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ABSTRACT: Flavodoxin has been recently recognized as an essential protein for a number of pathogenic
bacteria includingHelicobacter pylorj where it has been proposed to constitute a target for antibacterial
drug development. One way we are exploring to screen for novel inhibitory compounds is to perform
thermal upshift assays, for which a detailed knowledge of protein thermostability and cofactor binding
properties is of great help. However, very little is known on the stability and ligand binding properties of
H. pylori flavodoxin, and its peculiar FMN binding site together with the variety of behaviors observed
within the flavodoxin family preclude extrapolations. We have thus performed a detailed experimental
and computational analysis of the thermostability and cofactor binding energeticpwglori flavodoxin,

and we have found that the thermal unfolding equilibrium is more complex that any other previously
described for flavodoxins as it involves the accumulation of two distinct equilibrium intermediates.
Fortunately the entire stability and binding data can be satisfactorily fitted to a model, summarized in a
simple phase diagram, where the cofactor only binds to the native state. On the other hand, we show how
variability of thermal unfolding behavior within the flavodoxin family can be predicted using strueture
energetics relationships implemented in the COREX algorithm. The different distribution and ranges of
local stabilities of théAnabaenandH. pylori apoflavodoxins explain the essential experimental differences
observed: much lowerm, greater resistance to global unfolding, and more pronounced cold denaturation
in H. pylori. Finally, a new strategy is proposed to identify using COREX structural characteristics of
equilibrium intermediate states populated during protein unfolding.

Flavodoxins areuf proteins involved in a variety of redox  used to investigate protein stability in connection with ligand
reactions {). They are composed of a 5-stranded, parallel binding Anabaena PCC711&—9); Azotobactewinelandii
pB-sheet surrounded by-helices, and they bear a nonco- (10, 11); Desulfaibrio desulfuricans(12); Desulfaibrio
valently bound cofactor, flavin mononucleotide (FFN vulgaris (13)). Work in our laboratory ormAnabaenafla-
where the redox properties reside. Flavodoxins can bevodoxin has shown that the cofactor increases the cooper-
classified in two classes: short-chain and long-chain ones, ativity of the thermal unfolding (which is three-state for the
the latter containing a 20-residue loop, of a still unclear apoprotein and two-state for the holoprotein) because it binds
function, inserted in the fifti#-strand 2, 3). One interesting  at the weak region of the apoprotein that becomes unstruc-
characteristic of flavodoxins is that, upon removal of the tured at a temperature lower than that of the global unfolding
flavin cofactor, the apoprotein remains folded ). The (9). In other flavodoxins, however, the cofactor does not
flavodoxins from several nonpathogenic bacteria have beenseem to modify the number of macroscopic states that can
be observed at equilibrium. This different influence of
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(PFOR) in an essential pathway that catalyzes pyruvateUV circular dichroism (CD) spectra were acquired at pH
oxidative decarboxilation1@, 19). This has opened the 7.0 and 9.0, in both native (2% 0.1 °C) and denaturing
possibility to use the protein as a target for developing new conditions (90+ 0.1 °C), using a Jasco 710 spectropola-
inhibitory drugs against the bacteriun20j. H. pylori rimeter. For near-UV CDa 1 cmpath length cuvette was
flavodoxin is a long-chain flavodoxin. It contains 164 used with 26-40 uM protein solutions and 50 mM buffers.
residues and shares 44% sequence identity #itabaena For far-UV CD, the path length was 0.1 cm, protein
PCC7119 39% with Azotobactewinelandii, and 29% with concentration was 20M, and MOPS pH 7.0 or EPPS pH
Desulfaiibrio desulfuricansand Desulfasibrio vulgaris fla- 9.0 buffers (containing in addition either 20 or 45 mM NaCl,
vodoxins. The X-ray structure of thé. pylori protein reveals  respectively) were used a 5 mM concentration.
(18) that a tryptophan residue typically involved in cofactor =~ Thermal Unfolding Followed Spectroscopicallyhermal
binding in many flavodoxins appears replaced by an alanine, denaturation was followed by fluorescence and circular
which creates a distinct pocket near sid¢ace of the redox dichroism in several spectral regions. Fluorescence emission
cofactor @0). The structure of the apo form (PDB code: spectra (from 300 to 400 nm, with excitation at 280 nm)
2bmv) has also been recently determin@d)( and it is were acquired and the average energy of emis86n31)
similar to that of the holoprotein, except at the FMN binding used to follow the unfolding: The unfolding by circular
site. dichroism was followed at single wavelengths in the far-
We report here a structurestability study ofH. pylori UV (222 nm), near-UV (291 nm), and visible (373 nm)
flavodoxin as a step toward using the holoprotein as a drugregions. Apoflavodoxin concentration was-20 uM for
target in high throughput thermal upshift screening assaysfluorescence measurements, @@ for far-UV, and 26-40
(20, 22) and as a contribution to understanding the interplay uM for near-UV CD in two conditions: 50 mM MOPS, pH

between intrinsic and cofactor-driven stability in the fla-
vodoxin family. The apoprotein frorhl. pylori displays a

higher thermostability toward full unfolding than other
known apoflavodoxins but, surprisingly, a lower cooperat-
ivity, which allows observation of the accumulation of two

7.0 and 50 mM EPPS, pH 9.0. Holoflavodoxin concentration
was 20uM in all cases.

Individual thermal unfolding curves of apoflavodoxin were
fitted to a three-state equation as describ2g) assuming
that the spectroscopic signals of the folded, intermediate, and

partially unfolded equilibrium intermediates, the first one unfolded states vary linearly with temperature. However, the
similar to the thermal intermediates described for other slopes of the signal of the intermediate are fixed to zero
flavodoxins @, 10, 23), and the second one much closer to because, since it never accumulates to 100% over a signifi-
the unfolded state. The structural reason of this different cant temperature range, they cannot be determined accurately
distribution of partly unfolded conformations near the native and allowing their fitting would increase parameter depen-
basin @4), compared with other flavodoxins so far studied, dency of other fitting parameters. Since the individual
is here investigated using the COREX algorith2b{27), spectroscopic curves do not superimpose one on another, they

and it appears to originate fror. pylori flavodoxin
combining a more stable core with a wider range of local
stabilities. The structuralenergetic analysis performed helps
to explain whyH. pylori flavodoxin begins its complex

thermal unfolding at lower temperatures, appears to present
a more pronounced cold denaturation, and does not exhibit

the cooperative two-state behavior observedAimabaena
flavodoxin when the FMN cofactor is bound. In addition

were globally fitted to a four-state equation:

S=
+mT+S,; e AG/RT S,e (AGIHAG)RT .
(S, +m,T) @ (AGIHAGHAGY/RT

1 + @ AGYRT | o~(AGI+AG)RT | (~(AGy+AGy+AGS)/RT (1)

we propose a new method using the COREX algorithm that where Sy, Si1, Sz, and S, are the spectroscopic signals of
seems to identify the weak regions that become unfolded inthe native state, first and second intermediate states, and

the major thermal intermediate that is found in all long-chain
flavodoxins so far analyzed.

MATERIALS AND METHODS

Protein Purification, Determination of Extinction Coef-
ficients, and Spectroscopic Characterizati®tecombinant
H. pylori flavodoxin was purified as describedd), and a
mixture of holo and apo forms was obtained. Apo and
holoflavodoxin dissolved in 50 mM Tris-HCI, pH 8.0 were
separated in a MonoQ10 column (FPLC, Amersham),
equilibrated in the same buffer, using a linean@tM NaCl
gradient. Apoflavodoxin can also be obtained by removing
the flavin mononucleotide group from the holoprotein by
treatment with trichloroacetic aci@®). The molar extinction
coefficient ofH. pylori apoflavodoxin, at 278 nm in 50 mM
MOPS, pH 7, was determined to be 15 960'"m™* from

denatured stated\G; are calculated as described 283).

For holoflavodoxin, some individual thermal unfolding
curves could be fitted to a two-state model (near-UV and
visible CD) and some others had to be fitted to a three-state
model (UV fluorescence and far-UV CD). In addition, all
the curves were globally fitted to a four-state equation
(eq 1).

Differential Scanning CalorimetryThe heat capacity of
flavodoxin was measured as a function of temperature with
a differential scanning VP-DSC microcalorimeter (Microcal
LLC, Northampton, MA). Protein samples and reference
solutions were degassed and carefully loaded into the cells
to avoid bubble formation. The baseline of the instrument
was routinely recorded before the experiments with both
cells filled with buffer. Thermal denaturation scans of
apoflavodoxin were performed with 50M protein solutions

its amino acid composition and its absorbance in that buffer in 50 mM MOPS pH 7.0, 50 mM Hepes pH 8.0 50 mM

and in 6 M guanidine hydrochlorid@9). For holoflavodoxin,
a molar extinction coefficient at 452 nm of 10 650 Mcmt
in 50 mM Tris-HCI pH 8 was used(). Far-UV and near-

Hepes pH 8.5, and 50 mM EPPS, pH 9.0, at a scanning rate
of 1 °C/min from 10 to 100°C. The ionic strength of all
samples was between 40 and 45 mM, except for the pH 7.0
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experiments, where it was 20 mM to allow a more direct estimate the thermodynamic parameters for cofactor binding
comparison with data available for flavodoxins from other from temperature denaturation experiments performed at
species. DSC profiles at different protein concentrations and different cofactor concentration84).
scanning rates were recorded to ensure that no kinetic effects Statistical Mechanical Decamlution. This method 82,
or oligomerization processes were present. Reversibility of 35) allows one to obtain the thermodynamic parameters for
the unfolding was checked by sample reheating after coolingthe thermal unfolding transitions of a protein from the
inside the calorimetric cell and, in all cases, was higher than average excess enthalpy function of the systéixHL]
80%. For holoflavodoxin DSC experiments, a4 protein without anya priori assumption of a particular unfolding
solution in EPPS 50 mM pH 9.0 was used. model. The average excess enthalpyJas a function of
DSC data was fitted to three-state and four-state equationstemperature is obtained from DSC data by direct integration
(32), where the excess heat capacity change was analyzewf the excess heat capacity function, which is the direct
considering a sequential unfolding mod&2). The partition observable, and the partition function of the system can be
function in such model is given by calculated as

_ —AGy/RT —(AG1+AG)/RT
Q=1+e ™ +e ™™ + Q(T) = exp/. (AHIRT) dT (6)
(AG1+AG3+AG3)/RT 0
e (2)
From the partition function, the number of discrete macro-
scopic energy states together with their thermodynamic
parameters can be estimated in a recursive proce@8je (

Spectra Decorolution. The spectroscopic properties of

from which, using the GibbsHelmholtz relationship, the
average excess enthalpy and heat capacity are calculated:
the macroscopic states df. pylori apoflavodoxin that

3 —( ﬁAG,-)/RT ‘
Z e \ji=1 ZAHJ . . . -
= = become significantly populated during the thermal unfolding
[AHL= 9 ) have been determined by deconvolution of spectra recorded
at different temperatures, using the following equation:

olAHO
[ACT= —— Y(2T) = V(A T) X(D) + Y, (1T) X, (T) +
Y, (4,T) X + Y, ,(4,T) X 7

Statistical mechanical deconvolution (see below) was used '2( D 'Z(T) WD XM ()
to analyze the excess unfolding enthalpy, while the van't . _
Hoff enthalpy,AHy, was calculated as describe38). The where the obser_ved value of a given spectroscopic measure-
analysis of the unfolding transitions in the presence of Mentat a certain wavelength and temperati(e,T), is a
cofactor is a generalization of the procedure for the apopro- inéar combination of the values of the different statés,

tein. If the cofactor only binds to the native state, the partition (+:T), @nd their populations(i(T), that are calculated at each

function is temperature from the free energy valuegs,;, AG,, andAGs
obtained by global fitting of the unfolding curves to the

@ AGIRT o (AGI+AG)RT sequential four-state model.

Q=1+ 1+ KoL + 1+ KoL + FMN Binding to Apoflaodoxin.The interaction between
B B apoflavodoxin and its FMN cofactor has been studied in 50
g (ACITAGZHAGYIRT mM MOPS pH 7 and in 50 mM EPPS, pH 9 by fluorescence
1+ Kg[L] (4) spectroscopy (monitoring intrinsic FMN fluorescence as

described 7)) and isothermal titration calorimetry (ITC).

whereKg and [L] are the ligand binding affinity and free Isothermal titration calorimetry was performed using a VP-
concentration, respectively. The denominator in the last three! TC calorimeter (Microcal LLC, Northampton, MA). A 10
terms is the ligand binding polynomial. Then, applying again 4M flavodoxin solution present in the calorimetric cell was
the Gibbs-Helmholtz relationship, the excess average en- fitrated with FMN dissolved in the same buffer (2 in

thalpy and heat capacity are calculated: the injection syringe). Both solutions were previously de-
gassed. A time between injections of 700 s was required to

recover the baseline, especially at the end of the titration

experiment. Data analysis was performed with software
ZAH]‘ — [AHg developed in our laboratory. On the other hand, the quench-
= 5) ing of flavin fluorescence at 525 nm upon adding small
Q aliquots of apoflavodoxin was recorded at 11, 15, 20, and

25°C in order to calculate the van't Hoff binding enthalpy,
o[AHO AHg (7), which has been compared with that obtained by
TOT ITC.

Structure-Based Thermodynamic CalculatioB8ucture-
wherelAHg[is the average binding enthalpy for the native based calculations were performed using a previously
state 84). published empirical parametrization of the unfolding energet-

Including explicitly the temperature dependence of the ics, based on changes in polar and apolar surface area
binding constant and the binding enthalpy, assuming a (AASAp. and AASA,) (36, 37) upon unfolding. The heat
constant heat capacity change upon binding, it is possible tocapacity change is parametrized 88, (39).

i
- zAG»)/RT
3le (1:1 :

; 1+ Kg[L]
=

AC. =
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ACp = ACp o, + ACp o = &A(T)-AASA,, + 15000
b(T)oAASApoI (8) ‘T/_-\ 10000 } a
o

The COREX AlgorithmThe COREX algorithm provides _g 5000 F
a way of generating an ensemble of partially folded states = «_
of a protein, using the high-resolution native structure as E Of .
template 25-27). The entire protein is considered as 8’) R 2
composed of different folding units, and partially folded o -5000F
states are generated by unfolding these units in all possible 1
combinations (also called partitions). The COREX algorithm, ~ @-10000F
thus, produces a list of possible conformations and their =
respective probabilities. The stability of each residue is then '1500(2)00 210 220 230 240 250

defined as the ratio between the number of conformations
in which it is in the native state and the number of
conformations in which it is unfolded, where each conforma-
tion is weighted by its energy.

Wavelength (nm)

200
100

Spectroscopic Characterization of H. pylori Apo- and 0
Holoflavodoxin at pH 7.0 and 9.(At both pHs, the apo and ~_ =100

RESULTS

dmol™)

holo forms of the protein show very similar far-Uv CD g -200

spectra (Figure 1a), suggesting that all the secondary structure 8’7 -300

elements are retained in the apoprotein. The near-UV CD T

spectra of the holo and apo forms are, in contrast, quite -400

different (Figure 1b). The apo form displays two small peaks % -500 Cag
of much lower intensity than that of the peaks in the spectrum -600 Wavelength (nm)

of Anabaenaapoflavodoxin 6). This is not surprising 260 270 280 200 300 310
because théi. pylori protein lacks the W120/W159 pair,
which is the main contributor to thenabaenanear-Uv CD Wavelength (nm)

spectrum 40). When FMN is bound to the protein, the near- FIGURE 1. Spectroscopic comparison lf pylori apo (thin lines)

; ; ; ; ; and holoflavodoxin (thick lines) in EPPS 50 mM, pH 9.0 under
UV CD spectrum is more intense, very likely reflecting direct native conditions, at 25C (continuous fines) and thermally

contributions from the cofactor. The CD data together \nfoiged at 90C (dashed line). Far-UV circular dichroism (a) and
suggests that the apoprotein is well-folded, as indicated bynear-Uv CD (b). The inset in (b) compares the near-UV CD
its X-ray structure Z1). spectrum of apoflavodoxin at pH 9 (thin line) with that at pH 7.0
Thermal Unfolding of H. pylori Apofleodoxin. The (thick line). The different spectra of both the apoprotein and
thermal unfolding has been followed at both pH 9.0 and 7.0 hﬂogpgozﬁg‘tzth%'jvg)'o are very similar to the corresponding ones at
(Figures 2a and 2b, respectively) using far-Uv CD, near- PR o '
UV CD, and tryptophan fluorescence emission. On the other 2¢). The profiles at pH 8.0, 8.5, and 9.0 are very similar,
hand, DSC thermograms of apoflavodoxin have been re-with two prominent peaks: the high temperature one shifting
corded at pH 7.0, 8.0, 8.5, and 9.0 (Figures 2c and 2d). to lower temperatures as the pH increases, and the other peak
Spectroscopic and DSC reversibility experiments were remaining almost unchanged. At pH 7.0, however, the curve
performed, that allowed recovery of the original curve shapes displays a different behavior with a very low enthalpy change
with around 80% of the initial signal, which means that the and a lower resolution of the two peaks (the second peak is
thermal unfolding is at least 80% reversible. Besides, protein wider at pH 7.0 than at higher pHs), likely indicating the
association was ruled out because the same DSC orpresence of an additional transition. Since theses differences
spectroscopic thermal unfolding curves were obtained usingat pH 7.0 could be due to the slightly lower ionic strength
2, 20, and 4QuM protein concentrations at all pH values present in the pH 7.0 solution (see Materials and Methods),
investigated (data not shown). Then, the native state isthe thermogram was also recorded at 50 mM ionic strength,
monomeric. and the same behavior was evident (data not shown). Based
At pH 9.0, the spectroscopic unfolding curves show two on the above observations we have selected pH 9.0 for further
well-defined transitions (Figure 2a), which is indicative of, analysis and comparison with the spectroscopic data because
at least, a three-state behavior. Indeed, all spectroscopicthe errors associated to the fitted parameters are much lower
unfolding curves can be individually fitted to a three-state than those obtained at pH 7.0. From the raw DSC data at
model (Table 1). However, the curves obtained at pH 7.0 pH 9.0, the experimental baseline and the heat capacity of
show somewhat less cooperative transitions (Figure 2b) andthe native state (first- or second-order polynomial in tem-
when they are individually fitted to three-state equations, the perature) were subtracted to obtain the excess heat capacity
higher temperature transitions do not coincide. Accordingly, change. A heat capacity change for the unfolding process
the spectroscopic data at pH 7 have been directly fitted to ahas to be assumed. Usually, several DSC experiments at
four-state model (Table 1). different but close pH values are performed from where the
The thermal unfolding equilibrium has been further slope of @aAHy, vs Tr, plot, ACs, is determined. However, in
investigated by DSC at pH 7.0, 8.0, 8.5, and 9.0 (Figure a protein exhibiting several unfolding transitions, such
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Ficure 2: (a and b) Thermal denaturation léf pylori apoflavodoxin followed by spectroscopic techniques 50 mM EPPS, pH 9.0 and 50

mM MOPS, pH 7.0, respectively. Fluorescence data is represented as closed circles, far-UV CD as open circles, and near-UV CD as open

squares. The continuous gray lines represent the best global fit to a four-state model. (c and d)HD®¢laf apoflavodoxin. In figure

(c) DSC curves of apoflavodoxin at different pH values: thin continuous line is pH 7.0, dashed line is pH 8.0, dash-dotted line, pH 8.5,

and the thick continuous line, pH 9.0. Figure (d) shows the excess heat capacity change at pH 9.0 as a function of temperature. The

experimental data (open circles) and the theoretical fit of the data to a three-state model (gray line) and the fit to a four-state model (black

line) are shown. The contribution of each transition (the deconvolution) is also represented: the first transition as a dashed line, the second
transition as a dotted line, and the third one as a dash-dotted line.

360 360

Table 1: Stability ofH. pylori Apoflavodoxin toward Thermal Unfoldirig

Three-State Analysis

1st transition 2nd transition

Tml AHl Tmz AHZ

DSCh 305+ 2 29+ 3 337.6 50

fluorescence 301 26+ 2 339.2+0.3 52+ 1

far-Uv CD 306+ 5 27+ 4 337.2+ 0.6 444+ 3

near-Uv CD 305 26 333 36

Four-State Analysis
1st transition 2nd transition 3rd transition
s AH; ACpy Tm2 AH; ACp; Tms AH3 ACp3

DSCeapH 9 305+ 2 29+ 3 1.2+ 0.2 331+ 2 33+2 1.01+ 0.07 339.1+ 0.2 52+ 2 0.4840.05
spectr. pH 9 305+ 2 29+ 3 333+ 4 30+ 8 340+ 2 59+ 5
spectr. pH 7 307+ 3 21+ 3 331+ 2 26+ 3 344+ 5 34+9

a50 mM EPPS, pH 9.0, unless otherwise indicated. The unit$af), AH (kcakmol™), andACp (kcalmol~1-K™1). ® This T, is the temperature
of the top of the second peak, atxH corresponds to the van't Hoff enthalpy of the peakue to the high level of noise obtained with this
technique, the fitting errors are very large (not showr)his value is inferred from a superposition of the near CD curves at pH 7.0 and 9.0.
¢ Parameters obtained from global fit of all the spectroscopic curves to eq 1.

approximation is hard, if not impossible. Instead, we have the excess heat capacity curve was obtained (Figure 2d, open
calculated, from a structure-based parametrizatdth-88) circles), it was first analyzed using a three-state model (gray
(eq 8), a theoretical heat capacity change of 2.7-kual-K 1 line), but the fit was poor. A four-state model greatly

for the global unfolding process &f. pylori apoflavodoxin.
This value is close to the one calculated fAnabaena
apoflavodoxin (2.8 kcamol~1-K~1) and similar to the two
experimental reported values for this protein, 2:50.3
kcalmol™1-K~* and 3.1+ 0.8 kcatmol*-K~1 (41). Once

improved the fit (black line).

To further test the appropriateness of the four-state model,
a statistical mechanical deconvolutid@b) of the DSC data
was performed in order to calculate, from the average excess
enthalpy function of the systemAHLC] as a function of
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Ficure 3: Statistical mechanical deconvolution of the thermal time (min)
denaturation ofH. pylori apoflavodoxin 50 mM EPPS, pH 9.0,

followed by differential scanning calorimetry. The gray thick line 0 60 120 180 240
represents the enthalpy function obtained directly from the integra- T

tion of the calorimetric experiment. The black thick line represents

dQ/dt (ucal/s)

temperature, the minimum number of discrete macroscopic
energy states. The excess heat capacity data, was, thus,
converted intdAHOdata by direct temperature integration,
and the result is shown as thick gray line in Figure 3. The
additional lines in the figure represent the excess enthalpy
change after the contribution of each unfolding transition is
eliminated using a recursive method (see Materials and
Methods). The analysis shows that three transitions need to
be considered before a linear temperature dependency of the
enthalpy is obtained (thin black line in Figure 3 at high

4 T Y T v T
0,0F 4 o <

the excess enthalpy change after the contribution of the first ! |

transition is eliminated. The gray and black thin lines correspond 0.1 b

to the excess enthalpy change after removing the contribution of ~IE T

the subsequent macroscopic states using the recursive method (see g 1

temperature) as characteristic of the enthalpy function of a

unigue state (the denatured state). Statistical mechanical

Materials and Methods), i.e., the first intermediate and the second
intermediate, respectively.
5k =
10 i
15 F .
20 i
deconvolution, thus, confirms the presence of four different : : : :
states in the thermal unfolding equilibrium &f. pylori 00 05 10 15

apoflavodoxin at pH 9.0. The same result was obtained for Molar Ratio

PH 7.0 (not shown). FiGure 4: FMN binding toH. pylori flavodoxin. (a) Titration of
In principle, a four-state unfolding equilibrium could give EMN bin'ding at 25°C 50 MM MOPS, pH 70 by fluorescence

rise to three peaks in a DSC curve. The reason why only guenching at 525 nm. The experimental data is represented by filled
two peaks are evident in the thermogram was investigatedcircles and its fit by a gray line. (b) ITC experiment in the same

as follows. The lower temperature distinct peak was conditions as in (a). Due to kinetic effects upon FMN binding in
fitted to a two-state model and the fitted curve was the last part of the titration, the time between injections was
subtracted from the original one, leading to a curve that increased to 700 s.
contains only the contributions from the second distinct ature transition observed in the near-UV CD curve corre-
peak observed at high temperature. Once the contributionssponds to the second transition of the DSC curve rather than
of the peaks were separated, the ratio between van't Hoffto an average of the second and third transitions.
and calorimetric enthalpies of each peak was determined. FMN Binding.The stabilizing effect associated with FMN
While the first peak yielded &\H,/AH, ratio of 1.05, binding has been studied for several flavodoxins with
indicating that it corresponds to just one thermal unfolding conflicting results, as recently summarizeti 9). For a
transition, the second peak showed a ratio of 0.58, complete characterization of the binding of FMNHopylori
suggesting that it corresponds to, at least, two close unfoldingapoflavodoxin, both ITC and spectroscopic techniques have
transitions. been used. While ITC is the technique of choice to obtain
The thermodynamic parameters obtained from both calo- the affinity in the 18 to 10 M~ range of dissociation
rimetric and spectroscopic analysis are compared in Tableconstants, spectroscopic techniques are preferred, if available,
1. The thermodynamic parameters obtained from either thefor stronger complexegy. Still, ITC provides for the latter
far-UV CD or the fluorescence curves agree with those ones more precise values of enthalpy and heat capacity
obtained from a van't Hoff analysis of the DSC data, which changes of binding. Figure 4 shows a titration of FMN
indicates that those techniques are unable to resolve the lastluorescence with apoflavodoxin at 2& (Figure 4a) and
two close thermal transitions. In contrast, the high-temper- the heat liberated by FMN injections to an apoflavodoxin

Q (kcal/mol of injectant)
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Table 2: Apoflavodoxin/FMN Binding Energetics

protein
H. pylori# AnabaenaVTP AnabaenaV57A°
parameter pH7 pH9 pH7 pH7

ITC

Kg (NM) 27+1 23+ 2

AG (kcal/mol) —10.3+ 0.1 —10.3+0.1

AH (kcal/mol) —21+0.3 —25+0.2 —11.8+0.3 —-7.1+£0.2

AS (cakmol~1-K™%) -36+1 —-49+ 0.7

ACp (cakmol K1) —600' & 30 —600+ 20 —620+ 50
Spectroscopy

Kg (NM) 444+ 0.7 0.26+ 0.06 5.2+ 0.9 (11.4)

AG (kcal/mol) —11.44+0.5 —13.1+ 0.1 —11.3+ 0.1 (—10.8)

AHe (kcal/mol) —14+2

AS(cakmol™1-K™%) -77+6 g+2 14+1

aAt 25°C, 50 mM MOPS, pH 7.0 or 50 mM EPPS, pH 9.0. The errors reported in this table were provided by the fitting program and propagated
when required® At 25 °C 50 mM MOPS, pH 7.07). AH and AS values were measured in 50 mM phosphate, pH ¥AQ2.25 °C in 50 mM
phosphate, pH 7.07}. Values in parentheses were obtained in 50 mM MOPS, pH{T@lculated as the slope ofH vs T at 10, 15, 20, and 25
°C. ¢ Calculated from spectroscopic titrations at 11, 15, andQ@Ky = 2.1, 3.4, and 4.4 nM, respectively)ASin this case was calculated from
the AG value spectroscopically determined and the calorimetrically meauredalue.

solution at the same temperature (Figure 4b). Khebtained The favorable binding enthalpy overcomes the unfavorable
from the spectroscopic titration, which for this complex is entropy change that takes place upon cofactor binding. The
more accurate, is at least 1 order of magnitude higher thannegative value of the binding entropyth pylori flavodoxin
that determined for thé\nabaenaprotein (7), as can be  means that the freezing of the FMN molecule and of the
expected from the larger solvent exposure of the FMN interacting protein residues in the complex is not compen-
molecule in theH. pylori complex. TheKy value obtained  sated by the expected concomitant release of water molecules
by ITC is slightly higher than the spectroscopic one (6.8 nM that must take place during cofactor binding. As it will be
by spectroscopy, 27 nM by ITC and 10 nM by DSC), which discussed below, the binding sitetéf pylori apoflavodoxin
is likely due to the fact that th&y is in the limit for ITC presents a lower local stability than that Ahabaenafor
determination. Besides, in the last injections of the ITC which the overall entropic contribution to binding is favor-
experiment, some extra time is needed to recover the baselineble. That lower local stability may introduce a greater
and not all the thermal effect upon binding might be recorded conformational entropy cost in thé. pylori complex, which
in those injections, suggesting that kinetic effects could be adds to an expected smaller contribution of the hydrophobic
distorting the ITC titration. effect. InAnabaendlavodoxin, however, both enthalpic and
The enthalpy of binding, as determined by ITC, is-¢t1 entropic contributions are favorable (Table 2), which gives
kcal/mol at pH 7.0 and very similar at pH 9.0 (Table 2). To rise to a higher affinity in spite of a less favorable enthalpy.
estimate spectroscopically the binding enthalpy, the fluores- It is interesting to compare thel. pylori FMN binding
cence quenching of FMN by the apoprotein was measuredenergetics with those of th&nabaenaflavodoxin W57A
at 11, 15, and 20C. The corresponding binding constants mutant (Table 2), which exhibits a cofactor solvent-accesibil-
were determined and the enthalpy of binding was calculatedity similar to that in theH. pylori complex ¢, 21). The
from the van't Hoff relationship. The estimated enthalpy is affinity for FMN of the two apoproteins is similar, as it is
lower than the one obtained by calorimetric titration, although similar the heat capacity change, related to the surface area
the discrepancy is not large. It should be borne in mind that buried upon binding. Nevertheless, the thermodynamic
the spectroscopically determined binding enthalpy is less contributions are differently compensated. In heabaena
reliable and more affected by errors. In order to find out if mutant, the binding enthalpy is much less favorable than in
protonation effects are affecting the enthalpy obtained by H. pylori and the entropy value is positive and even more
calorimetry, ITC experiments were performed at the same favorable than in the wild-typAnabaenaprotein.
pH and temperature using buffers with different ionization  Thermal Unfolding of Flaodoxin. The effect of FMN
enthalpiesAHion (data not shown). The linear regression of pinding in protein stability was directly evaluated by record-
the dataAHap, Vs AHion provides information about proton  jng the thermally induced unfolding of the holoprotein (at
exchange between complex and solvent upon ligand binding,equimolecular concentration of FMN and protein) at pH 7.0
that is, the number of protons bound or released upon ligandand, in more detail, at pH 9.0. Spectroscopically, the average
binding, ny, and the buffer-independent binding enthalpy, energy of the fluorescence spectra, far-UV CD, near-UV CD,
AHg, according to and visible CD signals were used to follow the thermal
AH,po= AHg + NGAH,, (9) d_enaturation (Figures 5a _and 5b)._WhiIe the near-UV and
visible CD curves, reflecting contributions from the FMN
At pH 7.0 and pH 9.0, they parameter obtained after fiting  cofactor, are superimposable and can be fitted to a simple
the data to eq 9 was 0.1 and0.2 (0.2), respectively.  two-state model, the two other spectroscopic curves need to
Therefore, the net proton exchange coupled to ligand binding be fitted to a three-state model, and, in addition, they cannot
is small and the measured binding enthalpy by ITC does be superimposed with each other. The minimal model is,
not include a significant contribution from buffer ionization thus, four-state. As observed in apoflavodoxin, the holopro-
or any ionizable group in the protein. tein displays poorly defined unfolding transitions when it is
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1.2 sequential unfolding model and a four-state one is required.
- Thus, in contrast with what was observed #nabaena
= flavodoxin @), in H. pylori flavodoxin the stabilization
=08 induced by FMN binding does not decrease the number of
o L macroscopic states that become significantly populated
% 0.6 during thermal unfolding. If FMN concentration is increased
o 04' with respect to the protein, the protein is further stabilized
N T and the cooperativity (measured as the van't Hoff/calori-
TEU 0.2 metric enthalpies ratio) increases (see Discussion). As seen
s . for apoflavodoxin (Table 1), there is a good correlation
€ 0.0 between the thermodynamic parameters obtained spectro-

280 300 320 340 360 scopically and calorimetrically. In fact, the small differences
in Ty are very likely due to the higher concentration of

Temperature (K) holoprotein in the DSC experiments (see Materials and

12 Methods).
= b DISCUSSION
:m~ 0.8 I Thermodynamic and Spectroscopic Characterization of the
i | Four States of H. pylori Flaodoxin That Populate along
% 0.6} the Thermal Unfolding EquilibriunBoth calorimetry and a
] - variety of spectroscopic techniques used to investigate the
ﬁ 04r thermal unfolding equilibrium of apoflavodoxin reveal that
E 02l it is a complex process with three distinct transitions, yielding
= , to the appearance of four different states, in contrast to other
c 00f == known flavodoxins. The agreement between the spectro-

280 360 3:'20 340 3('50 scopi_c global fit and the calorimetric analysis is excellent_
both inTs and enthalpy changes, although the spectroscopic
fit gives rise to large errors for the second transition. The
native state of apoflavodoxin never populates to 100% (its

Temperature (K)

« C maximal accumulation is around 85% at 280 K; Figure 6a)
sl as a consequence of a pronounced cold-denaturation caused
g by the first unfolding transition displaying a low enthalpy

e change (about 25% of the N-to-U enthalpy change) combined
L with a fairly high heat capacity change (around -1123

g kcal-mol~*+K~1). Cold denaturation has also been observed,

g although less pronounced, Amabaenapoflavodoxin 41),

.r\: [ . whose thermal unfolding follows a three-state model where
% e Mg the first transition displays enthalpy and heat capacity

v changes 41) very close to those determined for the first

300 320 340 360 transition in theH. pylori protein. It is thus tempting to
Temperature (K) identify the first thermal intermediate @f. pylori apofla-

B vodoxin (k) with the single unfolding intermediate observed
FiGURE 5: Thermal denaturation of flavodoxin followed spectro- jn Anabaenathe structure of which has been characterized

scopically in 50 mM MOPS, pH 7.0 (a) and 50 mM EPPS, pH 9.0 S _ ; o ;
(b). Fluorescence data is represented as closed circles, far-Uv CDby equilibrium®-analysis and NMRZ3). This intermediate

as open circles, near-UV CD as open squares, and visible CD asessentially qdopts a native_ conformati_on where the Io_ng loop
closed squares. The continuous gray lines represent the best globa¢haracteristic of long-chain flavodoxins, together with, at
fit to a four-state sequential unfolding model. A DSC experiment least, two of the three FMN binding loops (those involved
of holoflavodoxin in 50 mM EPPS, pH 9.0 is shown as open circles jn the binding of the isoalloxacine moiety), is unfolded. The

in (c). The gray line corresponds to the theoretical fit of the ; :
experimental data to a three-state model and the black line, the ﬂtlntermedlate, thus, retains most of the secondary structure.

to a four-state model. The contributions of each of the three 10 test whether the first intermediate Bif pylori apofla-
transitions are also represented as dashed, dotted, and dash-dottagpdoxin thermal unfolding corresponds with the well-
lines. characterized single thermal intermediatémbaeng?23),

we have determined the individual fluorescence and far- and
monitored by fluorescence and far-UV CD, specially at pH near-UV circular dichroism spectra of the four macroscopic
7.0, due to the low enthalpy value associated with the last states that populate along the thermal unfolding by decon-
two transitions (Table 3). DSC experiments of holofla- volution of the apoflavodoxin spectra recorded at different
vodoxin were also performed at pH 9.0 (Figure 5c). The temperatures (Figure 7). The fluorescence spectrumief |
calorimetric curve shows a single broad peak, indicating that close in intensity to the native spectrum, although the
the three transitions are closer than in apoflavodoxin. The maximal intensity appears at 328 nm, rather than at 320 nm
ratio between van't Hoff and calorimetric enthalpies is 0.38, as in the native state. Therefore, there is a slight increase in
meaning that at least two transitions are masked in the peak solvent-exposure of some of the tryptophan residues in this
However, the thermogram cannot be fitted to a three-stateintermediate. This different local environment of the tryp-
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Table 3: Stability ofH. pylori Holoflavodoxin toward Thermal Unfoldirig

Three-State Analysis

1st transition 2nd transition
Tml AHl Tm2 AHZ
DSCh 335 58
fluorescence 3241 30+ 2 341+1 50+ 2
far-Uv CD 324+ 0.5 55+ 1 337+ 1 65+ 5
near-Uv CD 323.2+0.1 63+ 1
visible CD 323.40.1 54+ 1
Four-State Analysis
1st transition 2nd transition 3rd transition
Tm1 AH; ACpy Tme2 AH; ACp; Tma AH3 ACps
DSCeaipH 9 327.2+ 0.2 43+ 0.5 1.2 334+ 1 65+ 1 1.0 341+ 0.5 50+ 1 0.5
spectr. pH 9 325.1+ 0.5 44+ 1 331+1 51+ 4 341+ 1 40+ 2
spectr. pH 7 327+ 3 43+ 10 335+ 5 32+ 10 344+ 5 43+ 10

2ln 50 mM EPPS, pH 9, unless otherwise indicated. Unis: (K), AH (kcalFmol=?), ACp (kcalmol~*-K~1). b Parameters obtained from the
global fit to eq 1.

1.0 intermediate observed in th&nabaenaapoflavodoxin. In
contrast, the spectra of indicate that the tertiary contacts
0.8 have been lost together with a large amount of the secondary
_5 structure (significantly-helix), and there is a considerable
© 06 increase in solvent-exposure of the tryptophan residues, with
© . . .
e the maximum of fluorescence intensity at 339 nm. In fact,
5 04 the unfolding of | to yield I, involves a significant change
o in heat capacity. However, the blue-shifted fluorescence
= 02 spectrum (339 nm) relative to the 349 nm in the denatured
. state indicates that at least one of the two tryptophan residues
0.0 is still partially buried. In addition, the far-UV CD spectra
suggests that around 25% of native-helix content and 50%
08 of native5-sheet content is retained in Although the heat
c capacity of } is not far from that of the unfolded state, its
% 06 high enthalpy of unfolding suggests that it may still contain
o a partially folded region. One possibility is that this
. 04 intermediate is organized around a region of the protein with
‘_g a particularly high local stability. This additional intermediate
S o2 has not been observed in other flavodoxins. Finally, the third
transition, exhibiting a smaller change in heat capacity but
0.0 a substantial enthalpy change, represents the unfolding of |

to the unfolding state. This latter state shows some signal
around 222 nm (compared to the spectra of the chemical-
Temperature (K) unfolded state, not shown), which seems to indicate that the
Ficure 6: Temperature dependence, at pH 9.0, of the four thermally unfolded state may still retain some residual helical
\%%‘gg;c?g_c ﬁ;%t\?: (?:g-mlfi’r)]’hoorh slﬁ?“l‘;‘Vg%ﬁiﬁeE?r])a?ir‘nciet‘ggggte structure. It is possible that such residual structure could be
I; (dashed line), the second intermediatge(dotted line), and the ' related to the high local stability O.f the fourtirhelix, as
unfolded state (dash-dotted line). The thermodynamic parametersc@lculated by the COREX algorithm (not shown) and
used to calculated the molar fractions of the different states were described forA. winelandii apoflavodoxin in hydrogen
the ones obtained from DSC analysis (Table 1 and 3). The exchange experimentd?).
sequential unfolding model was used both to fit and to calculate  ag it has been described fénabaenapoflavodoxin 6),
the molar fractions. H. pylori apoflavodoxin presents, at acidic pH, a molten
tophans is also evidenced in a distorted near-UV CD globule conformation (work in progress). However, neither
spectrum, as compared with the native one. Neverthelessof the two thermal intermediates described in this work
there is still some near-UV CD signal, which means that at display molten globule spectroscopic characteristics, since
least one of the two tryptophans in the protein remains in the first one preserves some tertiary contacts and the second
an asymmetric environment in IIn fact, the two tryptophan  one displays a marked debilitation of the secondary structure.
residues are located in regions that are expected to be folded Preferential Stabilization of the Apofladoxin Natie State
if I 1 is structurally similar to thénabaenantermediate Z3). by FMN Binding.The affinity of the complex between FMN
Finally, the far-UV CD spectra indicate thatdreserves most  and apoflavodoxin fron. pylori is high (16-11 kcatmol™2),
of its native secondary structure (around 80% of the native but lower than in the two other long-chain flavodoxins
helix content). All the spectroscopic information is thus studied 9, 11). Compared to théAnabaenacomplex, the
consistent with 4 being similar to the single thermal lower affinity of theH. pylori one is due to a more favorable

280 300 320 340 360
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FIGURE 7: Spectroscopic characterization of the four significantly
populated states dfl. pylori apoflavodoxin (sequential thermal
unfolding model) by spectra deconvolution: native (continuous
line), first thermal intermediate,;|(dashed line), the second
intermediate, 4 (dotted line), and the unfolded state (dash-dotted
line). Fluorescence (a), far-UV CD (b), and near-UV CD (c) spectra.

enthalpy of binding which is offset by an unfavorable entropy
change. The entropy loss in th¢ pylori complex is not

Cremades et al.

consistent with the lowl, displayed by the first thermal
transition inH. pylori apoflavodoxin that leads tq.ISince

it appears that this intermediate is structurally equivalent to
the one previously analyzed iAnabaena(23), it should
present a disordered binding site. It seems therefore that the
binding site inH. pylori apoflavodoxin may display a lower
local stability (also predicted by COREX analysis; see
below), which is consistent with a greater flexibility and
higher entropy penalty for complex formation.

H. pylori flavodoxin lacks some of the residues that
establish important interactions in theabaenacomplex;
significantly, one of the aromatic residues involved in
aromatic stacking with FMN (Trp57 iAnabaenaand one
threonine residue (Thrl5 iAnabaenahydrogen bonded to
the phosphate moiety of the cofactor Anabaenamutating
these residues (W57A or T15V; see Table 2) destabilizes
the complex by around 2 keahol ™ (7). Besides, the W57A
replacement moves the binding enthalpy freri2 to —7
kcal/mol. It is thus remarkable that the enthalpy of binding
of the H. pylori complex is much more favorable than that
of the Anabaenaone. This could be also connected with the
greater flexibility at the binding site. Concomitant with a
loss of entropy, cofactor binding would strengthen internal
protein interactions leading to a marked, though not full,
entropy/enthalpy compensation. Thus, the observed binding
enthalpy would correspond to the intrinsic binding enthalpy
at an ordered binding site plus the refolding enthalpy of the
disordered binding site.

Native state-specific stabilization by ligand binding can
lead to a sharp increase in unfolding cooperativity, as it has
been observed foknabaendlavodoxin @) where the three-
state behavior of the apoprotein changes to two-state in the
presence of equimolecular amounts of FMN. Clearly, the
stabilizing influence of the cofactor in the three unfolding
transitions observed iH. pylori is very different, as can be
seen by comparing the correspondifigvalues of apo and
holoflavodoxin (Tables 1 and 3). In fact, the last two
transitions take place at very similar temperatures, which
strongly suggests that the cofactor dissociates in the first
transition, theT,, of which is greatly increased upon FMN
binding. There are, nevertheless, slight variationg,inand
stronger ones im\H,.

To test the consistency of our proposal that the cofactor
is released in the first unfolding transition, we have recorded
thermograms (Figure 8) of the holoprotein in the presence
of excess FMN (2-, 3-, 10-, and 20-fold molar excess of
FMN). These, together with the thermogram corresponding
to the apoprotein under identical solution conditions, have
been globally fitted to a sequential unfolding model where

surprising. On the one hand, an alanine residue replaces theéhe cofactor is released in the first unfolding transition, that
highly conserved tryptophan residue present in most fla- is, the cofactor only binds to the native state. The thermo-

vodoxins, which makes the FMN molecule much more
accessible to solvent (156.3 /& H. pylori versus 107.4 A
in Anabaen®(43). Since in both complexes the vast majority

dynamic parameters corresponding to cofactor binding can
be obtained from the global analysis. The ligand binding heat
capacity was fixed to a reasonable estimate -€9.3

of this exposed area (more than 90%) corresponds to apolakcal-mol-1-K~1; otherwise high parameter correlation in the

groups of the FMN molecule, the contribution of the
hydrophobic effect to the stability of the. pylori complex

is lower than that in thé\nabaenaone. On the other hand,
the greater exposure of the FMN binding pocket in khe
pylori apoprotein might, in principle, allow a larger rotational

fitting process would arise. The actual ligand binding heat
capacity value cannot be determined reliably from these
experiments and does not affect significantly the results. The
estimated values at 28C for the binding affinity and the
binding enthalpy of the native state, 1x010° M~ and—14

entropy of neighboring residues in the absence of the kcalFmol™?, respectively, are in good agreement with the

cofactor, which would be lost in the complex. This is

values determined independently by isothermal titration
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FIGURE 8: Thermal unfolding ofH. pylori flavodoxin at five the coupling of the conformational equilibrium and the binding

different total concentrations of FMN: 0, 32.6, 48.9, 163, and 326 equilibrium in the flavodoxir-FMN system at pH 9.0. Continuous
uM. The concentration of protein is 1681. The experiments were  lines, engulfing regions where the specified conformation is
made in 165 mM Tris, pH 8.5. In the absence of ligand, the protein dominant, are constructed as the geometric sites of the points at
exhibits three transitions (the endothermic peak at high temperaturewhich a given species populates 50% of the total protein concentra-
is not a single unfolding transition, but the superposition of two tion, using the parameters determined for unfolding and binding at
close transitions). The transition most affected by FMN binding is PH 9.0. The different species are represented by N (native
the one taking p|ace at low temperature. unllganded), NL (natlve Ilganded), ﬂflrSt Intermedlate),d(second
intermediate), and U (unfolded protein). The two dotted lines

. . . e - represent trajectories of typical temperature denaturations in the
calorimetry under similar experimental conditio = 6.4 absence (top) and the presence (bottom) of FMN. Experimentally

x 10" M~* and AHg = —23.1 kcal/mol), considering the  determined parameters are indicated with symbols: binding affinity
extrapolation errors. estimated by spectroscopy (open circles), DSC (open square), and
The population of accessible states along the thermallTC (open triangle); unfolding transition temperatures in the absence
unfolding in the apo and holo forms (Figures 6a and 6b, (closed circles) and presence of FMN cofactor (closed squares).
respectively) shows that FMN binding increases the popula- the ligand concentration dependence of Tags. The two
tion of the native state and widens its stability window. In lines between N and NL do not coincide because a significant
fact, the native state is by large the most stabilized state uponpercentage of nonnative and nonliganded protein is present
FMN binding, which increases the energy gap with the first even at low temperature. The two dotted straight lines predict
intermediate with hardly modifying the two subsequent the arising of the different conformations observed in typical
transitions. The fact that FMN binding increases the relevant temperature denaturation experiments performed in the

stability of the protein (N< I, equilibrium) @4), while absence (top line) and the presence (bottom line) of FMN
leaving the residual stability of the partly unfolded confor- such as those giving rise to the population diagrams in Figure
mations (1 < |, <= D) unchanged, is consistent with | 6. The diagram indicates that, at physiological FMN con-

displaying a structure similar to that characterized for the centrations, the two intermediates will populate in thermal
single thermal intermediate that appears in the thermal unfolding, and that full unfolding cooperativity, such as that
unfolding of the apoflavodoxin from\nabaena(23). That observed inAnabaenaflavodoxin @), where only the

in H. pylori flavodoxin the binding of the cofactor does not liganded and the unfolded protein coexist, can only be
lead to a highly cooperative two-state unfolding is simply achieved at FMN concentrations above 1 M. As the FMN
due to the lower relevant stability and the higher residual concentration increases, the first intermediateill be less
one of theH. pylori apoprotein, compared to thhnabaena populated during a temperature denaturation, indicating a

one, together with the lower affinity of FMN binding. more cooperative unfolding where the relevant stability (N
A Temperature Ligand Concentration Phase Diagram for <> 1) is increased, as mentioned before.
H. pylori Flavodoxin Thermal UnfoldingThe coupling of Why H. pylori Thermal Unfolding Is Less Cooperati A

the conformational and binding equilibria in the flavodoxin  COREX AnalysisThe thermal unfolding of two long-chain
FMN system is naturally illustrated in the temperatdre  apoflavodoxins (fromAnabaena(9, 41) and from Azoto-
ligand concentration phase diagram in Figure 9. The solid bacter vinelandii (10)) and one short-chain one (from
lines are constructed, using the thermodynamic parameterDesulfaibrio desulfuricans(12)) has been described. The
determined for unfolding and FMN binding at pH 9.0 (Table three proteins display a three-state thermal unfolding equi-
1 and 3, as the geometric sites of the points at which a given librium, for which they exhibit similar thermodynamic
species populates 50% of the total protein concentradion ( parameters. Surprisingli. pylori apoflavodoxin, with an
The lines thus engulf regions where a given species is average 37% sequence identity and 52% similarity with the
dominant. The intercepts with the uppenxis correspond  three other proteins, follows a four-state model with an
to theTy's of the different individual unfolding transitions  additional intermediate. To identify the structural features
of flavodoxin in the absence of FMN, whereas the intercept that give rise to the observed reduced cooperativity toward
with the lefty-axis indicates the logarithm of the (apparent) thermal unfolding, a structurestability comparison of the
FMN binding affinity at the lower temperature in the H. pylori and Anabaenaapoflavodoxin (44% identity) has
diagram. The NL line represents the temperature dependencybeen performed using the COREX algorithgby, COREX

of the logarithm of the dissociation constant. The traces generates, from the tridimensional structure, an ensemble of
starting from theT,’s and following the NL line represent thousands of different conformations of the protein, from
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regions have been proposedAnvinelandii apoflavodoxin
(42) to unfold independently generating different partially
unfolded forms. Besides, the long loop region appears clearly
unfolded in the single thermal intermediate Ahabaena
apoflavodoxin 23). The low stability of these two regions
in H. pylori suggests that the native state apdre close in
the energy landscape, and that the transition between the two
may take place at lower temperatures thanAimabaena
apoflavodoxin. The second distinctive featurerafpylori
unfolding, that the last, is 10 deg higher than iAnabaena,
is also captured by COREX. Whikenabaenapoflavodoxin
appears completely unfolded at 85 (all the residues display
negative values of Lk at that temperature; Figure 10a), in
agreement with the experimental thermal unfolding curves
(23), H. pylori apoflavodoxin retains some structure at that
temperature {ns = 71 °C at pH 7, Table 1). Finally, the
more pronounced cold denaturation experimentally observed
(see Figure 6a) is also qualitatively predicted by COREX.
The stability of some residues id. pylori apoflavodoxin
0 20 40 60 80 100 120 140 160 (specially in the centragi-sheet) significantly increases from
Residue 4 to 25°C, which is shown as negative values in thien ks
Ficure 10: Local stability ofH. pylori apoflavodoxin compared plot (black line in Figure 10b). Cold denaturation is not so

to that of Anabaenaapoflavodoxin. (a) Natural logarithms of the pronounceq imnfibaen.aaPOﬂaVo_dOXin,_ anq, acc?ordingly,
predicted folding constant with COREX algorithm (k) for each fewer protein regions display an inversion in their predicted

imifg)o acid 02"- pé'|0r,i fi(POﬂa\llpd?Xindatfé% ((b'ade Irin?j)l'am)j folding constants when the temperature is increased from 4
nabaenapoflavodoxin (gray line) and a in dashed line). ° L

The regions determined to be unfolded by equilibridyanalysis to_ﬁ? c (g(;ay Ilne ml FlgqreFl'\;)’t\)l).b. ding iH lori and
(23) in the thermal intermediate o&nabaenaapoflavodoxin are e residues nvolved In inding . pylon an
colored in orange. The elements of secondary structure of the Anabaenaflavodoxins are shown in green in Figure 10b,

proteins are shown at the top. (b) Difference in folding constant and those known to become unstructured in Amabaena
values ofH. pylori (black line) andAnabaenggray line) between  thermal intermediate (that we identify within H. pylori)

4°C and 25°C. The FMN binding regions iAnabaendlavodoxin ; : .
are colored in green, and the proposed unfolded regions in the&re shown in orange. Indeed, there is partial correspondence

thermal intermediate are marked as orange lines. For a betterP€tween the two kinds of regions (see Figure 10b). Inspection
comparison between proteins and its structural elements, a sequencef Figure 10b indicates that COREX helps to identify the
alignment was performed and the predicted folding constant per regions that become unfolded in the thermal intermediate,
residue was plotted in the resulting sequences in both figures.  gnd those involved in cofactor binding, as the regions
native to totally unfolded, and computes their stabiliti2s, ( displaying large decreases in local stability while the global
26). The parametrization used by COREX predicts well the of the protein keeps invariant, when the temperature is raised
AH(60°C) andAS(60 °C) values of the global unfolding of ~ from 4 to 25°C (peaks with positive values afLn k; in
H. pylori apoflavodoxin at pH 7.0 (104 keahol* and 0.31 Figure 10b). The overall good correspondence between the
kcakmol~1-K~1, respectively, compared to the experimentally regions predicted by COREX to become destabilized as the
determined values of 107 and 0.33). temperature is raised and those observed to be unstructured
The lower unfolding cooperativity oH. pylori apofla- in the thermal intermediate28) is evident in Anabaena
vodoxin exerts a profound influence in the unfolding apoflavodoxin (Figure 10b). IH. pylori the correspondence
equilibrium, which exhibits three significant differences with is also clear although some of the putative unstructured
that of Anabaenaapoflavodoxin. First, the initial unfolding  regionsin | (around residues 60 and 125) experience smaller
transition takes place at lower temperatures; second, the lastlestabilizations simply because they already present a very
unfolding transition takes place at higher temperatures; andlow local stability at the lower temperature (see Figure 10a).
third, cold-denaturation is more pronounced. The local It is interesting that, although one of the weak regions
stabilities of the two proteins, as calculated by COREX, (around residue 95) does not exhibit low local stability (see
explain them all. In Figure 10a, the residue-specific folding Figure 10a), COREX identifies it by its large destabilization
constants at 4C (solid line) and 65C (dotted line) ofH. at 25°C relative to 4°C. This work thus suggests that even
pylori (black) and Anabaenaapoflavodoxins (gray with  regions that are predicted to display high local stabilities may
orange segments) are superimposed. The values of the foldinget involved in independent unfolding events leading to
constants at 4C in H. pylori show a greater dispersion than intermediates, and it seems that analysis of the temperature
those ofAnabaenawhich could explain the lower cooper- variation of local stability at temperatures where the native
ativity of H. pylori thermal unfolding. Compared tAna- state is the dominant conformation may be useful to identify
baena the H. pylori protein presents, on average, lower them.
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