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Direct examination of the relevance for folding,
binding and electron transfer of a conserved
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Near the minimum free energy basin of proteins where the native ensemble resides, partly unfolded

conformations of slightly higher energy can be significantly populated under native conditions. It has

been speculated that they play roles in molecular recognition and catalysis, but they might represent

contemporary features of the evolutionary process without functional relevance. Obtaining conclusive

evidence on these alternatives is difficult because it requires comparing the performance of a given

protein when populating and when not populating one such intermediate, in otherwise identical

conditions. Wild type apoflavodoxin populates under native conditions a partly unfolded conformation

(10% of molecules) whose unstructured region includes the binding sites for the FMN cofactor and for

redox partner proteins. We recently engineered a thermostable variant where the intermediate is no

longer detectable. Using the wild type and variant, we assess the relevance of the intermediate

comparing folding kinetics, cofactor binding kinetics, cofactor affinity, X-ray structure, intrinsic dynamics,

redox potential of the apoflavodoxin–cofactor complex (Fld), its affinity for partner protein FNR, and

electron transfer rate within the Fld/FNR physiological complex. Our data strongly suggest the inter-

mediate state, conserved in long-chain apoflavodoxins, is not required for the correct assembly of

flavodoxin nor does it contribute to shape its electron transfer properties. This analysis can be applied to

evaluate other native basin intermediates.

Introduction

As expected from Boltzmann’s law and experimentally
demonstrated,1 protein molecules fluctuate under native con-
ditions between different conformations. While the native
ensemble is most stable and frequent, partly unfolded confor-
mations of slightly higher energies appear to be common in the
native basins of protein conformational landscapes. Some of
those intermediates could become significantly populated2 to
the point of potentially playing important functional roles, and
they have been proposed to participate in ligand recognition
and binding,3,4 allosteric regulation,5–7 or catalysis.8,9 A variety

of experimental10–12 and computational13,14 techniques allow
the identification and characterization of equilibrium inter-
mediates in the native basin for which functional meanings are
actively sought. These efforts are stimulated by the evidence that
protein function is facilitated by conformational dynamics13,15

and by an underlying assumption: that the presence of alternative
conformations in the native basin constitutes an adaptative
feature of proteins.

Attribution of adaptative value to certain characteristics of
current proteins is not novel or without controversy. Two well
known precedents concern the role of kinetic protein folding
intermediates and of the marginal conformational stability of
proteins. The initial finding of transiently accumulated protein
folding intermediates was interpreted as indicative of their
contributing to efficient folding, but they were later considered
to act as kinetic traps slowing down the folding reaction. ‘‘After
much heated debate’’ there is no consensus on whether they
play a relevant role or they are just there.16 In fact, while the
presence of folding intermediates appears to be conserved
through the evolution of certain protein families,17 protein
engineering has allowed to switch proteins between 2-state
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and 3-state folders without apparently having compromised
their foldability.18 On the other hand, the typically low thermo-
dynamic stability of proteins was initially interpreted as being
the result of selection against more stable sequences due to an
activity-stability trade-off.19,20 However, it has been shown21,22

that as long as a certain stability level is met, random drift
pushes sequences towards marginal stabilities, which suggests
marginal stability is not an adaptive property.23,24

Flavoproteins are a ubiquitous family of proteins carrying
flavin cofactors (either FMN or FAD) that allow them to participate
in many biological functions from cell apoptosis25 or DNA repair26

to light reception27 and a large variety of metabolic reactions.28,29 In
most cases the flavin cofactor is non-covalently bound and its redox
potentials experience significant changes upon binding, which
links the energetics of the folding and binding equilibria with
those of the electron transfer processes catalyzed. Flavodoxins, the
first flavoproteins for which X-ray structures became available30,31

have since constituted excellent models32 to investigate the mutual
influence exerted by the apoprotein moiety and the FMN cofactor
in the shaping of function. Flavodoxins can belong to the long-
chain or short-chain families (depending on whether or not they
contain an extra binding loop used to recognize partner redox
proteins), and can easily be split apart into the apoflavodoxin and
the FMN cofactor, which readily reform the functional complex
upon mixing.32 In recent years, flavodoxin research has focused
on the functional role of apoprotein dynamics, which has been
proposed to contribute to FMN binding through a conformational
selection mechanism,33 to increase the affinity of the complex,34

to modulate FMN redox potentials33,35 and subsequent electron
transfer,33 and to modulate biological function by means of
distinct solvation dynamics available to different redox states.36

The native landscape of long-chain apoflavodoxins, e.g. those
from Anabaena PCC 711937 or Helicobacter pylori,38 is dominated
by the presence of an equilibrium intermediate that, at 25 1C, is
only 1.0–1.5 kcal mol�1 less stable than the native conformation
and represents around 10% of the apoflavodoxin molecules.39 The
structure of this apoflavodoxin intermediate has been solved.11,37

It differs from the apoflavodoxin native conformation40 in that
around 1/3 of the polypeptide, encompassing the FMN binding
loops and the long extra binding loop, is disordered (Fig. 1). In
the long-chain Azotobacter vinelandii apoflavodoxin a partly
unfolded form with a similar structure (PUF2) has been observed
by hydrogen exchange analysis.41

Both the energetic proximity of the intermediate to the
native conformation and the close correspondence between
its disordered region and the protein segments in charge of
binding the FMN cofactor and partner redox proteins suggest
that it might play a role in either the assembly of flavodoxin
or in tailoring its electron transfer properties.37,39 However,
it should be noticed that experimental evaluation of roles
attributed to intermediates is not easy. A fair testing ideally
requires direct comparison of the performance of the original
protein that populates the native basin intermediate with that of a
variant lacking such intermediate, but otherwise identical. To be
able to perform such an unbiased test of the apoflavodoxin
intermediate significance we have recently designed and obtained

an engineered apoflavodoxin variant (6M) containing six point
mutations where the interface between the disordered and ordered
regions of the intermediate has been drastically stabilized.42

Both differential scanning calorimetry and multiple-probe
spectroscopic thermal unfolding analyses clearly indicate that
this mutant, unlike its wild type precursor (WT), does not
populate the partly folded intermediate but displays a simple
two-state thermal unfolding.42 We now make use of ingenuity
and compare the wild type and mutant apoflavodoxin folding
mechanisms, their FMN binding kinetics, their FMN affinities, the
X-ray structures and intrinsic dynamics of the two flavodoxins,
their resulting redox potentials, their affinities for the physiological
partner enzyme ferredoxin-NADP+ reductase (FNR), and the fast
electron transfer efficiency within the flavodoxin/FNR complex.
This comparison allows us to arrive at a surprising conclusion
that, although specific to the apoflavodoxin intermediate, bears
on the general assumption that intermediates at the native
basin have been selected because of their adaptative value.

Results
Rationale of 6M design

The 6M flavodoxin variant was designed and built in previous
work42 by introducing in WT flavodoxin several point muta-
tions that individually increase its lower temperature of mid
denaturation (T1) in the thermal unfolding. Four of those
mutations are: I59A and I92A (replacing highly solvent exposed
large hydrophobic residues by a short one), D126K (removing
electrostatic repulsions43) and A142V (filling an internal cavity44).
They have in common that the residues mutated appear in the
locally unstable region of the native structure that becomes

Fig. 1 Comparison of the structures of native WT apoflavodoxin (grey,
pdb id 1FTG) and of the native basin thermal intermediate (sand yellow;
pdb id 2KQU37) superimposed over residues 2–8, 18–53, 71–86, 109–117
and 153–169. Key binding loops exhibiting markedly different conforma-
tions in the two structures are highlighted in blue (native conformation)
and red (intermediate), respectively.
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unfolded in the thermal intermediate or at the interface with
the stable region that remains structured. Their combined
effect is to stabilize that region so that T1 is moved upwards
towards T2 and the 3-state thermal unfolding equilibrium of
WT becomes 2-state. The two additional mutations: E20K
and E72K (also removing electrostatic repulsions) are located
in the structured region of the WT intermediate. Their effect in
the 6M mutant is to further increase its single Tm. The six
mutations combined transform WT flavodoxin (T1 = 43 1C and
T2 = 55 1C) into 6M flavodoxin (Tm = 70 1C).

Folding kinetics of the two apoflavodoxins

The folding/unfolding kinetics of WT apoflavodoxin is biphasic
due to the transient accumulation of a folding intermediate
that is essentially a kinetic trap in the folding pathway.45

Although relating such kinetic intermediate with the equili-
brium intermediate at the native basin observed in thermal
unfolding is tempting, the correspondence between them is
unclear. In fact, the folding kinetics of a shortened version of
WT not populating the equilibrium intermediate was also
reported as biphasic.46 No structural information is available
on the kinetic intermediate, but the structure of the transition
state of apoflavodoxin unfolding, determined by f-analysis and
thought to be closer to the native structure, greatly differs from
that of the equilibrium intermediate.47 We have now recorded
folding/unfolding kinetics of 6M apoflavodoxin, which is biphasic
(Fig. 2A) and resembles that of WT, indicating the presence of a
kinetic intermediate in the folding reaction of either variant.
The minima of the major unfolding phases in the chevron plots
of the two variants (3.8 M urea for 6M and 2.0 M urea for WT
apoflavodoxin, Fig. 2B) correspond to their equilibrium urea
concentrations of mid denaturation.42,45

Binding kinetics of the FMN cofactor to WT and 6M
apoflavodoxins

Once folded, apoflavodoxin recognizes FMN molecules.48 The
binding mechanism was described for WT and mutants of
binding site residues using stopped-flow kinetics followed by
the quenching of FMN emission fluorescence upon binding.49

For WT and some of the mutants analyzed the binding kinetics
is monoexponential while, for some other mutants, biexponen-
tial kinetics is observed with a major fast phase accounting
for 90% of the overall fluorescence change. We have now
compared the binding mechanism of FMN binding to WT
and 6M apoflavodoxins. The kinetics of 6M is best described
by a double exponential with the fast phase representing around
80% of the global fluorescence quenching. From the slopes of
kobs (fast phase) versus [FMN] plots (Fig. 3A) kon kinetic associa-
tion constants of 1.08 (�0.02), and 0.19 (�0.01) (�105 s�1 M�1)
are estimated for the WT and 6M binding processes, respectively.
6M appears to bind FMN more slowly than WT.

Affinity of the FMN cofactor for the two apoflavodoxins

The extent to which these facts affect the strength of the functional
apoflavodoxin–FMN complex (known as holoflavodoxin or simply
flavodoxin) has been directly evaluated by measuring the

equilibrium association constants by steady-state fluorescence titra-
tion, following the quenching of FMN emission upon binding to the
apoprotein. Kb values of 1.1 (�0.5) � 109 M and 8.3 (�0.6) � 107 M
have been obtained for the WT and 6M complexes, respectively.
The lower affinity of the 6M complex can be visually noticed in
the less sharp end of the quenching at the higher apoflavodoxin
concentrations (Fig. 3B). In terms of binding energy, the 6M
complex is 1.5 kcal mol�1 less stable than the WT one, which
seems to arise from accumulation of smaller destabilizations
brought about by the individual mutations present in 6M
(i.e. a triple mutant carrying mutations E20K/E72K/D126K is
0.5 kcal mol�1 less stable than WT (Fig. S1A, ESI†) and double
mutant I92A/I59A is 0.6 kcal mol�1 less stable50).

Thermostability of the two holoflavodoxins

The thermal unfolding of WT holoflavodoxin is characterized by
the coupling of FMN dissociation and polypeptide unfolding,

Fig. 2 Chevron plots of WT and 6M apoflavodoxin folding and unfolding
kinetics. (A) Characterization of 6M apoflavodoxin folding/unfolding
kinetics. Urea dependence of the observed folding (filled red circles:
fast phase; filled red triangles: slow phase) and unfolding (open red circles:
fast phase; open red triangles: slow phase) relaxations (determined in units
of s�1). (B) Comparison of the fast folding/unfolding phase of WT (filled
black circles, folding; open black circles, unfolding) and 6M (filled red
circles, folding; open red circles, unfolding) apoflavodoxins.
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and takes place in a highly cooperative manner, i.e. the
equilibrium intermediate observed for the apo form does not
populate.48 The non covalent nature of the WT complex makes
the conformational stability of the holoprotein depend on
the total [FMN] so that excess free FMN increases the overall
stability determined from thermal unfolding. We have now
tested whether the same model applies to 6M. Thermal unfold-
ing of an equimolar 6M/FMN solution was followed by FMN
fluorescence emission and far UV CD and gave rise to super-
imposable curves (Fig. 4A), as reported for WT.48 The thermal
unfolding of 6M was then analyzed by DSC at different FMN
concentrations (Table S1, ESI† and Fig. 4B). As the concen-
tration of FMN increases the denaturation temperature also
increases. The ratio of the DHVH/DHcal data is also consistent
with a two state transition (coupled to ligand dissociation; see
Table S1, ESI† legend). All the thermal unfolding and FMN

affinity data gathered for 6M, as that for WT, can be globally
mapped into a ligand concentration/temperature phase diagram51

(Fig. S2, ESI†) where the lack of a thermal intermediate in 6M
is evidenced.

Midpoint reduction potentials

Flavodoxins can exchange electrons with partner proteins
thanks to the redox activity of the FMN cofactor.32 Unlike when
it is free in solution, FMN bound to apoflavodoxin can accept
electrons one by one to become first semireduced (semiquinone
FMN) and then fully reduced (hydroquinone FMN). We have
determined the midpoint reduction potentials for the oxidized/
semiquinone and semiquinone/hydroquinone couples of

Fig. 3 (A) Secondary plots used to calculate kon for FMN binding to WT
and 6M apoflavodoxins from linear fits (solid lines) of the observed kinetic
binding constants (kobs) at different concentrations of FMN (WT: solid
circles; 6M: open circles). (B) Titrations of FMN binding to WT and 6M
apoflavodoxins by following the quenching of emission fluorescence at
525 nm (WT: solid circles; 6M: open circles). The fits are represented by
lines. The buffer used was 50 mM MOPS, pH 7.0, and the temperature
25 1C. The titration was performed by injecting small volume apoflavo-
doxin aliquots into a 0.5 mM FMN solution.

Fig. 4 (A) Thermal unfolding of 6M flavodoxin (1 : 1 apoprotein : FMN
molar ratio) monitored by near-UV CD (open circles) and visible fluores-
cence emission (closed circles). The curves are shown normalized from
0 to 1, and their global fit to a two-state unfolding model is represented by
the continuous line. (B) Differential scanning calorimetry of WT (black) or
6M (red) (apo)flavodoxins in the absence of FMN (continuous lines) or in
the presence of FMN at molar ratios of 1 : 1, 1 : 2 and 1 : 3 (dashed lines of
increasing Tm values, respectively). In the absence of ligand, WT apoflavo-
doxin exhibits a single apparent peak centered at 55 1C corresponding to
two largely overlapping transitions. In the presence of cofactor the
narrower peaks correspond to single cooperative transitions. Whether in
the absence or the presence of FMN (red continuous or red dashes lines,
respectively), 6M (apo)flavodoxin exhibits two-state unfolding.
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6M flavodoxin as described50 and compared them with those
of WT (newly determined). The visible absorbance spectra of
WT and 6M flavodoxins at different extents of photoreduction
(Fig. 5A and B) are similar. One noticeable difference is that
less 6M semiquinone (characterized by the peak at 580 nm) is
stabilized during reduction than for the WT protein. The
Nernst plots (insets in Fig. 5) indicate that the midpoint
reduction potentials of 6M flavodoxin are 50 mV more negative
(DEox/sq = �50 mV) and 39 mV less negative (DEsq/hq = +39 mV)
(Table S2, ESI†) than those of WT, which explains the lower
accumulation of semiquinone in 6M. These differences in
redox potentials are not large. In fact, larger differences have
been observed in flavodoxin variants carrying one or two of the
mutations present in 6M and being fully functional in their
interactions with both FNR and PSI.52

Affinity of the 1 : 1 flavodoxin complexes with FNR

In some cyanobacteria, flavodoxin expression is induced under
iron deficiency conditions to replace iron containing ferredoxin
in photosynthetic reactions, e.g. electron transport from PSI

to ferredoxin-NADP+ reductase (FNR), the enzyme that
reduces NADP+ to NADPH.32 When that reaction is mediated
by flavodoxin, a binary Fld:FNR complex is formed.53 We have
use ITC to determine54 the affinity of the complexes established
by FNR with WT and 6M flavodoxins (Fig. S3, ESI†) and found
very similar values of the association constant Kb (2.0 � 105 and
1.9 � 105 M�1, respectively; Table S3, ESI†). Although these
affinities might suggest that the two complexes are similarly
appropriate for efficient electron transfer, apoflavodoxin
was previously reported to form a similarly tight, but obviously
non-functional, complex with FNR.54 Thus, whether efficient
electron transfer can take place between 6M flavodoxin and
FNR must be tested.

Electron transfer kinetics between FNRhq and Fldox

In most cyanobacteria growing under low iron conditions the
flavodoxin semiquinone/hydroquinone couple (Fldsq/Fldhq) replaces
one-electron transferring ferredoxin as donor to oxidized FNR
(FNRox).55 The fast electron transfer reaction between the two
proteins can be measured by stopped-flow techniques under
anaerobic conditions.56 While reaction between FNRox and WT
Fldhq occurs mainly within the dead time, the reverse reaction
can be fully observed. To compare the efficiency of the electron
transfer between FNR and either WT or 6M flavodoxin we have
mixed anaerobic solutions of FNRhq and Fldox and analyzed
the concomitant spectral changes by spectral deconvolution,
as described.57

Upon mixing, an initial bleaching and displacement of the
maximum at 464 nm (Fldox) to 458 nm (characteristic of FNRox)
occurred; then a neutral semiquinone band (578 nm) appeared
(Fig. 6A and B). The time dependence of the evolution of the
three species found is shown (insets in Fig. 5A and B). The more
noticeable difference in the electron transfer kinetics refers to a
lower amount of 6M semiquinone stabilized (see the height of
the 578 nm maximum) compared to WT. Importantly, the
electron transfer rate constants calculated from global analysis
of the kinetic spectral data are very similar: (kobs = 1.44 (�0.31)
and 1.08 � (0.06) s�1 for WT and 6M, respectively). Moreover,
direct determination of semiquinone formation can be obtained
from fitting of absorbance changes at 600 nm over time (Fig. S4,
ESI†), which provides for the WT and 6M rate constant values
of 1.41 (�0.18) and 1.38 (�0.05) s�1, respectively.

X-ray structure of 6M flavodoxin

To allow the structural comparison of WT and 6M flavodoxins,
we have solved the X-ray structure of the latter at 1.1 Å
resolution (Fig. 7). Overall, the structure is very similar to that
of WT (r.m.s.d. 0.39 Å for 167 Ca). The largest local structural
difference with WT (2.49 Å for 4 Ca) appears in the 134–137
segment of the stabilized long loop (Fig. S5A and B, ESI†),
which adopts an alternative conformation where a polar contact
between N135 and Y119 side chains is lost and new interactions
between R134 side chain and residues 131 and 133 are established.
Another noticeable difference is observed in the H-bonds network
at the binding site of the FMN phosphate. In 6M, residue K14
appears H-bonded to the O1P atom of FMN and more exposed

Fig. 5 Redox potentials of WT and 6M flavodoxins. UV-visible spectra of
WT (A) and 6M flavodoxin (B) result of photoreduction. Insets show Nernst
plots for the midpoint potential (Eox/sq (fill circle or squares) and Esq/hq

(open circle or squares)) of each protein. The full oxidized form is
represented by the black line in both cases.
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to solvent due to its interaction with the OD1 atom of D146
(Fig. S5C, ESI†). As a result, the FMN phosphate group is less
exposed to solvent in 6M than in WT (Fig. S5D, ESI†). A further
difference concerns internal packing. WT flavodoxin contains
six small cavities. In 6M flavodoxin four of them shrink and two
disappear (Fig. S5E, ESI†). The combined cavity volume lost
mounts to 67 Å3. That 6M flavodoxin is slightly more compact
than WT is confirmed by direct calculation of its normalized
molecular volume (see Methods), 82 Å3 smaller than that of WT.

Molecular dynamics of WT and 6M flavodoxins

The higher stability of 6M relative to WT flavodoxin and its slightly
tighter packing could influence its native state dynamics. To
evaluate this possibility we have run five 200 ns MD simulations
of each of the two flavodoxins from which we have calculated
their corresponding B-factors. They are close to identical (Fig. 8)
indicating that, in their final functional form, the two proteins
explore, within the short time span simulated, the same

conformational space. The slightly smaller normalized volume
of 6M and of its cavities relative to WT observed in the X-ray
structures is also observed in averages of randomly selected
frames of the trajectories (not shown).

Discussion

There is no better way to test whether an object feature is
relevant than to eliminate it and compare the performance of the
new object with that of the original one. The WT apoflavodoxin
equilibrium intermediate populates up to 10% under native
conditions and differs from the native conformation in that
around one third of the polypeptide is disordered.39 The dis-
ordered regions (Fig. 1 and 9) include segments of the protein
used to bind the FMN cofactor (50’s and 90’s loops) and
physiological partner proteins, such as the enzyme FNR (extra
long loop). The presence of this intermediate in the native basin
makes the thermal unfolding of apoflavodoxin a three-state
process with two distinct Tms separated by around 10 1C.11 In
a previous exercise of rational thermostabilization we engineered
an apoflavodoxin variant containing 6 point mutations (6M
apoflavodoxin) where the interface between the folded and
disordered regions is so drastically stabilized that the inter-
mediate can no longer be observed under thermal denaturation,
and a single cooperative unfolding transition is observed at a
higher temperature.42 This indicates that the thermal intermediate
is so severely destabilized in 6M that it no longer constitutes a
prominent feature of the native basin.

In a wide sense the function of a polypeptide (e.g. its
catalytic, regulatory or architectural role) relies on the overall

Fig. 6 Anaerobic reduction of WT Fldox (A) and its 6M variant (B) by FNRhq.
The spectrum of FNRhq before mixing is shown as a dotted line and the first
spectrum after mixing as a dashed line. Spectra after mixing are shown at
0.02, 0.12, 0.42, 1.00, 2.42, 4.50 and 7.50 seconds in (C), and at 0.02, 0.32,
1.51, 2.70, 3.61 and 5.70 seconds in (D). The insets show the evolution of
the three kinetically distinguishable species obtained by global analysis
of the reactions to a two steps (A - B - C) model; A (black), B (pink) and
C (blue).

Fig. 7 Comparison of the structures of 6M (orange; pdb id 5LJP) and WT
(green, pdb id: 1FLV) holoflavodoxins. Key loops are labeled. Residues shown
in sticks are those mutated in the more stable 6M flavodoxin variant.
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efficiency of the several processes it experiences in order to
arrive to the functional conformation. Such processes may
include folding, binding, modulation of important cofactor
properties or the capability to engage in additional recognition
equilibria.32 To assess the relevance of the native basin inter-
mediate present in WT and absent in 6M apoflavodoxin in the

pathway leading to the functional protein we have carefully
compared the performance of the two variants. It should be
expected that, if this intermediate played an important role at
any point in the pathway, the assembly of 6M flavodoxin would
be severely impaired relative to that of its WT precursor and,
in the end, 6M flavodoxin could not efficiently participate in
electron transfer reactions.

We have first compared the folding mechanisms. Both
polypeptides fold through a three-state process and give rise
to quite similar chevron plots (Fig. 2). Based on this similarity
and on the previous quantitative analysis of the WT folding
reaction45 we can qualitatively estimate that the folding takes
place at similar speed while the unfolding of the 6M mutant is
around 30 times slower than that of the WT. Thus, 6M very likely
folds into its native conformation by the same mechanism than
WT and unfolds more slowly, as expected from its larger
conformational stability. After folding, apoflavodoxin binds the
FMN cofactor.48 FMN binding to 6M apoflavodoxin is 6 times
slower than to the WT protein (Fig. 3A), and gives rise to a
complex that is 1.5 kcal mol�1 weaker (Fig. 3B). In spite of this,
the thermostability of the 6M complex is still higher than that
of the WT one, and the thermal unfolding of either complex
follows the same two-state mechanism (Fig. 4 and Table S1,
ESI†). Flavoproteins typically use apoprotein–cofactor inter-
actions to tailor the cofactor redox potentials to their specific
needs. In the case of Anabaena flavodoxin, the redox potentials
of free FMN are unsuitable to efficiently transfer low potential
electrons one by one, as required. It is the different binding
affinity of apoflavodoxin for each of the three FMN redox forms59

what greatly stabilizes the semireduced FMN form allowing it
to shuttle electrons between photosystem I and the NADP+

reducing enzyme FNR. This tailoring effect is evident in both
WT and 6M flavodoxin redox potentials (Table S2, ESI†),

Fig. 8 Comparison of residue B-factors and backbone only (bb) B-factors in WT and 6M flavodoxins determined as their averages from five 200 ns-
long MD simulations of the corresponding crystal structures (pdb ids: 1FLV and 5LJP, respectively). The location of the 50’s, 90’s and long extra loops
is indicated.

Fig. 9 Folding free energy diagram of WT apoflavodoxin showing the
three relevant conformational species: the unfolded conformation (repre-
sented by one of the structures in the unfolded ensemble, as calculated
with the PROTSA server58), the native basin intermediate constituting 10%
of the molecules under native conditions (10 NMR models are shown
superimposed), and the native conformation. The cofactor binding loops
and the long loop used by the native protein for binding redox partner
proteins such as ferredoxin NADP+ reductase (FNR) are indicated by
arrows. Those loops adopt disordered conformations in the native basin
intermediate. In contrast, in the thermostabilized 6M apoflavodoxin no
native basin intermediate is detected. Accordingly, the unfolding equili-
brium of 6M apoflavodoxin is two-state.
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although it is less marked in 6M where the two potentials are
closer to each other than in WT. As a consequence, the maximal
accumulation of semireduced FMN, which takes place at
similar solution potentials in either variant ((E1 + E2)/2 = �364
in WT and �369 mV in 6M) is slightly lower in 6M flavodoxin
(72%) than in WT (92%) (Fig. 5). The Anabaena flavodoxin
physiological reaction consists in transferring electrons to FNR
so that this enzyme can synthesize NADPH to be used in
biosynthetic reactions.32 To that end, flavodoxin must form a
1 : 1 complex with FNR. Although the structure of the Fld:FNR
complex has not been determined, chemical shift perturbation
analysis revealed60 that the FNR binding site extensively overlaps
with the regions that appear disordered in the apoflavodoxin
intermediate. The affinity of the WT and 6M complexes with
FNR is quite similar (Fig. S3 and Table S3, ESI†) suggesting
the two flavodoxins form similar electron-transfer complexes.
Nevertheless, the electron transfer efficiency of such complexes
is dependent on the precise orientation of the two proteins and
of their cofactors, and is also sensitive to changes in the
cofactors redox potentials.61 We have thus directly determined
the electron transfer efficiency of the WT and 6M apoflavodoxin
complexes with FNR. Both complexes exchange electrons at
similar rates (Fig. 6 and Fig. S3, ESI†).

The above comparison of these two cyanobacterial flavodoxin
variants reveals differences in some of the properties analyzed
that, except for the high thermostability and the lack of inter-
mediate state in the native basin of 6M, are not remarkable
compared to differences found between WT and many other
flavodoxin mutants previously analyzed. Essentially, 6M unfolds
more slowly, binds FMN more slowly and stabilizes less the
FMN semiquinone redox state. Structurally, the two flavodoxins
exhibit minor differences concerning a slightly tighter packing in
6M (Fig. 7 and Fig. S4, ESI†), and their intrinsic dynamics in the
short time scale analyzed are very similar (Fig. 8). That any of
those differences has an impact in the biological performance of
the protein is far from obvious. The two apoflavodoxins fold
similarly fast (Fig. 2) and the folded apoproteins are highly
soluble due to their high negative charge at neutral pH. The fact
is that the 6M variant is typically recovered from E. coli cultures
as the fully functional complex carrying FMN in the semireduced
state (not shown). Therefore, the slower FMN binding by 6M is
not detrimental to its in vivo assembly into the functional
complex. On the other hand, the lower stabilization of the
6M semiquinone does not seem to be detrimental either. 6M
semiquinone accumulation is still high and occurs at the same
redox potential than in WT, allowing electron transfer with the
physiological FNR partner at a similar rate. Therefore, we must
arrive to the conclusion that the apoflavodoxin equilibrium
intermediate constituting 10% of the WT molecules under native
conditions and having disordered FMN and FNR binding sites
plays no role in allowing the folding and assembly of the
holoprotein nor in shaping its capability to transfer electrons
to its physiological partner. Because equivalent native basin
intermediates have been described for epsilon and gamma
proteobacterial apoflavodoxins (H. pylori I138 and A. vinelandii
PUF241) it is clear that populating a native basin intermediate in

the apo form is a characteristic feature that has been conserved
in the evolution of long-chain flavodoxins, and yet it seems to
provide no adaptative value in as much as we have been able to
test. Certainly, one case analysis does not allow drawing general
conclusions and we cannot anticipate from this work whether
the lack of adaptative value found for the apoflavodoxin inter-
mediate will also apply to other native basin intermediates
when subjected to close evaluation. Yet, our analysis challenges
the widespread assumption that protein intermediates that
become significantly populated under native conditions con-
stitute adaptative features of proteins likely to play functional
or other essential roles. Our results on the apoflavodoxin
intermediate invite to subject native basin intermediates of
other proteins to the stringent test here devised in order to
substantiate claims of their roles.

Methods
Proteins

Wild type (WT) and thermostable flavodoxins 3M: (E20K/E72K/
D126K) and 6M: (E20K/I59A/E72K/I92A/D126K/A142V) were
obtained as previously described,42,62 and the corresponding
apoflavodoxins were prepared by removing the FMN cofactor by
TCA precipitation.62 The mutant 3M42 is an intermediate step
in the design of 6M flavodoxin, and it has also been characterized
for comparison. Its data are presented in Fig. S1 (ESI†). Wild type
ferredoxin NADP+ reductase (FNR) was obtained as previously
described.63

Circular dichroism (CD) spectra

Near-UV (260–310 nm) and far-UV CD (190–250 nm) spectra of
the apoflavodoxin variants were recorded at 25.0 � 0.1 1C in a
Chirascan from Applied Photophysics (AP), using 20 mM protein
solutions in either 50 mM MOPS buffer pH 7.0 with a 1 cm path
length cuvette or 5 mM buffer plus 15 mM NaCl with a 1 mm
cuvette, respectively. Near and far-UV CD spectra of the different
variants are shown in Fig. S6 (ESI†).

Unfolding/refolding kinetics by stopped flow

Unfolding kinetics of apoflavodoxin solutions (40 mM in 50 mM
MOPS pH 7.0) in equally buffered urea solutions were per-
formed at 25 1C on an AP stopped-flow apparatus (DX.17 MV
model) and followed by fluorescence emission (ex. at 280 nm
and em. 4320 nm), essentially as described.45 Refolding
kinetics were performed in a similar manner by mixing urea-
unfolded apoflavodoxin (in 4.0, 5.6 or 5.8 M urea for the WT,
3M or 6M, respectively) with buffer. Unfolding/refolding kinetics
was triggered by mixing 1 vol. of protein solution with 10 vol. of
buffered urea solution. Kinetic traces were fitted to double or
triple exponential equations using Pro-Data Viewer software
4.2.12 (AP) to obtain relaxation rates and amplitudes.

FMN binding kinetics

The kinetics of FMN binding to WT, 3M and 6M apoflavodoxins
at 25 1C was recorded following the quenching of FMN fluoresce
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emission (excitation at 445 nm and emission beyond 500 nm).
Equal volumes of protein (2 mM) and FMN (from 16 to 95 mM)
solutions in 50 mM MOPS buffer, pH 7.0, were mixed in an
AP SX17.MV stopped-flow apparatus. All data were analyzed
with Pro-Data Viewer software 4.2.12 (AP) and fitted to either
a single or a double exponential equation. Kinetic constants,
kobs, were plotted as functions of [FMN] in the mixture to
calculate kon values.

Thermal unfolding curves followed spectroscopically

Apoflavodoxin (40 mM in 50 mM MOPS pH 7.0) thermal
unfolding48,64 was monitored in the presence of 40 mM FMN
following fluorescence emission (excitation at 280 nm; ratio of
320/360 nm emission) and near-UV CD (290 nm, 4 mm path
length). The temperature was raised from 10 to 94 1C (at a rate
of 1 1C min�1). The curves for each variant were roughly
normalized to values between 0 and 1 and globally fitted to a
two-state model as previously described.32

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were
performed from 10 to 110 1C, with a scanning rate of 1 1C
min�1 on a high-precision VP-DSC differential scanning micro-
calorimeter (MicroCal LLC, Northampton, MA) using 40 mM
protein solutions in 50 mM MOPS pH 7.0, with either 40, 80 or
160 mM FMN as described.42 DSC data was analyzed using
either a two-state model or a model-free analysis based on
estimating overall parameters (namely, Tm, DH(Tm)).

Equilibrium constants of the apoflavodoxin/FMN and
flavodoxin/FNR complexes

The binding constants of the apoflavodoxin/FMN complexes
have been determined at 25.0 � 0.1 1C in 50 mM MOPS pH 7.0
essentially as previously described.59 Small volume aliquots of
apoflavodoxin were injected into a 0.5 mM FMN solution and
fluorescence emission at 525 nm was recorded. The interaction
between oxidized FNR and flavodoxin variants (1 : 1 apoflavodoxin/
FMN complexes) was analyzed in 50 mM Tris/HCl pH 8.0 at
25.0 � 0.1 1C by ITC, as described.65 20 mM FNR solutions were
titrated with small volume aliquots of flavodoxin solutions
using an automatic high-precision Auto-ITC200 system (MicroCal
LLC, Northampton, MA). The binding parameters were estimated
through nonlinear least squares regression using fitting routines
developed by us, implemented in Origin (OriginLab).

Flavodoxin redox potentials

Midpoint reduction potentials, in 50 mM Tris/HCl pH 8.0 at
25 1C, for the ox/sq and sq/hq couples (Eox/sq and Esq/hq

respectively) for WT flavodoxin and its 6M variant were deter-
mined in anaerobic conditions by potentiometric titration
using photoreduction with a calomel electrode as a reference
(Em = 244.4 mV at 25 1C), as previously described.50 The
solution contained 40 mM flavodoxin, 1 mM EDTA, 1–2 mM
deazariboflavin, and 1 mM of the following redox mediators:
anthraquinone-2-sulfonate (Em,pH 7.0 = �225 mV for the deter-
mination of Eox/sq), or benzyl viologen (Em,pH 7.0 = �359 mV)

and methyl viologen (Em, pH 7.0 = �446 mV) for the determina-
tion of Esq/hq. The midpoint potential of the redox couples were
calculated by linear regression using the Nernst equation.
Errors in the Eox/sq and Esq/hq determined were estimated to
be �5 mV.

Pre-steady-state electron transfer kinetics

Fast electron transfer from FNRhq to Fldox was followed on an
AP SX17. MV spectrophotometer using SX18.MV or Xscan software
for experiments with single wavelength or photodiode-array detec-
tion, respectively. The experiments were carried out in 50 mM
Tris/HCl, pH 8.0 at 12 1C, under anaerobic conditions obtained by
several cycles of evacuation and bubbling with O2-free argon.66

FNRhq samples were obtained by photoreduction in presence of
5 mM 5-deazariboflavin and 1 mM EDTA.63 The two proteins were
mixed (1 : 1) to final 10 mM concentrations. Spectral evolution
was done by global analysis methods using the Pro-K software
(AP). Data collected were fitted to a two-step model (A - B - C),
with three spectral species representing distributions of enzyme
intermediates (A: FNRhq + Fldox, B: FNRsq + Fldsq + small
amounts of FNRox, and C: Fldsq + FNRox) along the reaction
time course.57

X-ray structural determination of 6M (E20K/I59A/E72K/I92A/
D126K/A142V) flavodoxin

Crystals were grown by the hanging drop vapor-diffusion method
under conditions 26% PEG 4000 and 100 mM Tris/HCl, pH 8.0.
Diffraction data were collected at 100 K on the BL13-XALOC at
the ALBA (Spain) to a maximum resolution of 1.1 Å. The data set
was processed with XDS67 and scaled and reduced with SCALA.68

The structure was solved using MOLREP69 and the native
Anabaena flavodoxin as model (pdb code 1FLV). REFMAC 5.070

and COOT71 were used for automatic and manual refinement,
respectively. The 6M flavodoxin model comprises residues
2–169, one FMN molecule, and 123 water molecules. Unit cell
dimensions, other experimental data and refinement statistics
are detailed in Table S4 (ESI†). Coordinates and structure factors
are deposited in the PDB (5LJP).

Molecular dynamics simulations

200 ns-long MD simulations of WT and 6M flavodoxins (five
replicas for each variant) were performed using the GROMACS
4.6.7 package,72 with the CHARMM27 force field with CMAP
correction (version 2.0),73 using periodic boundary conditions
and TIP3P74 water molecules within a dodecahedron box of
5 nm of diameter. During the preparation step the systems were
equilibrated at 300 K in an NVT (200 ps) and then in an NPT
ensemble (500 ps) with a Berendsen barostat.75 The Partial
Mesh Ewald algorithm76 was used to treat electrostatic inter-
actions. For van der Waals interactions a cutoff method with
the Potential-shift-Verlet modifier was used. Bond lengths
were constrained using the LINCS algorithm,77 and the time
step was set to 2 fs. The trajectory files were analyzed using
GROMACS’ built-in functions to calculate root mean-square
deviations (RMSD) and B-factors. Comparison of WT and 6M
total volume was carried out, after having mutated the six
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residues that differentiate the two proteins to alanine, using the
web server 3vee.78
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