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Abstract
Flavodoxin has been recently recognized as an essential protein for a number of pathogenic bacteria
including Helicobacter pylori, 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 up-shift 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
behaviours observed within the flavodoxin family preclude extrapolations. We have thus performed
a detailed experimental and computational analysis of the thermostability and cofactor binding
energetics of H. pylori 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 behaviour within
the flavodoxin family can be predicted using structure-energetics relationships implemented in the
COREX algorithm. The different distribution and ranges of local stabilities of the Anabaena and H.
pylori apoflavodoxins explain the essential experimental differences observed: much lower Tm1,
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.
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Flavodoxins are α/β. proteins involved in a variety of redox reactions (1). They are composed
of a 5-stranded, parallel β-sheet surrounded by α-helices, and they bear a non-covalently bound
cofactor, flavin mononucleotide (FMN), where the redox properties reside. Flavodoxins can
be classified in two classes: short-chain and long-chain ones, the latter containing a 20-residue
loop, of a still unclear function, inserted in the fifth β-strand (2,3). One interesting characteristic
of flavodoxins is that, upon removal of the flavin cofactor, the apoprotein remains folded (4,
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5). The flavodoxins from several non-pathogenic bacteria have been used to investigate protein
stability in connection with ligand binding (Anabaena PCC7119 (6-9); Azotobacter
vinelandii (10,11); Desulfovibrio desulfuricans (12); Desulfovibrio vulgaris (13)). Work in our
laboratory on Anabaena flavodoxin has shown that the cofactor increases the cooperativity of
the thermal unfolding (which is three-state for the apoprotein and two-state for the holoprotein)
because it binds at the weak region of the apoprotein that becomes unstructured at a temperature
lower than that of the global unfolding (9). In other flavodoxins, however, the cofactor does
not seem to modify the number of macroscopic states that can be observed at equilibrium. This
different influence of cofactor binding in equilibrium unfolding cooperativity, which may be
related to differences in the strength of the complexes involved or to structural differences in
the apoproteins, deserves further investigation.

Flavodoxins are also found in pathogenic bacteria (1), i.e. Helicobacter pylori, a Gram-negative
bacterium related with several digestive diseases, such as type B gastritis, stomach and
duodenal ulcers (14), adenocarcinomas (15) and stomach lymphomas (16). H. pylori is found
colonizing the stomach of 50% of the human population (17), although only around 20% of
the infected individuals develop pathologies. Recently, flavodoxin has been shown to be
essential for the survival of H. pylori because it participates as the electron acceptor of the
pyruvate:flavodoxin oxidoreductase complex (PFOR) in an essential pathway that catalyzes
pyruvate oxidative decarboxilation (18,19). This has open the possibility to use the protein as
a target for developing new inhibitory drugs against the bacterium (20). H. pylori flavodoxin,
is a long-chain flavodoxin. It contains 164 residues and shares 44% sequence identity with
Anabaena PCC7119, 39% with Azotobacter vinelandii and 29% with Desulfovibrio
desulfuricans and Desulfovibrio vulgaris flavodoxins. The x-ray structure of the H. pylori
protein reveals (18) that a tryptophan residue typically involved in cofactor binding in many
flavodoxins appears replaced by an alanine, which creates a distinct pocket near the si-face of
the redox cofactor (20). The structure of the apo form (PDB code: 2bmv) has also been recently
determined (21) and it is similar to that of the holoprotein, except at the FMN binding site.

We report here a structure-stability study of H. pylori flavodoxin as a step towards using the
holoprotein as a drug target in high throughput thermal up-shift screening assays (20,22) and
as a contribution to understanding the interplay between intrinsic and cofactor-driven stability
in the flavodoxin family. The apoprotein from H. pylori displays a higher thermostability
towards full unfolding than other known apoflavodoxins but, surprisingly, a lower
cooperativity, which allows to observe the accumulation of two partially-unfolded equilibrium
intermediates, the first one similar to the thermal intermediates described for other flavodoxins
(1,10,23), and the second one much closer to the unfolded state. The structural reason of this
different distribution of partly unfolded conformations near the native basin (24), compared
with other flavodoxins so far studied, is here investigated using the COREX algorithm
(25-27) and it appears to originate from H. pylori flavodoxin combining a more stable core
with a wider range of local stabilities. The structural-energetic analysis performed helps to
explain why H. 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 observed in Anabaena flavodoxin when the FMN cofactor is bound. In
addition we propose a new method using the COREX algorithm that seems to identify the week
regions that become unfolded in the major thermal intermediate that is found in all long-chain
flavodoxins so far analyzed.
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Materials and Methods
Protein purification, determination of extinction coefficients and spectroscopic
characterization

Recombinant H. pylori flavodoxin was purified as described (20) and a mixture of holo and
apo forms was obtained. Apo and holoflavodoxin dissolved in 50 mM Tris-HCl, pH 8.0 were
separated in a MonoQ10 column (FPLC, Amersham), equilibrated in the same buffer, using a
linear 0 to 1 M NaCl gradient. Apoflavodoxin can also be obtained by removing the flavin
mononucleotide group from the holoprotein by treatment with trichloroacetic acid (28). The
molar extinction coefficient of H. pylori apoflavodoxin, at 278 nm in 50 mM MOPS, pH 7,
was determined to be 15 960 M-1.cm-1 from its amino acid composition and its absorbance in
that buffer and in 6 M guanidine hydrochloride (29). For holoflavodoxin, a molar extinction
coefficient at 452 nm of 10 650 M-1.cm-1 in 50 mM Tris-HCl pH 8 was used (20). Far-UV and
near-UV circular dichroism (CD) spectra were acquired at pH 7.0 and 9.0, in both native (25
± 0.1 °C) and denaturing conditions (90 ± 0.1 °C), using a Jasco 710 spectropolarimeter. For
near-UV CD, a 1-cm path length cuvette was used with 20-40 μM protein solutions and 50
mM buffers. For far-UV CD, the path length was 0.1 cm, protein concentration was 20 μM,
and MOPS pH 7.0 or EPPS pH 9.0 buffers (containing in addition either 20 or 45 mM NaCl,
respectively) were used at a 5 mM concentration.

Thermal unfolding followed spectroscopically
Thermal denaturation was followed by fluorescence and circular dichroism in several spectral
regions. Fluorescence emission spectra (from 300 to 400 nm, with excitation at 280 nm) were
acquired and the average energy of emission (30,31) used to follow the unfolding: The
unfolding by circular dichroism was followed at single wavelengths in the far-UV (222 nm),
near-UV (291 nm) and visible (373 nm) regions. Apoflavodoxin concentration was 2-20 μM
for fluorescence measurements, 20 μM for far-UV and 20-40 μM for near-UV CD in two
conditions: 50 mM MOPS, pH 7.0 and 50 mM EPPS, pH 9.0. Holoflavodoxin concentration
was 20 μM in all cases.

Individual thermal unfolding curves of apoflavodoxin were fitted to a three-state equation as
described (23)assuming that the spectroscopic signals of the folded, intermediate and unfolded
states vary linearly with temperature. However, the slopes of the signal of the intermediate are
fixed to zero because, since it never accumulates to 100 % over a significant temperature range,
they cannot be determined accurately and allowing their fitting would increase parameter
dependency of other fitting parameters. Since the individual spectroscopic curves do not
superimpose one on another, they were globally fitted to a four-state equation:

(1)

where SN, SI1, SI2, and SU are the spectroscopic signals of the native state, first and second
intermediate states, and denatured states. ΔGi are calculated as described in (23).

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 (equation 1).

Differential scanning calorimetry
The 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
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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 50 μM
protein solutions in 50 mM MOPS pH 7.0, 50 mM Hepes pH 8.0 50 mM 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 40-45 mM, except for the pH 7.0 experiments, where it was 20 mM
to allow a more direct comparison with data available for flavodoxins from other species. DSC
profiles at different protein concentrations and scanning rates were recorded to ensure that no
kinetic effects or oligomerization processes were present. Reversibility of the unfolding was
checked by sample reheating after cooling inside the calorimetric cell and, in all cases, was
higher than 80%. For holoflavodoxin DSC experiments, a 40 μM protein solution in EPPS 50
mM pH 9.0 was used.

DSC data was fitted to three-state and four-state equations (32), where the excess heat capacity
change was analyzed considering a sequential unfolding model (32). The partition function in
such model is given by:

(2)

from which, using the Gibbs-Helmholtz relationship, the average excess enthalpy and heat
capacity are calculated:

(3)

Statistical mechanical deconvolution (see below) was used to analyze the excess unfolding
enthalpy, while the van't Hoff enthalpy, ΔHvH, was calculated as described (33). The analysis
of the unfolding transitions in the presence of cofactor is a generalization of the procedure for
the apo-protein. If the cofactor only binds to the native state, the partition function is:

(4)

where KB and [L] are the ligand binding affinity and free concentration, respectively. The
denominator in the last three terms is the ligand binding polynomial. Then, applying again the
Gibbs-Helmholtz relationship, the excess average enthalpy and heat capacity are calculated:

(5)

where <ΔHB> is the average binding enthalpy for the native state (34).

Including explicitly the temperature dependence of the binding constant and the binding
enthalpy, assuming a constant heat capacity change upon binding, it is possible to estimate the
thermodynamic parameters for cofactor binding from temperature denaturation experiments
performed at different cofactor concentrations (34).
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Statistical Mechanical Deconvolution
This method (32,35) allows to obtain the thermodynamic parameters for the thermal unfolding
transitions of a protein from the average excess enthalpy function of the system, <ΔH>, without
any a priori assumption of a particular unfolding model. The average excess enthalpy <ΔH>
as a function of temperature is obtained from DSC data by direct integration of the excess heat
capacity function, which is the direct observable, and the partition function of the system can
be calculated as:

(6)

From the partition function, the number of discrete macroscopic energy states together with
their thermodynamic parameters can be estimated in a recursive procedure (35).

Spectra deconvolution
The spectroscopic properties of the macroscopic states of H. pylori apoflavodoxin that become
significantly populated during the thermal unfolding have been determined by deconvolution
of spectra recorded at different temperatures, using the following equation:

(7)

where the observed value of a given spectroscopic measurement at a certain wavelength and
temperature, Y(λ,T), is a linear combination of the values of the different states, Yi(λ,T), and
their populations, Xi(T), that are calculated at each temperature from the free energy values
ΔG1, ΔG2 and ΔG3 obtained by global fitting of the unfolding curves to the sequential four-
state model.

FMN binding to apoflavodoxin
The interaction between apoflavodoxin and its FMN cofactor has been studied in 50 mM MOPS
pH 7 and in 50 mM EPPS, pH 9 by fluorescence spectroscopy (monitoring intrinsic FMN
fluorescence as described (7)) and isothermal titration calorimetry (ITC). Isothermal titration
calorimetry was performed using a VP-ITC calorimeter (Microcal LLC, Northampton, MA.).
A 10 μM flavodoxin solution present in the calorimetric cell was titrated with FMN dissolved
in the same buffer (90 μM in the injection syringe). Both solutions were previously degassed.
A time between injections of 700 seconds was required to recover the baseline, specially at the
end of the titration experiment. Data analysis was performed with software developed in our
laboratory. On the other hand, the quenching of flavin fluorescence at 525 nm upon adding
small aliquots of apoflavodoxin was recorded at 11, 15, 20 and 25 °C in order to calculate the
van't Hoff binding enthalpy, ΔHB (7), which has been compared with that obtained by ITC.

Structure-based thermodynamic calculations
Structure-based calculations were performed using a previously published empirical
parameterization of the unfolding energetics, based on changes in polar and apolar surface area
(ΔASApol and ΔASAap) (36,37) upon unfolding. The heat capacity change is parameterized
as (38,39).

(8)

The COREX algorithm
The COREX algorithm provides a way of generating an ensemble of partially folded states of
a protein, using the high resolution native structure as template (25-27). The entire protein is
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considered as composed of different folding units, and partially folded states are generated by
unfolding these units in all possible combinations (also called partitions). The COREX
algorithm, thus, produces a list of possible conformations and their respective probabilities.
The stability of each residue is then 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 conformation is weighted by its energy.

Results
Spectroscopic characterization of H. pylori apo and holoflavodoxin at pH 7.0 and 9.0

At both pHs, the apo and holo forms of the protein show very similar far-UV CD spectra (Figure
1a), suggesting that all the secondary structure elements are retained in the apoprotein. The
near-UV CD spectra of the holo and apo forms are, in contrast, quite different (Figure 1b). The
apo form displays two small peaks of much lower intensity than that of the peaks in the spectrum
of Anabaena apoflavodoxin (6). This is not surprising because the H. pylori protein lacks the
W120/W159 pair, which is the main contributor to the Anabaena near-UV CD spectrum
(40). When FMN is bound to the protein, the near-UV CD spectrum is more intense, very likely
reflecting direct contributions from the cofactor. The CD data together suggests that the
apoprotein is well-folded, as indicated by its x-ray structure (21).

Thermal unfolding of H. pylori apoflavodoxin
The thermal unfolding has been followed at both pH 9.0 and 7.0 (Figures 2a and 2b,
respectively) using far-UV CD, near-UV CD and tryptophan fluorescence emission. On the
other hand, DSC thermograms of apoflavodoxin have been recorded at pH 7.0, 8.0, 8.5 and
9.0 (Figures 2c and 2d). Spectroscopic and DSC reversibility experiments were performed,
that allowed to recover the original curve shapes with around 80% of the initial signal, which
means that the thermal unfolding is at least 80% reversible. Besides, protein association was
ruled out because the same DSC or spectroscopic thermal unfolding curves were obtained using
2, 20 and 40 μM protein concentrations at all pH values investigated (data not shown). Then,
the native state is monomeric.

At pH 9.0, the spectroscopic unfolding curves show two well defined transitions (Figure 2a),
which is indicative of, at least, a three-state behavior. Indeed, all spectroscopic unfolding curves
can be individually fitted to a three-state model (Table 1). However, the curves obtained at pH
7.0 show somewhat less cooperative transitions (Figure 2b) and, when they are individually
fitted to three-state equations, the higher temperature transitions do not coincide. Accordingly,
the spectroscopic data at pH 7 have been directly fitted to a four-state model (Table 1).

The thermal unfolding equilibrium has been further investigated by DSC at pH 7.0, 8.0, 8.5
and 9.0 (Figure 2c). The profiles at pH 8.0, 8.5 and 9.0 are very similar, with two prominent
peaks: the high temperature one shifting to lower temperatures as the pH increases, and the
other peak remaining almost unchanged. At pH 7.0, however, the curve displays a different
behavior with a very low enthalpy change and a lower resolution of the two peaks (the second
peak is wider at pH 7.0 than at higher pHs), likely indicating the presence of an additional
transition. Since theses differences at pH 7.0 could be due to the slightly lower ionic strength
present in the pH 7.0 solution (see methods), the thermogram was also recorded at 50 mM ionic
strength and the same behavior was evident (data not shown). Based in the above observations
we have selected pH 9.0 for further analysis and comparison with the spectroscopic data
because the errors associated to the fitted parameters are much lower than those obtained at
pH 7.0. From the raw DSC data at pH 9.0, the experimental baseline and the heat capacity of
the native state (first or second order polynomial in temperature) were subtracted to obtain the
excess heat capacity change. A heat capacity change for the unfolding process has to be

Cremades et al. Page 6

Biochemistry. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



assumed. Usually, several DSC experiments at different but close pH values are performed
from where the slope of a ΔHm vs Tm plot, ΔCP, is determined. However, in a protein exhibiting
several unfolding transitions, such approximation is hard, if not impossible. Instead, we have
calculated, from a structure-based parameterization (36-38) (equation 8), a theoretical heat
capacity change of 2.7 kcal.mol-1.K-1 for the global unfolding process of H. pylori
apoflavodoxin. This value is close to the one calculated for Anabaena apoflavodoxin (2.8
kcal.mol-1.K-1) and similar to the two experimental reported values for this protein, 2.5 ± 0.3
kcal.mol-1.K-1 and 3.1 ± 0.8 kcal.mol-1.K-1 (41). Once the excess heat capacity curve was
obtained (Figure 2d, open circles), it was first analyzed using a three-state model (gray line),
but the fit was poor. A four-state model greatly improved the fit (black line).

To further test the appropriateness of the four-state model, a statistical mechanical
deconvolution (35) of the DSC data was performed in order to calculate, from the average
excess enthalpy function of the system, <ΔH>, as a function of temperature, the minimum
number of discrete macroscopic energy states. The excess heat capacity data, was, thus,
converted into <ΔH> data 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
temperature) as characteristic of the enthalpy function of a unique state (the denatured state).
Statistical mechanical deconvolution, thus, confirms the presence of four different states in the
thermal unfolding equilibrium of H. pylori apoflavodoxin at pH 9.0. The same result was
obtained for pH 7.0 (not shown).

In principle, a four-state unfolding equilibrium could give rise to three peaks in a DSC curve.
The reason why only two peaks are evident in the thermogram was investigated as follows.
The lower temperature distinct peak was fitted to a two-state model and the fitted curve was
subtracted from the original one, leading to a curve that contains only the contributions from
the second distinct peak observed at high temperature. Once the contributions of the peaks
were separated, the ratio between van't Hoff and calorimetric enthalpies of each peak was
determined. While the first peak yielded a ΔHvH/ΔHcal ratio of 1.05, indicating that it
corresponds to just one thermal unfolding transition, the second peak showed a ratio of 0.58,
suggesting that it corresponds to, at least, two close unfolding transitions.

The thermodynamic parameters obtained from both calorimetric and spectroscopic analysis
are compared in Table 1. The thermodynamic parameters obtained from either the far-UV CD
or the fluorescence curves agree with those obtained from a van't Hoff analysis of the DSC
data, which indicates that those techniques are unable to resolve the last two close thermal
transitions. In contrast, the high temperature transition observed in the near-UV CD curve
corresponds to the second transition of the DSC curve rather than to an average of the second
and third transitions.

FMN binding
The stabilizing effect associated to FMN binding has been studied for several flavodoxins with
conflicting results, as recently summarized (1,9). For a complete characterization of the binding
of FMN to H. pylori apoflavodoxin, both ITC and spectroscopic techniques have been used.
While ITC is the technique of choice to obtain the affinity in the 102 to 107 M-1 range of
dissociation constants, spectroscopic techniques are preferred, if available, for stronger
complexes (7). Still, ITC provides for the latter ones more precise values of enthalpy and heat
capacity changes of binding. Figure 4 shows a titration of FMN fluorescence with
apoflavodoxin at 25 °C (Figure 4a) and the heat liberated by FMN injections to an
apoflavodoxin solution at the same temperature (Figure 4b). The Kd obtained from the
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spectroscopic titration, which for this complex is more accurate, is at least one order of
magnitude higher than that determined for the Anabaena protein (7), as can be expected from
the larger solvent exposure of the FMN molecule in the H. pylori complex. The Kd value
obtained by ITC is slightly higher than the spectroscopic one (6.8 nM by spectroscopy, 27 nM
by ITC and 10 nM by DSC), which is likely due to the fact that the Kd is in the limit for ITC
determination. Besides, in the last injections of the ITC experiment, some extra time is needed
to recover the baseline and not all the thermal effect upon binding might be recorded in those
injections, suggesting that kinetic effects could be distorting the ITC titration.

The enthalpy of binding, as determined by ITC, is of - 21 kcal/mol at pH 7.0 and very similar
at pH 9.0 (Table 2). To estimate spectroscopically the binding enthalpy, the fluorescence
quenching of FMN by the apoprotein was measured at 11, 15 and 20 °C. The corresponding
binding constants were determined and the enthalpy of binding was calculated from the van't
Hoff relationship. The estimated enthalpy is lower than the one obtained by calorimetric
titration, although the discrepancy is not large. It should be bore in mind that the
spectroscopically determined binding enthalpy is less reliable and more affected by errors. In
order to find out if protonation effects are affecting the enthalpy obtained by calorimetry, ITC
experiments were performed at the same pH and temperature using buffers with different
ionization enthalpies, ΔHion (data not shown). The linear regression of the data ΔHapp vs
ΔHion provides information about proton exchange between complex and solvent upon ligand
binding, that is, the number of protons bound or released upon ligand binding, nH, and the
buffer-independent binding enthalpy, ΔHB, according to:

(9)

At pH 7.0 and pH 9.0, the nH parameter obtained after fitting the data to equation 9 was 0.1
and -0.2 (± 0.2), respectively. Therefore, the net proton exchange coupled to ligand binding is
small and the measured binding enthalpy by ITC does not include a significant contribution
from buffer ionization or any ionizable group in the protein.

The favorable binding enthalpy overcomes the unfavorable entropy change that takes place
upon cofactor binding. The negative value of the binding entropy in H. pylori flavodoxin means
that the freezing of the FMN molecule and of the interacting protein residues in the complex
is not compensated by the expected concomitant release of water molecules that must take
place during cofactor binding. As it will be discussed below, the binding site of H. pylori
apoflavodoxin presents a lower local stability than that of Anabaena for which the overall
entropic contribution to binding is favorable. That lower local stability may introduce a greater
conformational entropy cost in the H. pylori complex, which adds to an expected smaller
contribution of the hydrophobic effect. In Anabaena flavodoxin, however, both enthalpic and
entropic contributions are favorable (Table 2), which gives rise to a higher affinity in spite of
a less favorable enthalpy. It is interesting to compare the H. pylori FMN binding energetics
with those of the Anabaena flavodoxin W57A mutant (Table 2), which exhibits a cofactor
solvent-accesibility similar to that in the H. pylori complex (7,21). The affinity for FMN of the
two apoproteins is similar, as it is similar the heat capacity change, related to the surface area
buried upon binding. Nevertheless, the thermodynamic contributions are differently
compensated. In the Anabaena mutant, the binding enthalpy is much less favorable than in H.
pylori and the entropy value is positive and even more favorable than in the wild-type
Anabaena protein.

Thermal unfolding of flavodoxin
The effect of FMN binding in protein stability was directly evaluated by recording the
thermally-induced unfolding of the holoprotein (at equimolecular concentration of FMN and
protein) at pH 7.0 and, in more detail, at pH 9.0. Spectroscopically, the average energy of the
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fluorescence spectra, far-UV CD, near-UV CD and visible CD signals were used to follow the
thermal denaturation (Figure 5a and 5b). While the near-UV and visible CD curves, reflecting
contributions from the FMN cofactor, are superimposable and can be fitted to a simple two-
state model, the two other spectroscopic curves need to be fitted to a three-state model and, in
addition, they cannot be superimposed with each other. The minimal model is, thus, four-state.
As observed in apoflavodoxin, the holoprotein displays poorly defined unfolding transitions
when is monitored by fluorescence and far-UV CD, specially at pH 7.0, due to the low enthalpy
value associated to the last two transitions (Table 3). DSC experiments of holoflavodoxin were
also performed at pH 9.0 (Figure 5c). The calorimetric curve shows a single broad peak,
indicating that the three transitions are closer than in apoflavodoxin. The ratio between van't
Hoff and calorimetric enthalpies is of 0.38, meaning that at least two transitions are masked in
the peak. However, the thermogram cannot be fitted to a three-state sequential unfolding model
and a four-state one is required. Thus, in contrast with what was observed for Anabaena
flavodoxin (9), in H. pylori flavodoxin the stabilization induced by FMN binding does not
decrease the number of macroscopic states that become significantly populated during thermal
unfolding. If FMN concentration is increased with respect to the protein, the protein is further
stabilized and the cooperativity (measured as the van't Hoff/calorimetric enthalpies ratio)
increases (see Discussion). As seen for apoflavodoxin (Table 1), there is a good correlation
between the thermodynamic parameters obtained spectroscopically and calorimetrically. In
fact, the small differences in Tm1 are very likely due to the higher concentration of holoprotein
in the DSC experiments (see Materials and Methods).

Discussion
Thermodynamic and spectroscopic characterization of the four states of H. pylori flavodoxin
that populate along the thermal unfolding equilibrium

Both calorimetry and a variety of spectroscopic techniques used to investigate the thermal
unfolding equilibrium of apoflavodoxin reveal it is a complex process with three distinct
transitions, yielding to the appearance of four different states, in contrast to other known
flavodoxins. The agreement between the spectroscopic global fit and the calorimetric analysis
is excellent both in Tms 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
maximal accumulation is of around 85 % at 280 K; Figure 6a) as a consequence of a pronounced
cold-denaturation caused by the first unfolding transition displaying a low enthalpy change
(about 25% of the N-to-U enthalpy change) combined with a fairly high heat capacity change
(around 1.2-1.3 kcal.mol-1.K-1). Cold denaturation has also been observed, although less
pronounced, in Anabaena apoflavodoxin (41), whose thermal unfolding follows a three-state
model where the first transition displays enthalpy and heat capacity changes (41) very close to
those determined for the first transition in the H. pylori protein. It is thus tempting to identify
the first thermal intermediate of H. pylori apoflavodoxin (I1) with the single unfolding
intermediate observed in Anabaena, the structure of which has been characterized by
equilibrium Φ-analysis and NMR (23). This intermediate essentially adopts a native
conformation where the long-loop characteristic of long-chain flavodoxins, together with, at
least, two of the three-FMN binding loops (those involved in the binding of the isoalloxacine
moiety) are unfolded. The intermediate, thus, retains most of the secondary structure. To test
whether the first intermediate of H. pylori apoflavodoxin thermal unfolding corresponds with
the well characterized single thermal intermediate in Anabaena (23), we have determined the
individual fluorescence, far and near-UV circular dichroism spectra of the four macroscopic
states that populate along the thermal unfolding by deconvolution of the apoflavodoxin spectra
recorded at different temperatures (Figure 7). The fluorescence spectrum of I1 is close in
intensity to the native spectrum, although the maximal intensity appears at 328 nm, rather than
at 320 nm as in the native state. Therefore, there is a slight increase in solvent-exposure of
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some of the tryptophan residues in this intermediate. This different local environment of the
tryptophans is also evidenced in a distorted near-UV CD spectrum, as compared with the native
one. Nevertheless, there is still some near-UV CD signal, which means that at least one of the
two tryptophans in the protein remains in an asymmetric environment in I1. In fact, the two
tryptophan residues are located in regions that are expected to be folded if I1 is structurally
similar to the Anabaena intermediate (23). Finally, the far-UV CD spectra indicate that I1
preserves most of its native secondary structure (around 80% of the native helix content). All
the spectroscopic information is thus consistent with I1 being similar to the single thermal
intermediate observed in the Anabaena apoflavodoxin. In contrast, the spectra of I2 indicate
that the tertiary contacts have been lost together with a large amount of the secondary structure
(significantly α-helix), and there is a considerable increase in solvent-exposure of the
tryptophan residues, with the maximum of fluorescence intensity at 339 nm. In fact, the
unfolding of I1 to yield I2 involves a significant change in heat capacity. However, the blue-
shifted fluorescence spectrum (339 nm) relative to the 349 nm in the denatured state indicates
that at least one of the two tryptophan residues is still partially buried. In addition, the far-UV
CD spectra suggests that around 25 % of native-helix content and 50 % of native-β-sheet
content is retained in I2. Although the heat capacity of I2 is not far from that of the unfolded
state, its high enthalpy of unfolding suggests that it may still contain a partially folded region.
One possibility is that this intermediate is organized around a region of the protein with a
particularly high local stability. This additional intermediate has not been observed in other
flavodoxins. Finally, the third transition, exhibiting a smaller change in heat capacity but a
substantial enthalpy change, represents the unfolding of I2 to the unfolding state. This latter
state shows some signal around 222 nm (compared to the spectra of the chemical-unfolded
state, not shown), which seems to indicate that the thermally unfolded state may still retain
some residual helical structure. It is possible that such residual structure could be related to the
high local stability of the third α-helix, as calculated by the COREX algorithm (not shown)
and described for A. vinelandii apoflavodoxin in hydrogen exchange experiments (42).

As it has been described for Anabaena apoflavodoxin (6), H. pylori apoflavodoxin presents,
at acidic pH, a molten globule conformation (work in progress). However, neither of the two
thermal intermediates described in this work display molten globule spectroscopic
characteristics, since the first one preserves some tertiary contacts and the second one displays
a marked debilitation of the secondary structure.

Preferential stabilization of the apoflavodoxin native state by FMN binding
The affinity of the complex between FMN and apoflavodoxin from H. pylori is high (-10-11
kcal/mol), but lower than in the two other long-chain flavodoxins studied (9,11). Compared to
the Anabaena complex, the lower affinity of the H. pylori one is due to a more favorable
enthalpy of binding which is offset by an unfavorable entropy change. The entropy loss in the
H. pylori complex is not surprising. On the one hand, an alanine residue replaces the highly
conserved tryptophan residue present in most flavodoxins, which makes the FMN molecule
much more accessible to solvent (156.3 Å2 in H. pylori versus 107.4 Å2 in Anabaena) (43).
Since in both complexes the vast majority of this exposed area (more than 90 %) corresponds
to apolar groups of the FMN molecule, the contribution of the hydrophobic effect to the stability
of the H. pylori complex is lower than that in the Anabaena one. On the other hand, the greater
exposure of the FMN binding pocket in the H. pylori apoprotein might, in principle, allow a
larger rotational entropy of neighboring residues in the absence of the cofactor, which would
be lost in the complex. This is consistent with the low Tm displayed by the first thermal
transition in H. pylori apoflavodoxin that leads to I1. Since it appears that this intermediate is
structurally equivalent to the one previously analyzed in Anabaena (23), it should present a
disordered binding site. It seems therefore that the binding site in H. pylori apoflavodoxin may
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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 the
Anabaena complex; significantly, one of the aromatic residues involved in aromatic stacking
with FMN (Trp57 in Anabaena) and one threonine residue (Thr15 in Anabaena) hydrogen
bonded to the phosphate moiety of the cofactor. In Anabaena, mutating these residues (W57A
or T15V; see Table 2) destabilizes the complex by around 2 kcal/mol (7). Besides, the W57A
replacement moves the binding enthalpy from −12 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
Anabaena one. This could be also connected with the greater flexibility at the binding site.
Concomitant with a lost 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 for Anabaena flavodoxin (9) 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 in H. pylori is very different, as can be seen by comparing the corresponding Tm
values 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, the Tm of which is greatly increased upon FMN binding. There are, nevertheless,
slight variations in Tm2 and stronger ones in ΔH2.

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 the cofactor is released in the first unfolding transition,
that is, the cofactor only binds to the native state. The thermodynamic parameters
corresponding to cofactor binding can be obtained from the global analysis. The ligand binding
heat capacity was fixed to a reasonable estimate of −0.3 kcal/K·mol; otherwise high parameter
correlation in the 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 25°C for the binding affinity and the binding enthalpy of the
native state, 1.0·108 M-1 and −14 kcal/mol, respectively, are in good agreement with the values
determined independently by isothermal titration calorimetry under similar experimental
conditions (KB = 6.4·107 M-1 and ΔHB = -23.1 kcal/mol), considering the extrapolation errors.

The population of accessible states along the thermal unfolding in the apo and holo forms
(Figure 6a and 6b, respectively) shows that FMN binding increases the population of the native
state and widens its stability window. In fact, the native state is by large the most stabilized
state upon FMN binding, which increases the energy gap with the first intermediate without
hardly modifying the two subsequent transitions. The fact that FMN binding increases the
relevant stability of the protein (N ↔ I1 equilibrium) (44), while leaving the residual stability
of the partly unfolded conformations (I1 ↔ I2 ↔ D) unchanged is consistent with I1 displaying
a structure similar to that characterized for the single thermal intermediate that appears in the
thermal unfolding of the apoflavodoxin from Anabaena (23). That in H. pylori flavodoxin the
binding of the cofactor does not lead to a highly cooperative two-state unfolding is simply due
to the lower relevant stability and the higher residual one of the H. pylori apoprotein, compared
to the Anabaena one, together with the lower affinity of FMN binding.

Cremades et al. Page 11

Biochemistry. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A temperature-ligand concentration phase diagram for H. pylori flavodoxin thermal unfolding
The coupling of the conformational and binding equilibria in the flavodoxin-FMN system is
naturally illustrated in the temperature-ligand concentration phase diagram in Figure 9. The
solid lines are constructed, using the thermodynamic parameters determined for unfolding and
FMN binding at pH 9.0 (Table 1 and 2), as the geometric sites of the points at which a given
species populates 50% of the total protein concentration (45). The lines thus engulf regions
where a given species is dominant. The intercepts with the upper x-axis correspond to the Tm's
of the different individual unfolding transitions of flavodoxin in the absence of FMN, whereas
the intercept with the left y-axis indicates the logarithm of the (apparent) FMN binding affinity
at the lower temperature in the diagram. The NL line represents the temperature dependency
of the logarithm of the dissociation constant. The traces starting from the Tm's and following
the NL line represent the ligand concentration dependence of the Tm's. The two lines between
N and NL do not coincide because a significant percentage of non-native and non-liganded
protein is present even at low temperature. The two dotted straight lines predict the arising of
the different conformations observed in typical temperature denaturation experiments
performed in the absence (top line) and the presence (bottom line) of FMN such as those giving
rise to the population diagrams in Figure 6. The diagram indicates that at physiological FMN
concentrations, the two intermediates will populate in thermal unfolding, and that full unfolding
cooperativity, such as that observed in Anabaena flavodoxin (9), where only the liganded and
the unfolded protein coexists, can only be achieved at FMN concentrations above 1 M. As the
FMN concentration increases, the first intermediate I1 will be less populated during a
temperature denaturation, indicating a more cooperative unfolding where the relevant stability
(N↔I1) is increased, as mentioned before.

Why H. pylori thermal unfolding is less cooperative? A COREX analysis
The thermal unfolding of two long-chain apoflavodoxins (from Anabaena (9,41) and from
Azotobacter vinelandii (10)) and one short-chain one (from Desulfovibrio desulfuricans (12))
have been described. The three proteins display a three-state thermal unfolding equilibrium,
for which they exhibit similar thermodynamic parameters. Surprisingly H. pylori
apoflavodoxin, with an average 37% sequence identity and 52 % similarity with the three other
proteins, follows a four-state model with an additional intermediate. To identify the structural
features that give rise to the observed reduced cooperativity towards thermal unfolding, a
structure-stability comparison of the H. pylori and Anabaena apoflavodoxin (44 % identity)
has been performed using the COREX algorithm (25). COREX generates, from the
tridimensional structure, an ensemble of thousands of different conformations of the protein,
from native to totally unfolded, and computes their stabilities (25,26). The parameterization
used by COREX predicts well the ΔH(60°C) and ΔS(60°C) values of the global unfolding of
H. pylori apoflavodoxin at pH 7.0 (104 kcal/mol and 0.31 kcal.mol-1.K-1, respectively
compared to the experimentally determined values of 107 and 0.33).

The lower unfolding cooperativity of H. pylori apoflavodoxin exerts a profound influence in
the unfolding equilibrium, which exhibits three significant differences with that of
Anabaena apoflavodoxin. First, the initial unfolding transition takes place at lower
temperatures; second, the last unfolding transition takes place at higher temperatures; and third,
cold-denaturation is more pronounced. The local stabilities of the two proteins, as calculated
by COREX, explain them all. In Figure 10a, the residue-specific folding constants at 4 °C (solid
line) and 65 °C (dotted line) of H. pylori (black) and Anabaena apoflavodoxins (gray with
orange segments) are superimposed. The values of the folding constants at 4 °C in H. pylori
show a greater dispersion that those of Anabaena, which could explain the lower cooperativity
of H. pylori thermal unfolding. Compared to Anabaena, the H. pylori protein presents, in
average, lower folding constants at 4 °C. In fact, there are two regions with folding constants
close to zero. They correspond to a loop involved in the binding of the phosphate moiety of
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FMN (residues 9-19) and to residues (129-139) located in the long loop characteristic of long-
chain flavodoxins. These two regions have been proposed in A. vinelandii apoflavodoxin
(42) to unfold independently generating different partially unfolded forms. Besides, the long
loop region appears clearly unfolded in the single thermal intermediate of Anabaena
apoflavodoxin (23). The low stability of these two regions in H. pylori suggests that the native
state and I1 are close in the energy landscape, and that the transition between the two may take
place at lower temperatures than in Anabaena apoflavodoxin. The second distinctive feature
of H. pylori unfolding, that the last Tm is 10 degrees higher than in Anabaena, is also captured
by COREX. While Anabaena apoflavodoxin appears completely unfolded at 65 °C (all the
residues display negative values of Lnkf at that temperature; Figure 10a), in agreement with
the experimental thermal unfolding curves (23), H. pylori apoflavodoxin retains some structure
at that temperature (Tm3 = 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 in H. pylori apoflavodoxin (specially in the central β-
sheet) significantly increases from 4 to 25 °C, which is shown as negative values in the
ΔLnkf plot (black line in Figure 10b). Cold denaturation is not so pronounced in Anabaena
apoflavodoxin and, accordingly, fewer protein regions display an inversion in their predicted
folding constants when the temperature is increased from 4 to 25 °C (gray line in Figure 10b).

The residues involved in FMN binding in H. pylori and Anabaena flavodoxins are shown in
green in Figure 10b, and those known to become unstructured in the Anabaena thermal
intermediate (that we identify with I1 in H. pylori) are shown in orange. Indeed, there is partial
correspondence between the two kinds of regions (see Figure 10b). Inspection of Figure 10b
indicates that COREX helps to identify the regions that become unfolded in the thermal
intermediate, and those involved in cofactor binding, as the regions displaying large decreases
in local stability while the global of the protein keeps invariant, when the temperature is raised
from 4 to 25 °C (peaks with positive values of ΔLnkf in Figure 10b). The overall good
correspondence between the regions predicted by COREX to become destabilized as the
temperature is raised and those observed to be unstructured in the thermal intermediate (23) is
evident in Anabaena apoflavodoxin (Figure 10b). In H. pylori the correspondence is also clear
although some of the putative unstructured regions in I1 (around residues 60 and 125)
experience smaller destabilizations simply because they already present a very low local
stability at the lower temperature (see Figure 10a). It is interesting that, although one of the
weak regions (around residue 95) does not exhibit low local stability (see Figure 10a), COREX
identifies it by its large destabilization at 25 °C relative to 4°C. This work thus suggests that
even regions that are predicted to display high local stabilities may get involved in independent
unfolding events leading to intermediates, and it seems that analysis of the temperature
variation of local stability at temperatures where the native state is the dominant conformation
may be useful to identify them.
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FIGURE 1.
Spectroscopic comparison of H. pylori apo (thin lines) and holoflavodoxin (thick lines) in EPPS
50 mM, pH 9.0 under native conditions, at 25°C (continuous lines) and thermally-unfolded at
90 °C (dashed line). Far-UV circular dichroism (a) and near-UV CD (b). The insert in (b)
compares the near-UV CD spectrum of apoflavodoxin at pH 9 (thin line) with that at pH 7.0
(thick line). The different spectra of both the apoprotein and holoprotein at pH 7.0 are very
similar to the corresponding ones at pH 9.0 (not shown).
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FIGURE 2.
(a) and (b) Thermal denaturation of H. pylori apoflavodoxin followed by spectroscopic
techniques in EPPS 50mM, 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 continuos gray lines represent the best global fit to a four-state model. (c) and (d) DSC of
H. pylori 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
dash line, the second transition as dotted line and the third one as dash-dotted line.
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FIGURE 3.
Statistical Mechanical Deconvolution of the thermal denaturation of H. pylori apoflavodoxin
in EPPS 50 mM pH 9.0, followed by differential scanning calorimetry. The grey thick line
represents the enthalpy function obtained directly from the integration of the calorimetric
experiment. The black thick line represents the excess enthalpy change after the contribution
of the first transition is eliminated. The grey and black thin lines correspond to the excess
enthalpy change after removing the contribution of the subsequent macroscopic states using
the recursive method (see Materials and Methods), i.e., the first intermediate and the second
intermediate, respectively.
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FIGURE 4.
FMN binding to H. pylori flavodoxin. (a) Titration of FMN binding at 25 °C in MOPS 50 mM,
pH 7.0 by fluorescence quenching at 525nm. The experimental data is represented by filled
circles and its fit by a gray line. (b) ITC experiment in the same conditions as in (a). Due to
kinetic effects upon FMN binding in the last part of the titration, the time between injections
was increased to 700 s.
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FIGURE 5.
Thermal denaturation of flavodoxin followed spectroscopically in 50 mM MOPS, pH 7.0 (a)
and EPPS 50mM, pH 9.0 (b). Fluorescence data is represented as closed circles, far-UV CD
as open circles, near-UV CD as open squares and visible CD as closed squares. The continuous
gray lines represent the best global fit to a four-state sequential unfolding model. A DSC
experiment of holoflavodoxin in EPPS 50mM, pH 9.0 is shown as open circles in (c). The gray
line correspond to the theoretical fit of the experimental data to a three-state model and the
black line, the fit to a four-state model. The contribution of each of the three transitions are
also represented as dashed, dotted and dash-dotted lines.
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FIGURE 6.
Temperature dependence, at pH 9.0, of the four macroscopic states of H. pylori apoflavodoxin
(a) and holoflavodoxin (b): native (continuous line), first thermal intermediate, I1 (dashed line),
the second intermediate, I2 (dotted line) and the unfolded state (dash-dotted line). The
thermodynamic parameters used to calculated the molar fractions of the different states were
the ones obtained from DSC analysis (Table 1 and 3). The sequential unfolding model was
used both to fit and to calculate the molar fractions.
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FIGURE 7.
Spectroscopic characterization of the four significantly populated states of H. pylori
apoflavodoxin (sequential thermal unfolding model) by spectra deconvolution: native
(continuous line), first thermal intermediate, I1 (dashed line), the second intermediate, I2
(dotted line) and the unfolded state (dash-dotted line). Fluorescence (a), far-UV CD (b), and
near-UV CD (c) spectra.
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FIGURE 8.
Thermal unfolding of H. pylori flavodoxin at five different total concentrations of FMN: 0,
32.6, 48.9, 163 and 326 μM. The concentration of protein is 16.3 μM. The experiments were
made in Tris 165 mM, pH 8.5. In the absence of ligand, the protein exhibits three transitions
(the endothermic peak at high temperature is not a single unfolding transition, but the
superposition of two close transitions). The transition most affected by the FMN binding is the
one taking place at low temperature.
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FIGURE 9.
Temperature-ligand concentration phase diagram for the coupling of the conformational
equilibrium and the binding equilibrium in the flavodoxin-FMN system at pH 9.0. Continuous
lines, engulfing regions where the specified conformation is dominant, are constructed as the
geometric sites of the points at which a given species populates 50% of the total protein
concentration, using the parameters determined for unfolding and binding at pH 9.0. The
different species are represented by: N (native unliganded), NL (native liganded), I1 (first
intermediate), I2 (second intermediate), and U (unfolded protein). The two dotted lines
represent trajectories of typical temperature denaturations in the absence (top) and the presence
(bottom) of FMN. Experimentally determined parameters are indicated with symbols: binding
affinity estimated by spectroscopy (open circles), DSC (open square), and ITC (open triangle);
unfolding transition temperatures in the absence (closed circles) and presence of FMN cofactor
(closed squares).

Cremades et al. Page 25

Biochemistry. Author manuscript; available in PMC 2009 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 10.
Local stability of H. pylori apoflavodoxin compared to that of Anabaena apoflavodoxin. (a)
Natural logarithms of the predicted folding constant with COREX algorithm (ln kf) for each
amino acid of H. pylori apoflavodoxin at 4 °C (black line) and Anabaena apoflavodoxin (gray
line) and at 65 °C (in dashed line). The regions determined to be unfolded by equilibrium Φ-
analysis(23) in the thermal intermediate of Anabaena apoflavodoxin are colored in orange.
The elements of secondary structure of the proteins are shown at the top. (b) Difference in
folding constant values of H. pylori (black line) and Anabaena (gray line) between 4 °C and
25 °C. The FMN binding regions in Anabaena flavodoxin are colored in green, the proposed
unfolded regions in the thermal intermediate are marked as orange lines. For a better
comparison between proteins and its structural elements, a sequence alignment was performed
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and the predicted folding constant per residue were plotted in the resulted sequences in both
figures.
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Table 2
Apoflavodoxin/FMN binding energetics

Parameter Protein

H. pyloria Anabaena WTb Anabaena W57Ac
pH 7 pH 9 pH 7 pH 7

ITC
Kd (nM) 27 ± 1 23 ± 2 - -
ΔG (kcal/mol) -10.3 ± 0.1 -10.3 ± 0.1 - -
ΔH (kcal/mol) -21 ± 0.3 -25 ± 0.2 -11.8 ± 0.3 -7.1 ± 0.2
ΔS (cal.mol-1.K-1) -36 ± 1 -49 ± 0.7 - -
ΔCP (cal.mol-1.K-1) -600 ± 30d - -600 ± 20 -620 ± 50
Spectroscopy
Kd (nM) 4.4 ± 0.7 - 0.26 ± 0.06 5.2 ± 0.9 (11.4)
ΔG (kcal/mol) -11.4 ± 0.5 - -13.1 ± 0.1 -11.3 ± 0.1 (-10.8)
ΔHe (kcal/mol) -14 ± 2 - - -
ΔS (cal.mol-1.K-1) -7.7 ± 6 - 8 ± 2f 14 ± 1f

a
At 25 °C, in MOPS 50 mM, pH 7.0 or EPPS 50 mM, pH 9.0. The errors reported in this Table were provided by the fitting program and propagated

when required.

b
At 25 °C in MOPS 50 mM, pH 7.0(ref. 7). ΔH and ΔS values were measured in 50 mM phosphate, pH 7.0.

c
At 25 °C in 50 mM phosphate, pH 7.0 (ref. 7). Values in parenthesis were obtained in 50 mM MOPS, pH 7.0.

d
Calculated as the slope of ΔH vs T at 10, 15, 20 and 25 °C.

e
Calculated from spectroscopic titrations at 11, 15 and 20 °C (Kd = 2.1, 3.4 and 4.4 nM, respectively).

f
ΔS in this case was calculated from the ΔG value spectroscopically determined and the calorimetrically measured ΔH value.
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