

85�C (at 320 nm—not shown, but see Fig. 2 A for the ratio

of emissions at 320 and 360 nm) suggests that the cold- and

heat-denatured states may exhibit a similar degree of com-

paction. Global fits of the curves to either the linear model

(35–37) or the urea binding model (38,39) are good (Fig.

2 A), the global fitting error being slightly lower for the linear
model. The two models yield similar values for the thermo-

dynamic parameters of molten globule thermal unfolding in

the absence of denaturant (Tm¼ 50.46 0.3 or 47.96 0.7�C,
DHm¼ 26.86 0.8 or 236 1 kcal/mol, DCP¼ 1.096 0.02 or

0.98 6 0.03 kcal/(mol 3 K) for the linear and urea-binding

models, respectively) (Fig. 2 A). At 25�C, the linear model

provides an m value of 1.36 kcal/(mol 3 M), in excellent

agreement with the value obtained from simple urea unfold-

ing curves: 1.336 0.04 kcal/(mol3M) (Fig. 1 A). The urea-
binding model estimates that;1436 40 urea molecules bind

preferentially to the unfolded state relative to the molten glob-

ule, with a binding enthalpy of �1.766 0.09 kcal/mol and a

binding entropy of �0.0146 0.005 kcal/(mol3 K) per urea

molecule, in good agreement with the values proposed by

Makhatadze and Privalov (�2.16 0.5 kcal/mol and�0.0136
0.002 kcal/(mol 3 K), respectively) for urea unfolding of

native proteins (39). Therefore, preferential binding of urea to

the unfolded state leads to significant decreases of the ap-

parent enthalpy and entropy of unfolding, which makes cold

denaturation take place at higher temperatures. On the other

hand, the heat capacity change of urea binding to the protein

is calculated at 0.04 6 0.001 kcal/(mol 3 K), which means

that urea increases the curvature of the stability curve (49),

thus further raising the temperature of cold denaturation of

the molten globule. From the thermodynamic values calcu-

lated using the linear model (see Table 4), the conformational

stability of the molten globule at 25�C in the absence of

denaturant is of 0.99 6 0.07 kcal/mol, in good agreement

with the value derived from chemical denaturation analysis

(1.13 6 0.05 kcal/mol). Overall, the thermal and chemical

stability data consistently indicate that at 25�C and pH 2.0,

85% of the apoflavodoxin molecules are in the molten globule

conformation and 15% are cold-denatured.

It has been reported that DCP and m values of protein

unfolding are correlated to protein size (32,50). Apo-

flavodoxin from H. pylori contains 164 residues. The DCP of

the native state at pH 9 (calculated, as described by Cremades

et al. (24), to be 2.7 kcal/(mol 3 M)) is consistent with a

protein of ;147 residues, whereas the DCP of the molten

globule at pH 2.0 corresponds to that of a native protein of 70

residues. It thus seems that the molten globule is hydrated so

that about half of the residues behave as if they where ex-

posed to solvent as much as in the denatured state. Exactly

the same picture is provided by the m values, which predict a

length of 182 residues for the native state but only 96 for the

molten globule (32,50).

The native-molten globule transition

At pH 5.0, the native conformation of H. pylori apo-

flavodoxin, of known x-ray structure (21) and well charac-

terized thermodynamic behavior (24,25), is largely dominant.

However, as the pH drops, the stability balance between na-

tive state and molten globule switches, so that at pH 2.0 most

folded protein molecules are molten globules. At interme-

diate pH, different populations of both states are expected. To

determine the free energy difference of the molten globule/

native equilibrium and the influence of pH therein, a careful

spectroscopic and thermodynamic global analysis has been

performed combining data from the pH range 1.5–5.0. First,

native and molten globule molar fractions at the different

pHs in the transition region have been calculated from de-

convolution of apoflavodoxin spectra recorded at different

pH values from 1.5 to 5. Deconvolution was based on far-UV

CD spectra (Fig. 3 A, inset). Fluorescence and near-UV CD

FIGURE 3 The native/molten globule equilibrium as a function of pH. (A)

Native state molar fraction obtained at 10 different pH values from 1.8 to 5

from deconvolution of far-UV CD spectra (inset). Solid lines represent the fit

of the data to Eq. 12. (B) pH dependence of the free energy difference

between native and molten globule states obtained from fitting native fraction

data to Eqs. 12 and 13.
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spectra were not used due to strong influence of protonation

in fluorescence emission intensities and weak near-UV CD

spectra, respectively. The native fraction as a function of pH

is shown in Fig. 3 A and the free energy difference between

native and molten globule in Fig. 3 B. The transition from

native state to molten globule is driven by preferential

proton binding to the molten globule of around five acidic

residues of the protein, the pKas of which are higher in the

molten globule (2.9) than in the native state (2.0). The

reason for increased pKas in the molten globule can be either

that the affected residues are more buried in the molten

globule than in the native state, which seems unlikely, or

that they establish specific interactions that stabilize the

ionized forms in the native state, but are broken in the

molten globule conformation. As the pH drops, the increase

in proton concentration promotes a preferential stabiliza-

tion of the molten globule, which is more easily protonated

than the native state. A tentative identification of the acidic

residues involved in the native/molten globule transition

has been made by calculating the pKas of all apoflavodoxin

ionizable residues in the native structure (21) using the

program PROPKA (51). Six candidate residues are Asp-33,

Asp-63, Asp-75, Asp-88, Glu-98, and Asp-140, the pKas of

which are calculated to be,3.1. These residues appear to be

spread on the protein surface (not shown). Therefore, if the

prediction is correct, the H. pylori apoflavodoxin molten

globule could be a homogenously destabilized conforma-

tion, as has been described for a molten-globule-like

shortened version of Anabaena apoflavodoxin, whose low-

resolution structure was solved by equilibrium F-analysis

(8). On the other hand some of these residues are located at

or near the FMN binding site, which suggests that this site

could be severely distorted in the molten globule. Two

contrasting structural models have been proposed for

molten globules: expanded conformations with locally

stable native secondary-structure subdomains that are par-

tially folded but permit water penetration (52), or confor-

mations with a dry, native-like hydrophobic core plus an

unfolded surface (53). Either model can explain both the

increased volume and the low heat capacity and m values of

the apoflavodoxin molten globule. However, its close-to-

native helical content argues in favor of the first model,

because the helices of its a/b fold are located at the sur-

face (21).

The stabilities of the native and molten globule states

relative to the unfolded one have also been determined, as

explained in the Methods section. The global fit to the three-

state model at pH values with significant molar fraction of the

three species (pH 2.2, 2.6, and 3.2) is good (Fig. 4 A). The
populations of each state at these intermediate pH values are

shown in Fig. 4, B–D. The overall stability of the protein

(DGN�U ¼ DGN�MG 1 DGMG�U) at different pHs was fitted

to Eq. 13 plus Eq. 14, and from this fit, the number of molten

globule residues involved in its pH-induced unfolding tran-

sition has been determined (Table 1). Molten globule un-

folding is driven by preferential binding of protons to the

denatured state. Three side chains whose pKas are lower in

the molten globule (2.9) than in the unfolded state (3.9) are

involved. These groups are most likely carboxylates, but the

lack of a structural model for the molten globule precludes

any tentative assignment. That the mechanism driving molten

globule unfolding at low pH is the same one that promotes

conversion of the native state into the molten globule high-

lights the fact that the differences between native protein

conformations and molten globules are in many respects of a

quantitative rather than qualitative nature (27).

FIGURE 4 Three-state apoflavodoxin urea un-

folding atpHvalueswhere native,moltenglobule,

and unfolded states are significantly populated.

(A) Global fit of urea-unfolding curves at pH 2.2,

2.6, and 3.2 to a three-state unfoldingmodel (Eq.

3). (B–D) Calculated populations as a function of
urea concentration of native (thick solid lines),

molten globule (dashed lines), and unfolded

states (thin solid lines) at pH 2.2, 2.6, and 3.2,

respectively.
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Can molecular crowding stabilize native proteins
relative to partly unfolded intermediates? Effects
of crowding agents on molten globule stability
and on native/molten globule state equilibrium

Macromolecular crowding has been shown to stabilize

compact forms of proteins (41,54,55). According to excluded

volume theory (55), crowding agents provide a nonspecific

force that promotes a reduction of total excluded volume,

leading to stabilization of the most compact conformations of

proteins. Therefore, the higher the volume difference be-

tween conformations, the greater the stabilizing effect. Ac-

cording to the scaled-particle theory (56–58), the free energy

difference between two protein conformations depends lin-

early on crowding agent concentration. For the molten

globule/native state equilibrium in H. pylori apoflavodoxin,
the m parameter in Eqs. 16 and 17 is expected to be 0.00093

(kcal 3 L)/(mol 3 g), much lower than the value of 0.0156

(kcal 3 L)/(mol 3 g) calculated for the unfolded/native

equilibrium. With those m values, a 1 kcal/mol stabilization

of the native state relative to the molten globule would re-

quire 1000 g/L dextran in the media, whereas for global

unfolding of the native protein, such stabilization would be

achieved with only 50 g/L.

To test the performance of the theory and to investigate

whether crowding can induce a significant stabilization of

native proteins relative to equilibrium intermediates close in

energy, the effect of dextran on the stability of H. pylori
apoflavodoxin was tested in several pH conditions that favor

either the molten globule or the native state, and also at a pH

value where the two conformations display the same molar

fraction (pH 2.55). At this pH value, different dextran con-

centrations from 0 to 250 g/L were used, and spectroscopic

properties (fluorescence emission maximum wavelength and

mean residue ellipticity at 222 and 208 nm) were carefully

monitored to try to sense slight variations in native and

molten globule populations (Fig. 5 A). Within the 0–250 g/L

dextran concentration range, the wavelength of maximal

emission remains constant at 328.5 nm, compared to 323.5

nm for the native conformation at pH 5.0, and the ellipticity

similarly remained constant. Therefore, 250 g/L dextran

seems unable to significantly shift the conformational equi-

librium toward the native state.

On the other hand, the influence of 100 g/L dextran on the

conformational stability of the molten globule at pH 2.0 and

of the native state at pH 5.0 and 7.0 was determined by urea

denaturation (Fig. 5 B) and compared with the predictions

from the scaled-particle theory (Table 2) together with the

excluded volume theory by Ogston (42). Since both molten

globule and native state experience large volume increases

when they unfold (25), theory predicts significant and similar

stabilizations at ;1.5–1.6 kcal/mol. Indeed, similar stabili-

zation of 0.8–0.9 kcal/mol (see Table 2) was observed for the

native state at pH 5 and 7, and the molten globule at pH 2 is

also significantly stabilized by ;0.5 kcal/mol. The lack of

perfect agreement between the lower observed stabilizations

and theory predictions may be attributed to various things,

including inaccuracy of the value of the radius of the un-

folded conformation introduced in Eq. 17 and the possibility

that the unfolded state at low pH is more compact than at

higher pH values. Whatever the reason, it seems clear that the

two compact conformations analyzed here (the native state

and the molten globule) are notably stabilized by crowding

effects against full unfolding. In a similar way, strong sta-

bilization of a homologous flavodoxin by crowding agents

TABLE 1 Parameters defining the conformational stability of

native and molten globule H. pylori apoflavodoxin as a function

of pH (N�MG�U)

n1 pKN
a pKMG

a DG0
N�MG n2 pKU

a DG0
MG�U

4.9 6 0.6 2.0 6 0.3 2.9 6 0.1 2.7 6 0.32 2.8 6 0.2 3.9* 6.4 6 0.2

Free energies are given in kcal/mol. Fitting errors are reported. Temperature

and ionic strength are 25�C and 10 mM, respectively.

*The pKU
a value was fixed during the fitting to reduce dependency between

parameters. It represents a weighted average of the expected pKas of

aspartic and glutamic residues in unfolded H. pylori flavodoxin.

FIGURE 5 Stabilization of native and molten globule apoflavodoxin by

dextran. (A) Spectroscopic signals of apoflavodoxin at pH 2.55 (50% of the

protein in the native state and the other 50% in molten globule conformation)

at different concentrations of dextran (solid symbols): the wavelength of the
maximum in fluorescence emission intensity (squares) and the CD signal at

222 nm (circles) and 208 nm (triangles). For comparison, the signals of the

protein at pH 5 (100% of the protein in the native state) are also shown as

open symbols. (B) Urea-unfolding curves of apoflavodoxin in the absence

(open symbols) and presence (solid symbols) of 100 mg/mL of dextran,

assessed by fluorescence emission at pH 2 (squares), pH 5 (circles), and pH

7 (triangles). Black lines are individual fits of the data to Eq. 2.
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has been described recently (59) using analysis of circular

dichroism thermal unfolding curves, which in flavodoxins

typically monitor the conversion of a compact intermediate

into the fully unfolded state (59) and therefore report on a

conformational transition of large volume change. In con-

trast, we have shown here that, according to our spectro-

scopic analysis and also according to theory predictions, the

relative stability of the native and molten globule states in

solution conditions where they coexist (pH 2.55) does not

appear to be modified by crowding agents. This is an im-

portant issue, because many proteins are transformed, under a

variety of stress conditions, into partially unfolded confor-

mations (such as molten globules (27), thermal equilibrium

intermediates (6,24), or partly unfolded mutants (29,30))

rather than the unfolded state. It should be borne in mind

that for proteins experiencing non-two-state equilibrium

unfolding, it is useful to distinguish between the relevant

stability associated with the N4I equilibrium and the re-

sidual stability of the intermediate conformation (I4U), the

two stabilities that add up to the global stability of the protein

(N4U) (60,61). According to scaled-particle theory and to

the observations reported here, such proteins, which may

well be a majority within the proteome, will not benefit from

crowding as a stabilizing force, because the volume changes

involved in the N4I transitions will not be large in many

cases.

Can osmolytes drive molten globules into
native conformations?

A variety of organisms use protein-stabilizing osmolytes,

such as trimethylamine N-oxide and the disaccharides a,
a-trehalose and sucrose (62), to survive at extreme temper-

atures, in dehydration, and under other stress conditions (63–

66). Proteins are more stable in the presence of osmolytes,

because osmolytes preferentially increase the Gibbs energy

of the protein denatured state (67–71), likely due to unfa-

vorable interactions between polypeptide backbone and os-

molyte (the so called ‘‘osmophobic effect’’ (69)). Examples

of mechanisms proposed to account for this preferential ex-

clusion include solvophobicity (69,72), surface tension (73–

75), excluded volume (76,77), water structure changes, and

electrostatic repulsions (68). Recently, the effect of sugars on

the conformation of several unfolded proteins has been

studied and it has been proposed that volume exclusion by

high concentrations of sugars can induce a compact molten

globule conformation from the acidic unfolded state of some

proteins (78,79). In this study, we tested whether osmolytes

can similarly induce the transformation of molten globules

into native structures. We first tried trimethylamine N-oxide

(63,80,81), but it makes the molten globule aggregate, as do

several other salts we have tested (not shown), which

prompted us to use a neutral osmolyte such as sucrose. Shifts

in the native/molten globule equilibrium at pH 2.55 (where

they are present in equimolecular concentrations) were in-

vestigated in 20 mM apoflavodoxin solutions by recording

the CD signal at 222 nm as a function of sucrose concen-

tration (from 0 to 1.5 M). Although the helical content in-

creases at high sucrose concentrations approaching that of the

native state, the expected concomitant decrease of the mini-

mum at 208 nm (25) (Fig. 3 A, inset) does not take place (not
shown). On the other hand, the wavelength of maximal

tryptophan fluorescence emission moves to lower values at

high sucrose concentrations, suggesting a lower exposure to

solvent of the tryptophan residues. Nevertheless, the same

effect is observed at pH 5.0, where the native conformation is

prevalent (not shown). It seems thus that sucrose increases

both molten globule and native state compactness without

driving the molten molecules into the native conformation.

The reason this osmolyte can drive conversion of unfolded

proteins into molten globules (78,79) but fail to drive con-

version of molten globules into native proteins (this work)

may also be related to the volume differences between native

proteins and molten globules being smaller than those be-

tween molten globules and unfolded states.

Osmotic stress analysis (82) is sometimes used to deter-

mine hydration changes from osmolyte-induced changes in

equilibrium constants. Our data could be interpreted, within

the framework of osmotic stress analysis, as indicating that

molten globule and native apoflavodoxin are similarly hy-

drated, which seems unlikely considering their very different

m-values of urea unfolding.

TABLE 2 Stabilization of apoflavodoxin in macromolecular crowding conditions

Without dextran* 100 mg/mL dextran Stabilization

Transition pH m DGw m DGw Determined Predictedy

MG�U 2 1.35 6 0.04 1.13 6 0.05 1.30 6 0.03 1.59 6 0.05 0.5 6 0.1 1.5

N �U 5 2.32 6 0.02 9.37 6 0.08 2.25 6 0.10 10.28 6 0.51 0.9 6 0.5 1.6

N�U 7 2.18 6 0.06 6.56 6 0.2 2.09 6 0.08 7.38 6 0.35 0.8 6 0.4 1.6

N �MG 2.55 Not detected 0.1

Protein stability was determined by urea-induced unfolding followed by fluorescence emission at 25�C in 23 mM sodium phosphate, pH 2.0, 16 mM sodium

acetate, pH 5.0, and 30 mM MOPS, pH 7.0. m values are given in kcal/(mol 3 M), and DGw and stabilization values in kcal/mol. Reported errors are

experimental errors.

*Data for apoflavodoxin without dextran are taken from Cremades et al. (25).
yStabilization of apoflavodoxin in the presence of 100 mg/mL dextran were predicted by scaled particle theory (Eqs. 16 and 17).
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Native state rescue by the FMN cofactor

Preferential ligand binding to a specific protein conformation

stabilizes that conformation relative to alternative confor-

mations (83–86). To determine whether FMN, the natural

flavodoxin cofactor, can bind to the apoprotein in acidic

conditions and rescue the native state, FMN was added at

different concentrations to a 20 mM apoflavodoxin solution

at pH 2.55. An equimolar 20-mM concentration of FMN was

enough to recover the native wavelength of maximal fluo-

rescence emission and the native CD signals at both 222 and

208 nm, which became almost identical to those exhibited by

holoflavodoxin at pH 5 (not shown). FMN can therefore bind

to the native state at acidic pH, thus shifting the molten

globule/native state equilibrium toward the native confor-

mation.

The affinity of the apoflavodoxin:FMN complex was then

determined at pH 2.0, where all the protein is in the molten

globule conformation, by both fluorescence quenching of

FMN upon apoprotein binding and by ITC (Fig. 6, A and B,
respectively), and the corresponding binding parameters,

essentially identical for the two techniques, are reported in

Table 3. Compared to the functional complex at pH 7.0 (24),

the apparent affinity is 100 times lower, whereas the enthalpy

and entropy of binding are much higher (Table 3). It should

be noted, however, that these are not the true binding pa-

rameters to native apoflavodoxin because part of the binding

energy of the complex is utilized to shift the molten globule/

native equilibrium toward the binding-competent native

state. The binding energy was therefore corrected by adding

up the previously determined free energy difference between

native state and molten globule at pH 2.0. As regards the

enthalpy and entropy of binding, they are not expected to

change significantly with pH. First, FMN binding at pH 7.0

and 9.0 has been reported to take place without proton ex-

change (24), and second, very similar binding free energies

are obtained at pH 2.0 (Table 3, corrected value), 7.0, and 9.0
(24). Therefore, we propose that the intrinsic entropy and

enthalpy of binding at pH 2.0 are similar to those at pH 7, and

that the differences between these values and the apparent

values experimentally determined by titration of the molten

globule with FMN provide estimations of the enthalpy and

entropy contributions (�23.6 and 25.7 kcal/mol, respec-

tively) associated with the conversion of the molten globule

to the native state at pH 2.0 and 25�C. According to this

interpretation, adding up the enthalpic and entropic contri-

butions, the conformational stability of molten globule apo-

flavodoxin at pH 2.0 relative to the native state is calculated at

2.1 kcal/mol, which agrees well with the value directly de-

termined from deconvolution analysis of far-UV CD spectra

(DGMG�N ¼ 1.64 kcal/mol, Fig. 3 B). The relatively high

value of the enthalpy change from the molten globule to the

native state (yet only one-half of the unfolded/native enthalpy

change at pH 9.0 at 25�C (24)) suggests that many internal

interactions are formed or strengthened during the confor-

mational change, whereas the unfavorable entropic contri-

bution indicates that ordering of the polypeptide chain offsets

the expected increase in solvent entropy.

The equimolecular mixture of apoflavodoxin and FMN at

pH 2.0 and 25�C presents spectroscopic properties similar to

those at pH 5.0, 7.0, and 9.0 (24) (Fig. 7). This spectral co-

incidence indicates that there is a single holoflavodoxin

conformation in the 2.0–9.0 pH interval. The stability of

holoflavodoxin at pH 2.0 has been studied by monitoring

thermal unfolding curves with different spectroscopic tech-

niques (Fig. 8 A). The unfolding is reversible provided the

temperature is kept below 62�C; otherwise, the released

FMN group hydrolyzes and the apoprotein refolds but cannot

FIGURE 6 Rescue of native apoflavodoxin at pH

2.0 by FMNbinding. (A) FMNfluorescence quench-

ing upon apoflavodoxin binding and (B) isothermal

titration calorimetry were used to measure the affin-

ity constant of the flavodoxin/FMN complex at pH

2.0 and to estimate the thermodynamic parameters of

binding.
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bind FMN (not shown). The different unfolding curves are

not superimposable (Fig. 8 A), which demonstrates the ap-

pearance of an equilibrium intermediate. The intermediate

has lost the near-UV CD signal characteristic of the associ-

ated FMN cofactor and accumulates at temperatures where

the molten globule conformation of the apoprotein is still

stable (Fig. 8 B). That the intermediate corresponds to the

molten globule is also shown by the thermodynamic pa-

rameters obtained from global three-state analysis of the four

holoflavodoxin unfolding curves at pH 2.0 (Table 4). Indeed,

the second transition takes place at a temperature and with an

enthalpy change nearly identical to those determined for

molten globule thermal unfolding (49.6 6 0.5�C and 25 6
1 kcal/mol). The thermal unfolding of holoflavodoxin at pH

2.0 can thus be described by the scheme

Holo�MG�U

As already discussed, DCP values obtained from spectro-

scopic unfolding curves should be observed with caution. In

this particular case, however, DCP2 can be identified with the

value accurately determined for molten globule unfolding

(Fig. 2), whereas the value obtained for DCP1 is reasonable

because, added to DCP2, it amounts to 2.6 kcal/(mol 3 K),

which compares well with the overall heat capacity change of

2.7 determined for the protein (24). The stability of the three

conformations and their relative populations can thus be

calculated as a function of temperature (Fig. 8 B). As can be

seen, FMN binding at pH 2.0 strongly stabilizes the native

state (although at 25�C, 8% of the molecules are molten

globules) and holoflavodoxin experiences a less pronounced

cold denaturation than the apo form. It is curious that the

temperature dependencies of DG1 and DG2 make heat dena-

turation a three-state process but cold denaturation a simpler

two-state process in which holoflavodoxin unfolds without

molten globule accumulation. (Fig. 8 B).

Fluctuations of the native state ensemble of
H. pylori flavodoxin with pH

The native ensemble of proteins, i.e., the alternative confor-

mations that are not far in stability from the native state under

native solution conditions, is attracting much interest because

it is increasingly clear that the ensemble is involved in the

dynamics associated with protein function and that, on the

other hand, it might be related to the occurrence of confor-

TABLE 3 Thermodynamic parameters of FMN binding to

flavodoxin at pH 2.0 at T ¼ 25�C

Technique

Kd

(mM)

DGb

(kcal/mol)

DHb

(kcal/mol)

�TDSb
(kcal/mol)

Spectroscopy 0.53 6 0.04 �8.6 6 0.2 – –

ITC 0.40 6 0.01 �8.7 6 0.1 �43.6 6 0.2 34.9

Corrected values* – �10.37y �20z 9.2z

*Binding parameters obtained from the experiments have been corrected to

take into account that part of the binding energy is required to shift the

conformational equilibrium toward the native state (see text). These cor-

rected values are the real binding parameters of FMN to the apoflavodoxin

native state.
yFree energy change was calculated by adding the energy difference be-

tween the native and molten globule states at pH 2 to the apparent binding

energy.
zThese values correspond to binding parameters determined at pH 7 (24)

(see text for a detailed justification). In particular, they are consistent with

the experimentally determined free energy difference of the MG4N

equilibrium.

FIGURE 7 Spectroscopic characterization of holoflavodoxin at different

pH values. (A–C) Fluorescence (A), far-UV CD (B), and near-UV CD

spectra (C) of holoflavodoxin at 25�C and pH 2 (thick black solid line), pH 5

(gray solid line), and pH 7 (gray dashed line). The spectra of holoflavodoxin
at pH 2 at 90�C (dotted line) and apoflavodoxin at pH 2 at 25�C (thin black

solid line) are also shown for reference.
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mational diseases (2). Valuable information on native state

ensembles has been obtained so far by NMR equilibrium

studies (3–5). Here, we have used conventional protein sta-

bility techniques to characterize the native state ensemble of a

model protein at acidic pH. Temperature, urea concentration,

cofactor concentration, and pH markedly modify the relative

stabilities of holoprotein, native apoprotein, and molten

globule. On the other hand, the native ensemble of this pro-

tein at neutral and mildly basic pH has been characterized

previously using similar techniques and was shown to in-

clude two partly unfolded intermediates (24). The picture that

emerges from these analyses (Fig. 9) provides insight into the

ensembles present as a function of pH. It has been pointed out

that only conformations with free energies within 3–4 kcal/

mol of the native-state free energy are likely to become sig-

nificantly populated under native conditions and thus should

be considered part of the native ensemble (2). At neutral and

mildly acidic pH values, the native state ensemble of H. py-
lori apoflavodoxin is constituted by two partly unfolded in-

termediates plus the molten globule (Fig. 9). The more stable

intermediate (24), whose structure is similar to that described

for the single Anabaena apoflavodoxin thermal intermediate

(6), is so close in energy to the native state that it becomes

dominant upon small temperature increases. There is also

strong evidence that it becomes the dominant conformation

of a variety of partly unfolded point mutants (29,30), and that

it appears to be related to the mechanism of FMN binding

(21). The second intermediate, of lower stability, appears at

higher temperatures, and little is known of its structure except

that its helix content is low. The molten globule, with high

helix content, is ;3 kcal/mol above the native state and

represents the least stable intermediate in the native ensem-

ble. Not surprisingly, it has not yet been observed at these

pH values under either heat or mutational stress (point mu-

tations). However, more drastic protein destabilization of

Anabaena apoflavodoxin by removal of the terminal helix

gives rise to the molten globule conformation (8). Only na-

tive apoflavodoxin can directly bind the cofactor, but the

alternative conformations in the native ensemble are in equi-

librium with native apoflavodoxin, and thus FMN drives

them into the native state. Four partially unfolded forms

(PUFs) of the homologous apoflavodoxin from Azotobacter
vinelandii have been detected and studied by NMR (87). PUF

1 is very similar to the native state, PUF 2 corresponds to the

more stable intermediate in H. pylori thermal unfolding, and

PUF 4 is essentially an unfolded conformation. It is possible,

but uncertain, that PUF 3 is related to the second thermal

intermediate in H. pylori apoflavodoxin thermal unfolding,

but none of these PUFs appear related to the molten globule.

As the pH approaches 4.0, preferential proton binding to the

molten globule reduces its energy gap with the native state,

FIGURE 8 Holoflavodoxin thermal unfolding at pH 2.0. (A) Thermal

unfolding of holoflavodoxin (equimolecular mixture of FMN and apofla-

vodoxin, 20 mM each) assessed by protein fluorescence (open squares), far-

UV CD (open circles), near-UV CD (solid squares), and absorbance at 291

nm (solid circles). For a better comparison, the data were normalized so that

the different curves run from roughly 0 to 1. The solid lines represent the

global fit to a three-state unfolding model. (B) Populations of native

(circles), molten globule (triangles), and thermally induced unfolded

(squares) states. The populations of the different conformations in the

absence of FMN are represented by thick gray lines for the molten globule

and thin gray lines for the unfolded state.

TABLE 4 Thermal unfolding of flavodoxin at pH 2.0

Holo �MG MG �U

Tm1 (�C) DHm1 (kcal/mol) DCP1 (kcal/(mol 3 K)) Tm2 (�C) DHm2 (kcal/mol) DCP2 (kcal/(mol 3 K)) DG* (kcal/mol)

Apoflavodoxiny – – – 50.4 6 0.3 26.8 6 0.8 1.09 6 0.2 0.99 6 0.07

Holoflavodoxin 38.8 6 0.5 44 6 1 1.5 6 0.1 49.8 6 2 23 6 3 1.09z 2.2 6 0.4

*Global unfolding free energy (Holo4U or MG4U) at 25�C.
yParameters obtained by global analysis of apoflavodoxin cold denaturation (data in Fig. 2).
zDCP2 for holoflavodoxin was fixed to the DCP,MG-U value of apoflavodoxin.
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and below pH 2.5, the molten globule is dominant. Even

at pH 2.0, cofactor binding to the tiny fraction of native

apoflavodoxin effectively shifts the equilibrium toward the

native apoflavodoxin:FMN complex. The two intermediates

that at neutral pH are closer to the native state than the molten

globule appear to be destabilized at lower pH, and no longer

populate upon heating.

It is clear that much information concerning protein func-

tion and dysfunction is confined in the details of the native

state ensemble, and that stability differences between the

native conformation and less stable, minor conformations of

the ensemble may bemore important than the overall stability

of the native protein relative to the unfolded state (2,60,61).

Indeed, partly folded intermediates, such as those shown here

to constitute the native state ensemble of H. pylori apo-
flavodoxin, are thought to be critical intermediates involved

in the onset of conformational diseases, including aggrega-

tion and subsequent fibril formation (47,88–91). Although

NMR methods are very useful to detect and characterize the

conformation of dominant species within the native state

ensemble (3–5), conventional stability analysis can greatly

help to understand the energetics of the ensembles and ex-

plain their fluctuations under changing solution conditions.
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