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The structure and energetics of protein-folding intermediates are poorly
understood. We have identi®ed, in the thermal unfolding of the apo¯avo-
doxin from Anabaena PCC 7119, an equilibrium intermediate with spec-
troscopic properties of a molten globule and substantial enthalpy and
heat capacity of unfolding. The structure of the intermediate is probed by
mutagenesis (and phi analysis) of polar residues involved in surface-
exposed hydrogen bonds connecting secondary-structure elements in the
native protein. All hydrogen bonds analysed are formed in the molten
globule intermediate, either with native strength or debilitated. This
suggests the overall intermediate's topology and surface tertiary inter-
actions are close to native, and indicates that hydrogen bonding may
contribute signi®cantly to shape the conformation and energetics of fold-
ing intermediates.
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Introduction

The stability of native proteins, relative to the
unfolded state, has been actively investigated1-5

and can presently be increased in a rational man-
ner.6 ± 13 In addition to the native and unfolded
states, proteins can adopt, either transiently14 or at
equilibrium,15 other conformations that display
mixed properties of the native and denatured
states. The role of transient folding intermediates is
controversial as they could, in principle, help accel-
erate the reaction or rather act as kinetic traps.14,16

As for the equilibrium intermediates, they have in
some cases been identi®ed with the folding inter-
mediates17 ± 19 but, in other cases, they are simply
regarded as unwanted conformations that may
contribute to aggravate aggregation phenomena
within the cell.20 Equilibrium intermediates can be
detected as a deviation from two-state behaviour
(i.e. non-coincident unfolding curves obtained with
different techniques). Compared to those of the
native state, the structure and energetics of protein
intermediates are poorly understood. A number of
ing author:

tial scanning
wild-type; N, native;
mutational studies on these intermediates have
focused on apolar/apolar packing side-chain inter-
actions,21 ± 29 while polar interactions, such as
hydrogen bonds, have received much less
attention.30 To investigate the role of side-chain
hydrogen bonds in the structure of protein inter-
mediates, we have characterised the energetics of
an apo¯avodoxin31-33 thermal intermediate and
then probed the presence of native hydrogen
bonds by performing a mutational analysis of the
three-state unfolding equilibrium. All hydrogen
bonds analysed here are shown to be formed in
the intermediate, although most are debilitated
relative to the native state.

Results and Discussion

An equilibrium intermediate in the thermal
unfolding of Anabaena apoflavodoxin

Flavodoxins are a/b-electron transfer ¯avopro-
teins that carry one molecule of non-covalently
bound ¯avin mononucleotide that can be reversi-
bly removed to yield the apo¯avodoxin. We use
the apo¯avodoxin from Anabaena31 ± 33 to study pro-
tein stability and binding.33 ± 37 The equilibrium
chemical unfolding of the apo¯avodoxin from
Anabaena follows a two-state mechanism;34 yet
an intermediate appears in the folding reaction
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(FernaÂndez-Recio et al., unpublished results) and
molten globule conformations are dominant at low
pH34 and in protein variants whose stability has
been reduced by truncation.35 Since thermal
unfolding may reveal equilibrium intermediates
that are not observed by chemical denaturation,
and since an intermediate has been reported in the
thermal unfolding of the apo¯avodoxin from
Azotobacter vinelandii,38 we have investigated the
possible occurrence of intermediate conformations
in the thermal unfolding of the Anabaena apo¯avo-
doxin by performing the so-called superposition
test.29,35 To that end, we have compared the
unfolding curves obtained using four different
spectroscopic techniques: tryptophan ¯uorescence
emission, far-UV circular dichroism (CD), near-UV
absorption, and near-UV CD (the near-UV absorp-
tion and CD curves being obtained simul-
taneously). In all cases, the native signal was
recovered upon cooling, and no protein concen-
tration effect on Tm was observed in the concen-
tration range used (not shown). The unfolding
curves obtained for wild-type apo¯avodoxin are
shown in Figure 1. Both the ¯uorescence and near-
UV CD curves, and the absorbance and far-UV
curves can be superimposed reasonably. However,
the two sets of curves are clearly non-superimposa-
ble. Simple two-state ®ts of the individual curves
(shown in Figure 1) indicate that the apparent
melting temperatures obtained by ¯uorescence and
near-UV CD are around 7 K lower than those from
the two other techniques. Besides, the unfolding
enthalpies derived from the ¯uorescence and near-
UV CD curves are of around 25 kcal molÿ1, while
Figure 1. Thermal unfolding of wild-type apo¯avo-
doxin followed by ¯uorescence, near-UV absorbance,
and far-UV and near-UV circular dichroism. Fluor-
escence conditions: 2 mM apo¯avodoxin in 50 mM Mops
(pH 7.0); ratio of emission at 320 and 360 nm. Near-UV
absorbance and circular dichroism conditions (curves
obtained simultaneously): 40 mM apo¯avodoxin in
50 mM Mops (pH 7.0); signal recorded at 291 nm. Far-
UV circular dichroism conditions: 1 mM apo¯avodoxin
in 5 mM Mops (pH 7.0) with 15 mM NaCl; ellipticity at
222 nm. The continuous lines are ®ts to a simple two-
state model.
those from the absorbance and far-UV CD curves
are around 50 kcal molÿ1. These data clearly indi-
cate that the thermal unfolding of the protein is
not two-state and that an intermediate accumulates
in the transition region.

The above conclusion would seem to con¯ict
with a previous calorimetric study34 in which the
differential scanning calorimetry (DSC) transitions
for apo¯avodoxin unfolding could be described
adequately by the two-state model. The discre-
pancy is only apparent, however, since the enthal-
py change associated with the native to
intermediate step (about 25 kcal molÿ1) is com-
paratively small and would give rise to a very
broad calorimetric transition that could easily be
``lost'' in the instrumental baseline uncertainties.39

In this work, we take advantage of the high sensi-
tivity and outstanding baseline reproducibility of
the VP-DSC calorimeter40 to obtain very accurate
heat capacity data for apo¯avodoxin unfolding in
a wide temperature range. Figure 2 shows the raw
calorimetric data for a representative DSC exper-
iment where six successive buffer-buffer baselines
were taken before, and one after, running the
protein sample; note the outstanding baseline
reproducibility. The absolute heat capacity values
obtained from the raw data in Figure 2 are given
in Figure 3. The upper panel shows that the ®tting
to the two-state model is, in principle, reasonable.
However, a signi®cant and systematic deviation is
observed at the lower temperatures and, more
important, the calculated temperature-dependen-
cies of the heat capacity for the native (Cp(N)) and
unfolded (Cp(U))states cross at about 70 �C. This
clearly unrealistic result argues against the two-
state model, as it would imply that the unfolding
heat capacity change became negative above that
temperature. We have then ®tted the data to a
three-state model, using a parameter (Z) to
describe the similarity of the heat capacity of the
Figure 2. Original DSC thermogram for a solution of
apo¯avodoxin (concentration 1.82 mg mlÿ1; scan rate
0.5 K minÿ1) and the corresponding buffer-buffer base-
lines. Six buffer-buffer baselines were obtained before
the protein run, and one additional buffer-buffer base-
line was recorded afterwards.



Figure 3. Upper panel: absolute heat capacity (open
circles) versus temperature pro®le for apo¯avodoxin
unfolding derived from the raw data shown in Figure 2;
the continuous line is the best ®t to the two-state model
and the broken lines represent the calculated heat
capacities for the native and unfolded states. Middle
panel: same as in the upper panel but here the continu-
ous line is the best ®t to the three-state model (with a
value of 0 for the Z parameter (see Materials and
Methods for details)). Lower panel: population of states
versus temperature corresponding to the three-state ®t
shown in the middle panel.

Figure 4. Upper panel: global ®t of the ¯uorescence,
near-UV absorbance, and near and far-UV circular
dichroism thermal unfolding curves of wild-type apo¯a-
vodoxin to a three-state model. Data are shown as
apparent unfolded fractions. The continuous lines are
the best ®t, with all thermodynamic parameters being
the same for the four curves. The spectroscopic simi-
larities of the intermediate and unfolded states are
allowed to vary among the curves. Lower panel: popu-
lation of states versus temperature corresponding to the
three-state ®t shown in the upper panel.
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intermediate state to those of the native and
unfolded states (if Cp(I) � Cp(U), Z � 1 and if
Cp(I) � Cp(N), Z � 0, where Cp(I) is the heat
capacity of the intermediate state). We ®nd excel-
lent ®ts to the entire curve (see the middle panel in
Figure 3 for an example) and, for Z values below
0.6, reasonable temperature dependencies for
Cp(N) and Cp(U), which no longer cross each other.
Similar results were obtained from the analysis of
four additional DSC pro®les recorded at different
protein concentrations and scanning rates; the par-
ameters derived from these three-state ®ts are
shown in Table 1.

Thermodynamic and spectroscopic properties
of the intermediate

The availability of four non-superimposable
unfolding curves (Figure 1) allows a global anal-
ysis of the spectroscopic data to a three-state equili-
brium unfolding mechanism. We have followed
the approach described by Luo et al.41 where all
thermodynamic properties of the two equilibria
(native/intermediate and intermediate/unfolded)
are globally constrained but the degree of spectro-
scopic resemblance between the intermediate and
the denatured state (the Z parameter, see Materials
and Methods) is allowed to vary among the four
techniques used to probe the unfolding. The global
®t of the four curves is shown in Figure 4, upper
panel. The melting temperatures of the two equili-
bria are well separated (316.5 and 329.6 K), the
maximal accumulation of intermediate (64 %)
occurs at 323 K (Figure 4, lower panel), and the



Table 1. Thermodynamic data of the NI and IU equilibria in the apo¯avodoxin thermal unfolding and spectroscopic and calorimetric resemblance between the intermediate
and unfolded and native states

Zc

TmNI

(K)
�HNI

(kcal molÿ1)
TmIU

(K)
�HIU

(kcal molÿ1)
�Cp, NU

(kcal molÿ1 Kÿ1) Fluor. CD near-UV CD Far-UV Absor. Calor.

Global fita

(spectroscopic) 316.5 � 0.3 28.1 � 0.5 329.6 � 0.1 54.9 � 1.2 - 0.7 0.8. 0.1 0.1 -
Calorimetric fitb 311.8 � 2.5 28.0 � 3.7 326.5 � 1.2 56.0 � 2.5 2.5 � 0.3 - - - - <0.6d

a Global ®t of the thermal unfolding curves of wild-type apo¯avodoxin, followed by ¯uorescence, near-UV absorbance and near and far-UV circular dichroism, to a three-state model (Figure 4,
upper panel). Two curves of each technique were included in the global ®t. All thermodynamic parameters of the two equilibria are kept identical for all the curves while the spectroscopic simi-
larity between the intermediate and the unfolded states (Z parameters) can vary among the different techniques. Errors are provided by the ®tting program.

b Fit of calorimetric thermograms to a three-state model (Figure 2, middle panel). The data shown are averages (�SD) of the ®ts corresponding to ®ve different thermograms recorded at
protein concentrations between 1.1 and 4.6 mg mlÿ1 and at scan-rates between 0.5 and 1.5 K minÿ1. No protein concentration effect or scan rate effect was noticed. Each thermogram was ®rst
independently ®tted to the three-state model using several different Z values (below 0.6). All the ®ts of a given thermogram, performed using different Z values, gave similar values for the tran-
sition temperatures and enthalpy changes. The calculated �Cp corresponds to the total unfolding heat capacity change. The physical meaning of Z is different in the spectroscopic and in the
calorimetric ®t (see Materials and Methods for details).

c Similarity of the intermediate to the unfolded and native states, as de®ned in the methods. Z � 1 if the intermediate is identical with the unfolded state and Z � 0 if the intermediate is identi-
cal with the native state.

d The calorimetric similarity refers to the heat capacity (see Materials and Methods). Any value below 0.6 is compatible with the available calorimetric unfolding data.



Figure 5. Plots of transition enthalpy versus tempera-
ture for the N to I transition (®lled symbols) and the N
to U transition (open symbols), including data for wild-
type apo¯avodoxin and the several mutants in Table 2.
Transition enthalpies for the N to I step (�HNI) are
assigned to the corresponding transition temperatures
(TmNI). Transition enthalpies for the N to U step are cal-
culated as �HNI � �HIU and assigned to the average of
the two transition temperatures (that is to (TmNI �
TmIU)/2).
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enthalpies are 28 and 55 kcal molÿ1, respectively.
These results are in very good agreement with the
calorimetric parameters derived from the three-
state ®t (Table 1). According to these data, the ®rst
transition (native to intermediate) involves a debili-
tation of the interactions contributing to the enthal-
pic stabilisation of the native protein to roughly
two-thirds of their strength in the native state. The
intermediate, thus, still displays a substantial
enthalpic stabilisation relative to the unfolded
state. The distribution of species at different tem-
peratures predicted by the global analysis of the
spectroscopic data (Figure 4, lower panel) is similar
to that derived from the calorimetric analysis
(Figure 3, lower panel). At low temperature, the
spectroscopic ®t predicts a non-negligible inter-
mediate concentration, which is also predicted by
the calorimetric analysis at certain Z values (not
shown). This prediction remains to be tested.

Analysis of the DSC pro®les reported in this
work provides an estimate for the total heat
capacity change for apo¯avodoxin unfolding (see
Table 1), but not for the heat capacity of the inter-
mediate state relative to the native or unfolded
states, since good ®ttings to the three-state model
could be obtained with different values of Z (see
Materials and Methods for details). To estimate the
heat capacity of the intermediate state, we have
resorted to an analysis of the temperature-depen-
dence of the transition enthalpies (Table 2) for
wild-type (WT) apo¯avodoxin and the several
mutants that have been used in this work to inves-
tigate the topology of the intermediate (see below).
The rationale is that ��H and ��Cp values (WT
minus mutant) for mutations that do not alter the
native structure (or the average structure of the
denatured ensemble) may be expected to be negli-
gible compared with �H and �Cp. We thus attri-
bute the rather large variation observed in the
experimental �H values in Table 2 to the heat
capacity effect, since the transition �H values cor-
respond to different transition temperatures. With
this assumption, the slope of a plot of transition
�H versus Tm from the different protein variants
should provide an estimate of �Cp. We show in
Figure 5 two such plots corresponding to the N-to-
I transition and for the global unfolding process,
N-to-U (i.e. �HNI � �HIU versus the average of
TmNI and TmIU). From the slope of the latter plot,
we obtain a value of 3.1(�0.8) kcal Kÿ1 molÿ1 for
the global unfolding heat capacity change, in good
agreement with the value derived from the anal-
ysis of the calorimetric data (2.5(�0.3) kcal Kÿ1

molÿ1; Table 1). Similarly, the heat capacity change
associated with the N-to-I transition is estimated
to be 1.5(�0.3) kcal Kÿ1 molÿ1, which indicates
that signi®cant surface burial takes place in the
intermediate.

As for the spectroscopic properties of the inter-
mediate, inferred from the values of the spectro-
scopic Z parameters (Table 1), our analysis
indicates that the intermediate ¯uorescence and
near-UV CD are close to those of the unfolded
state, while the absorbance and far-UV CD are
almost identical with those of the native protein.
This is precisely the expected spectroscopic beha-
viour of molten globule conformations, which are
rich in secondary structure but usually devoid of
near-UV signal as a consequence of the debilitation
of tertiary interactions. Spectroscopically, the apo-
¯avodoxin thermal unfolding intermediate is thus
a molten globule, and thermodynamically, a debili-
tated version of the native state with substantial
enthalpic stabilisation, substantial entropic destabi-
lisation, and substantial heat capacity change. This
is in qualitative agreement with the properties of
the apo¯avodoxin molten globule that appears,
at room temperature, upon dissection of the
C-terminal helix.35

Hydrogen bonding in the intermediate relative
to the native state

The in¯uence of side-chain interactions on pro-
tein energetics can be analysed by comparison of
wild-type and mutant protein stabilities. Although
much information is available on the energetics of
native states, little is known concerning intermedi-
ates. We use here the apo¯avodoxin thermal inter-
mediate as a model to probe the relevance of
hydrogen bonds in shaping the structure and ener-
getics of protein intermediates. To that end, we
have selected, and altered by mutation, eight
solvent-exposed hydrogen bonds (Figure 6,
Table 3). The thermal unfolding of each mutant
has been recorded using the same four spectro-
scopic techniques used to study the wild-type pro-



Table 2. Thermodynamic parameters of the three-state unfolding equilibrium of wild-type and mutant apo¯avodoxins

Protein
�HNI

(kcal molÿ1)
TmNI

(K)
�SNI

(cal molÿ1 Kÿ1)
��GNI

(kcal molÿ1)
�HIU

(kcal molÿ1)
TmIU

(K)
�SIU

(cal molÿ1 Kÿ1)
��GIU

(kcal molÿ1)
��GNU

(kcal molÿ1)

Wild-type 28.1 � 0.6 316.5 � 0.3 89 � 2 - 54.9 � 1.2 329.6 � 0.1 166 � 4 - -
Tyr47Phe 26.9 � 0.5 312.1 � 0.2 86 � 2 0.39 � 0.03 41.4 � 0.9 325.7 � 0.1 127 � 3 0.65 � 0.03 1.04 � 0.04
Glu67Ala 32.5 � 0.8 319.2 � 0.4 102 � 2 ÿ0.24 � 0.04 56.7 � 1.5 328.7 � 0.1 173 � 5 0.15 � 0.02 ÿ0.09 � 0.05
pWild-typea 31.8 � 2.3 319.3 � 1.0 100 � 7 - 53.7 � 1.9 329.2 � 0.3 163 � 6 - -
Glu16Glna 51.3 � 2.3 329.7 � 0.5 156 � 7 ÿ1.03 � 0.13 59.6 � 7.0 336.3 � 0.6 177 � 21 ÿ1.16 � 0.12 -2.19 � 0.18
Lys157Alaa 34.8 � 1.6 319.9 � 0.8 109 � 5 ÿ0.06 � 0.13 45.4 � 3.3 325.6 � 0.6 139 � 10 0.59 � 0.11 0.53 � 0.17
Thr56Vala 52.8 � 2.3 323.9 � 0.7 163 � 7 ÿ0.46 � 0.13 70.3 � 4.5 331.5 � 0.4 212 � 14 ÿ0.38 � 0.08 ÿ0.84 � 0.15
Lys108Alaa 40.8 � 1.3 322.0 � 0.5 127 � 4 ÿ0.27 � 0.11 50.9 � 5.0 330.2 � 0.7 154 � 15 ÿ0.16 � 0.12 ÿ0.43 � 0.17
Asp100Asna 48.5 � 2.2 327.8 � 0.8 148 � 7 ÿ0.85 � 0.14 57.5 � 6.8 332.7 � 0.7 173 � 20 ÿ0.57 � 0.13 ÿ1.42 � 0.19
Asp96Asna 43.4 � 1.9 328.4 � 1.0 132 � 6 ÿ0.91 � 0.16 52.8 � 8.1 332.7 � 1.1 159 � 24 ÿ0.57 � 0.19 ÿ1.48 � 0.24

�H and Tm values are calculated by global ®t of thermal denaturation curves followed by ¯uorescence, near-UV absorbance, and near and far-UV circular dichroism to a three-state model.
Two curves of each technique have been included in the global ®t. Errors in �H and Tm are provided by the program. �S and ��G are calculated as described in Materials and Methods. Errors
in �S and ��G are calculated by propagation of the �H and Tm errors.

a These proteins bear a Trp120Phe mutation. The pWT protein (Trp120Phe) displays a stability and structure very similar to WT (not shown), and is the reference of this series.



Figure 6. Ribbon diagram of the apo¯avodoxin sec-
ondary structure showing the hydrogen bonds mutated.
Labels indicate the mutated residues.
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tein, and a global ®t to the three-state mechanism
has been performed for each mutant. The results of
the global ®ts are shown in Table 2. For the native-
to-intermediate equilibrium, changes in Tm (wild-
type minus mutant) range from ÿ4.4 to �4.6 K,
and for the intermediate-to-unfolded equilibrium
from ÿ3.9 to �2.3 K (a detailed interpretation of
the changes in Tm will have to await determination
of the mutant X-ray structures).

As the relative effect of the mutations on the
energetics of the two equilibria (native/intermedi-
ate and intermediate/unfolded) reports on the rela-
tive integrity of the mutated hydrogen bonds in
the native and intermediate states, the structure of
these two states can be compared at the residue
level. Our approach is inspired by the f-analysis,
Table 3. Integrity, in the apo¯avodoxin thermal intermed
connect secondary structure elements in the native state

Mutation Hydrogen bond H bond dist

Glu16Gln Tyr8/Glu16 2.74
Lys157Ala Glu25/Lys157 3.27
Thr56Val Thr56/Asp100 3.19

Thr56/Ala101 2.98
Glu67Ala Leu62/Glu67 3.17
Tyr47Phe Tyr47/Thr32 3.02

Tyr47/His34 2.68
Lys108Ala Asp74/Lys108 3.28
Asp100Asn Asn97/Asp100 2.89
Asp96Asn Asp96/Asn128 3.06

a The subscripts of loops refer to the elements of secondary struct
b-strand in Anabaena ¯avodoxin.

b De®ned as fI � ��GIU/��GNU, see Discussion.
c The integrity values corresponding to these hydrogen bonds are

tion (see Table 2).
originally devised to obtain structural information
on protein-folding transition states and folding
kinetic intermediates,42 and it is exempli®ed in
Figure 7 for a mutation that decreases the stability
of the protein. For each mutant, the difference in
free energy of unfolding near the transition tem-
perature (wild-type minus mutant) is calculated for
the intermediate/unfolded equilibrium (��GIU)
and for the overall native/unfolded equilibrium
(��GNU; see Materials and Methods). We de®ne
the integrity of a given interaction in the intermedi-
ate (fI) as:

fI � ��GIU=��GNU �1�
Any interaction, probed by mutation, that is simi-
larly formed in the intermediate and in the folded
state will give the same value for the two energy
differences and, therefore, a fI value of 1. Conver-
sely, any interaction that is present in the folded
state but totally broken in the intermediate will
give a ��GIU value of 0 and a fI value of 0.
Finally, native interactions, partly formed in the
intermediate, will give fractional integrity values.
The assumptions of this method of analysis, which
can be applied to mutations that stabilise or desta-
bilise the protein, are similar to those described for
the f-analysis method.42

The fI values of the interactions probed by the
mutations performed on apo¯avodoxin hydrogen
bonds are shown in Table 3. The integrity in the
intermediate of two of the eight hydrogen bonds
studied (Leu62/Glu67 and Asp74/Lys108) is dif®-
cult to assess because of the small ��G values
involved and will not be discussed further. Of the
six remaining hydrogen bonds, whose mutation
produced signi®cant energy changes in the IU and
NU equilibria allowing an accurate calculation of
the integrity parameter, one is as formed in the
intermediate as in the native state (Asp25/Lys157)
and ®ve are partly formed (40-60 %) in the inter-
mediate, compared to the native state: the six
hydrogen bonds are thus either partly or wholly
iate, of mutated solvent exposed hydrogen bonds that

ance (AÊ ) Connected elementsa Integrityb (fI)

b1-a1 0.53
a1-a5 1.11
b3-a4 0.45

Loopb3a3-a3 c

b2-loopa2b3 0.63

a3-a4 c

Loopb4a4-a4 0.40
Loopb4a4-loopb5 0.39

ure connected by the loops. Loopb5 is a loop that splits the ®fth

not reliable, due to the small energies involved in their calcula-



Figure 7. Energy diagrams showing different possible
effects of mutations on the energetics of the two equili-
bria (NI and IU) and their relationship to the integrity
parameter �I.

Figure 8. Apo¯avodoxin secondary structure cartoon
showing the integrity in the intermediate of the hydro-
gen bonds mutated. The thickest line connecting helices
1 and 5 represents a hydrogen bond fully formed in the
intermediate. The other straight lines are partially
formed hydrogen bonds.
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formed in the intermediate. An alternative
interpretation of these fractional f values would be
the presence of a mixture of numerous species
with interactions formed to different degrees, but
the high cooperativity shown by the apo¯avodoxin
thermal intermediate argues against it.

Intermediate native topology and native
tertiary interactions

The hydrogen bonds probed by mutation are
depicted in Figure 8. They connect neighbouring
secondary-structure elements and act as inter-
element contact probes. The integrity of the bonds
in the intermediate, as probed by the energy anal-
ysis above, provides a low-resolution structure of
this conformation. As hydrogen bonds are highly
directional and short-range interactions, partial for-
mation of a hydrogen bond is possible only when
the residues involved are close and reasonably
well oriented. Partly formed hydrogen bonds in
the intermediate can thus be interpreted as indicat-
ing that the residues involved are similarly close
and similarly oriented as in the native structure,43

but the hydrogen bond is debilitated relative to the
native state.

Flavodoxin is a three-layer a/b protein. One
outer layer is formed by the N and C-terminal
helices of the protein, helices 1 and 5 (Figure 8).
The Asp25/Lys157 hydrogen bond (Table 3) con-
nects the C-terminal region of helix 1 with the cen-
tral region of helix 5. The integrity of the bond in
the intermediate is of approximately 1. This indi-
cates that the two helices are very probably formed
(at least in part) and certainly in contact through
those residues. This outer helical layer is, in turn,
packed against the central sheet layer (Figure 8) as
indicated by the integrity (0.53) of the Tyr8/Glu16
bond, which connects the N-terminal region of
helix 1 with the centre of strand 1. Helix 1, thus,
forms native-like contacts at its two ends (with
helix 5 and with strand 1 respectively), indicating
that most of the helix is formed in the thermal
intermediate.
The central b-sheet layer is also connected to
the other outer helical layer in ¯avodoxin,
formed by helices 2, 3 and 4. One contact is
established by strand 2, located at one edge of
the sheet. This strand contains two residues
(Thr32 and His34) hydrogen bonded, in native
apo¯avodoxin, to Tyr47, which is situated in a
short loop connecting helix 2 and strand 3. The
integrity of this double hydrogen bond in the
intermediate (0.63) can be interpreted as arising
from a simultaneous debilitation of the two
hydrogen bonds or as indicating that one of the
bonds is fully formed and the other one is bro-
ken. Whatever the case, strand 2 is connected to
the loop. A second contact between the sheet
layer and the helical layer of helices 2, 3 and 4,
is established by Thr56 (at one end of strand 3),
which is bonded to the main-chain nitrogen
atoms of Asp100 and Ala101 (located at the N
terminus of helix 4). As in the previous contact,
the integrity of these bonds in the intermediate
(0.45) may re¯ect a debilitation of both bonds,
or that one remains as strong as in the native
conformation and the other one is broken. Either
possibility is an indication of debilitated native
contacts between strand 3 and helix 4. A further
hydrogen bond between the side-chain of
Asp100 and that of Asn97 is debilitated but pre-
sent in the intermediate, re¯ecting packing of
helix 4 against the preceding loop connecting the
helix to strand 4. The last hydrogen bond whose
integrity in the thermal intermediate has been
measured is established between Asp96 and
Asn128, and connects two loops located in the
interface between the central sheet layer and
that of helices 2, 3 and 4. One of the loops
(encompassing residues 118-140) is a long loop
that splits the ®fth strand and appears folded
onto the rest of the protein in the native struc-
ture. The presence in the intermediate of a bond
between one of the central residues of this loop
(Asn128) and a residue located in a short loop
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connecting two of the protein layers (Asp96)
suggests that loop 118-140 may adopt in the
intermediate a conformation similar to that
shown in the native structure. On the whole, the
data indicate that the thermal intermediate dis-
plays a close-to-native topology, with all the
elements of secondary structure and loops that
have been probed (three helices, three strands
and three loops) properly oriented.

It should be mentioned that the hydrogen bonds
analysed here (with the only exception of the
Asn97/Asp100 bond) are tertiary interactions. As
hydrogen bonds are more directional or shorter
range than other interactions manifested in pro-
teins, the evidence that all these surface-located
hydrogen bonds connecting different regions in the
protein are formed in the intermediate, although
debilitated, suggests that the intermediate may
contain a high percentage of native tertiary inter-
actions. This is consistent with the substantial
enthalpic stabilisation of the intermediate relative
to the unfolded state that is revealed by the ther-
mal denaturation experiments. It seems that,
despite their clear spectroscopic differences, native
proteins and molten globules may, in some cases,
be closely related in both conformation and ener-
getics, even at the residue level.

Conclusion

Protein molten globules15 have spurred our
imagination because, despite their fairly native sec-
ondary structure content, their spectroscopic prop-
erties (chie¯y, lack of near-UV CD signal, and
NMR poor signal dispersion) suggested that they
were devoid of tertiary interactions. To our sur-
prise, when their side-chain tertiary interactions
have been studied on a residue basis, the emerging
picture for both inner hydrophobic contacts21-29

and surface hydrogen bonds (this work) is that
molten globules may be quite close to native con-
formations. Supporting this view, molten globule
energetics appears not very different from that of
native proteins (reference 35 and this work). It
seems thus that a quantitative reassessment of the
structural meaning of the peculiar spectroscopic
properties of molten globules is needed.

Materials and Methods

Mutagenesis, protein purification, protein
quantification and apoprotein preparation

All Anabaena PCC 7119 ¯avodoxin variants (Glu16Ala,
Tyr47Phe, The56Val, Glu67Ala, Asp96Asn, Asp100Asn,
Lys108Ala and Lys157Ala) were prepared by the method
of Deng & Nickoloff44 directly on the expression plasmid
pTrc 99a31 and identi®ed by sequencing the entire
gene. The mutants Glu16Ala, Thr56Val, Asp96Asn,
Asp100Asn, Lys108Ala, and Lys157Ala derive from
pseudo-wild-type apo¯avodoxin (pWT: Trp120Phe), that
has been used as their reference. pWT apo¯avodoxin is
very similar in structure and stability to WT (not
shown). All ¯avodoxin mutants were puri®ed by an
adaptation of the method of Fillat et al.31 as described,34

and the ®nal preparations were homogeneous as shown
by SDS-PAGE. To obtain the apoproteins, the
¯avin mononucleotide group was removed from
the holoprotein by treatment with trichloroacetic
acid.45 Apo¯avodoxin concentration was determined by
recording A280nm (extinction coef®cients of 34.1 mMÿ1

cmÿ1 for the wild-type and mutants thereof,34 and of
27.7 mMÿ1 cmÿ1 for the pseudo-wild-type and mutants
thereof; unpublished data).

Thermal unfolding followed spectroscopically

Thermal unfolding curves were determined using
four different spectroscopic techniques. For ¯uor-
escence, a ratio of emission (320/360 nm, with exci-
tation at 280 nm) was used to minimise the strong
baseline temperature-dependence. Apoprotein concen-
tration was 2 mM and the buffer 50 mM Mops (pH 7).
Circular dichroism and absorbance in the near-UV
were simultaneously measured at 291 nm in a Jasco J-
710 spectropolarimeter using 35-40 mM apo¯avodoxin
in 50 mM Mops (pH 7.0). Circular dichroism in the
far-UV (222 nm) was recorded with 1 mM apoprotein
in 5 mM Mops (pH 7.0) (plus NaCl to reach the ionic
strength used in the other techniques). Data of ther-
mal denaturation were preliminarily ®tted to the
equation for a two-state equilibrium:

S � �SN0 �mNT � �SU0 �mUT� exp�ÿ�G�T�=RT��=
�1� exp�ÿ�G�T�=RT�� �2�

where SN0 and SU0 represent the spectroscopic signals
of the native and unfolded states at 0 K, and mF and
mU are the temperature dependence of those signals.
The Gibbs energy function, �G(T), follows equation
(3):

�G�T� ��H�Tm� � �1ÿ T=Tm� ÿ�Cp

� ��Tm ÿ T� � T ln�T=Tm�� �3�
with �Cp and �H(Tm) being the folding heat capacity
and enthalpy changes, respectively. Fitting spectro-
scopic unfolding curves to equation (1) provides accu-
rate Tm values, reasonable �H values and, usually
unreliable, �Cp values.46

Thermal unfolding followed by calorimetry

DSC experiments were performed with a VP-DSC
calorimeter from MicroCal (Northhampton, MA). Apo-
¯avodoxin solutions were prepared by exhaustive dialy-
sis against buffer. The samples were degassed at room
temperature before the calorimetric experiments. Calori-
metric cells (operating volume �0.5 ml) were kept under
an excess pressure of 30 psi (1 psi � 6.9 kPa) to prevent
degassing during the scan. Experiments were carried out
at a scan-rate of 0.5 K minÿ1 or 1.5 K minÿ1. In all
measurements, the buffer from the last dialysis step was
used in the reference of the calorimeter. Several buffer-
buffer baselines were obtained before each run with a
protein solution in order to ascertain proper equilibration
of the calorimeter, and an additional buffer-buffer base-
line was obtained after each protein run to check that no
signi®cant change in instrumental baseline had occurred.
In selected experiments, a reheating run was carried out
to determine the reversibility of the denaturation process
(the reversibility was about 90 % when the ®rst scan was
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stopped immediately after the transition). Fittings of the
theoretical models to the heat capacity pro®les were per-
formed using programs written by us in the MLAB
environment (Civilized Software, Inc.). All ®ttings were
done to the absolute heat capacity values, which were
calculated using programs provided by MicroCal. The
general approach used in the two-state ®ttings is as
described,47 assuming the unfolding enthalpy value can
be taken as a constant within the narrow temperature
range of the transition (and assigned to the transition
temperature); on the other hand, the pre and post-
transition baselines span a wider temperature range
and, therefore, the temperature-dependence of the heat
capacities for the native and unfolded states was speci®-
cally taken into account using expressions linear in tem-
perature. Three-state ®ttings were carried out in a
similar manner but using the three-state expressions
derived from the well-known, multi-state, partition-
function-based approach (see, for instance, reference 39).
The heat capacity of the intermediate state was assumed
to be related to the heat capacities of the native and
unfolded states through:

Cp�I� � �1ÿ Z� � Cp�N� � Z� Cp�U� �4�
where Z describes the similarity of the heat capacity of
the intermediate state to those of the native and
unfolded states (Z � 1 if Cp(I) � Cp(U) and Z � 0 if
Cp(I) � Cp(N)). This calorimetric Z value was ®xed in
every speci®c ®tting. We obtained visually excellent ®t-
tings using Z values between 0 and 1 although, for
Z > 0.6, the calculated temperature-dependencies of
Cp(N) and Cp(U) crossed within the studied temperature
range.

Three-state global analysis of the spectroscopic
thermal unfolding curves

Global ®tting of the four thermal unfolding curves of
each protein (¯uorescence, far-UV CD, near-UV CD, and
near-UV absorbance) to a three-state model involving
native (N), intermediate (I) and unfolded (U) confor-
mations was performed with the program MLAB (from
Civilized Software).

The optical data were converted41 to apparent frac-
tions of unfolded protein, Fapp, using equation (5):

Fapp � �Yÿ YN�=�YU ÿ YN� �5�
where Y is the observed signal, and YU and YN are the
optical signals for unfolded and native protein, respect-
ively. Both YN and YU were observed to depend linearly
on the temperature, and the linear dependence was
assumed to hold in the transition region. Fapp can be
recast in terms of the fractional populations of the inter-
mediate and unfolded states (FI and FU) as:

Fapp � FU � ZFI �6�
where Z � (YI ÿ YN)/(YU ÿ YN). The Z parameter
describes the degree to which the I state spectroscopi-
cally resembles the U state.

Using the relationship between fractional populations
and equilibrium constants, and the balance of fractions
(FU � FI � FU � 1), Fapp can be calculated from equation
(7):

Fapp � �Z� exp�ÿ�GIU�T�=RT��
�1� exp��GNI�T�=RT� � exp�ÿ�GIU�T�=RT�� �7�
where:

�GNI�T� � �HNI�TmNI� � �1ÿ T=TmNI�
ÿ�CpNI��TmNI ÿ T� � T ln�T=TmNI�� �8�

�GIU�T� � �HIU�TmIU� � �1ÿ T=TmIU�
ÿ�CpIU��TmIU ÿ T� � T ln�T=TmIU�� �9�

In each ®tting, all thermodynamic parameters were glob-
ally constrained, while the optical properties of the inter-
mediate (the Z values) were allowed to vary among the
different spectroscopic techniques.

Analysis of the structure of the apoflavodoxin
thermal intermediate

The free energy difference upon mutation (wild-type
minus mutant) for the NI and IU transitions were calcu-
lated using equations (10) and (11):41

��GNI � �SmNI�WT� ��TmNI�WTÿmutant� �10�

��GIU � �SmIU�WT� ��TmIU�WTÿmutant� �11�

The degree of formation in the intermediate of a
probed interaction (relative to the native state) was cal-
culated from equation (1) (see Results and Discussion)
where ��GNU � ��GNI � ��GIU.
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