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ABSTRACT

Flavodoxins are single domain proteins
with an o/ structure, whose function
and folding have been well studied.
Detailed experiments have shown that
several members of this protein family
present a stable intermediate, which
accumulates along the folding process.
In this work, we use a coarse-grained
model for protein folding, whose inter-
actions are based on the topology of
the native state, to analyze the thermo-
dynamic characteristics of the folding
of Anabaena apoflavodoxin. Our model
shows evidence for the existence of a
thermodynamic folding intermediate,
which reaches a significant population
along the thermal transition. According
to our simulation results, the interme-
diate is compact, well packed, and
involves distortions of the native struc-
ture similar to those experimentally
found. These mainly affect the long
loop in the protein surface comprising
residues 120-139. Although the agree-
ment between simulation and experi-
ment is not perfect, something impossi-
ble for a crude model, our results show
that the topology of the native state is
able to dictate a folding process which
includes the presence of an intermedi-
ate for this protein.

Proteins 2010; 78:73-82.
© 2009 Wiley-Liss, Inc.

Key words: protein folding; topology-
based models; free energy surface; pop-
ulations; Monte Carlo.

© 2009 WILEY-LISS, INC.

INTRODUCTION

The protein folding process constitutes a very interesting and important
problem which is nowadays being thoroughly studied by the use of both
experimental and computer simulation techniquesl’z.

Many single domain proteins fold following a two-state process,> in which
only the folded and the unfolded states are significantly populated at the
transition temperature. The two-state model has been therefore highly used
to study both the thermodynamics of the folding transition and its kinetic
features.# However, some exceptions to this universally accepted behavior
have been found in recent years in small or medium-sized proteins. They
include the so-called downhill or barrierless folding process,5’6 in which a
continuous transition is found in some fast folding proteins; and folding
processes which have been characterized as three-state (or higher).7 These
correspond to the presence of at least one intermediate species, with a popu-
lation high enough to be detected by different experimental techniques,
between the native and denatured states. For proteins showing three-state
folding, the two-state model cannot properly fit the experimental data (from
calorimetry, for example),8 and different techniques usually yield different
results for the unfolding process. In recent years, proteins with intermediates
showing partly unfolded conformations are being the subject of intense
research, because these intermediates may in some occasions be important for
protein function or for aggregation processes related to folding diseases.”>10

Among these, the flavodoxin protein family has been one of the most ana-
lyzed.11 These proteins have an important function as electronic transporters
in redox processes of bacteria. Although this function requires the presence of
a flavin mononucleotide cofactor (FMN) bound to the protein, the apo form
of the flavodoxin from Anabaena is stable, and its structure has been deter-
mined through X-ray diffraction.12 Moreover, the folding of this protein
has been experimentally determined to have a stable thermodynamic interme-
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diate in thermal unfolding experiments, although chemi-
cal denaturation experiments have found the usual two-
state unfolding behavior.8:13=15 The stable intermediate
has been also found in flavodoxins from different bacte-
ria,16-20 although not in all the proteins from this
family.21’22

In the last decades, it has been proposed that the main
characteristics of the folding process for proteins may be
highly related to the topology of the native structure.23,24
Therefore, the folding process could be adequately repre-
sented by taking into account only the attractive interac-
tions among residues which are in contact in the native
state. This approach has been the basis of an extensive use
of topology-based simulation models (originally termed
Go-type models2%) to analyze the characteristics of the
folding pathways, mainly kinetic but also thermody-
namic.25~42 A very recent review of the different types of
models belonging to this category can be found in Ref.
43. The use of these models does not mean that the to-
pology of the native state is always the only relevant infor-
mation needed to understand the folding characteristics
of a given protein, with the amino acid sequence playing
a minor role, as recent experiments have shown (see, for
e.g., Refs. 44 and 45 on the folding of proteins with simi-
lar structures). These systems clearly indicate that the
study of the influence of the native interactions alone on
the characteristics of the folding process has yet to be
checked in different interesting cases, being the thermody-
namic intermediate of apoflavodoxin from Anabaena a
rather appealing one.

In the past years, some of us have developed a simple,
coarse-grained computer model to simulate the thermo-
dynamic characteristics of the folding/unfolding process
for proteins, using a topology-based interaction energy.40
Given the reduction in complexity of the system brought
by the simplified description of the protein geometry and
energetics, we have been able to use this model to study
the thermodynamic characteristics, including the free
energy surface, for the thermal folding/unfolding equilib-
rium of several proteins,42 as well as to analyze some
methodological implications of this type of simulation
models. 414748 In this present manuscript, we apply the
method to search for the thermodynamic intermediate of
the folding of apoflavodoxin from Anabaena. The struc-
ture of this protein, together with the map which shows
the native contacts which define the interaction potential
for our simulations (see Materials and Methods) is shown
in Figure 1(a), and it has been taken from the Protein
Data Bank49 (PDB) file 1FTG.12

MATERIALS AND MIETHODS

We use a coarse-grained model for the representation
of both the protein geometry and the interaction energy.
The model has been already described and tested in pre-
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vious works from our group,41’42’46_48 and only its
most relevant features will be summarized here.

We use a single-bead representation for every amino
acid, centered at the corresponding a-carbon position.
The a-carbon trace of the native protein is sketched in
Figure 1(b). Neighbor beads along the sequence are kept
at a constant distance of 3.8 A (corresponding to a trans
peptide bond). A repulsive core prevents overlapping of
non-neighbor beads. The native structure, as correspond-
ing to the geometrical model used in this work, is
depicted in Figure 1(c).

The attractive energy uses a topology-based potential,
which employs as equilibrium conditions the distances
among amino acid pairs found in the experimental struc-
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(a) Contact map for the apoflavodoxin structure, computed from the
PDB file 1FTG. Part of the upper triangle contacts are hidden by a
cartoon representation of the protein structure. The secondary structure
elements, sketched along the axes, are taken from the header of the
PDB file. (b) a-carbon trace of the native structure. (c) Native structure
represented as it is used in the simulation model, with a bead per
residue, centered at its a-carbon, depicted at a size corresponding to its
repulsive core. The model does not differentiate between elements of
secondary structure, and therefore no specific coloring method has been
used in panels (b) and (c).
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Thermodynamic Folding Intermediate of Apoflavodoxin

ture. Local interactions correspond to distances between
units i — i + 2 and i — i + 3 (the latter with an added
chirality criterium) along the sequence. For the remain-
ing, nonlocal interactions, we only consider the interac-
tions among residue pairs which are in contact in the
native structure. We define that two residues are in con-
tact when any pair of heavy atoms belonging to every
one of them are at a distance closer than 4.5 A. The
mathematical part of the attractive interactions is defined
as a truncated harmonic potential,0 only acting when
the distance d;; between a pair of residues which are in
contact in the native structure at a distance dj** fulfills
the criterium Id; — d}}"“l < 0.7 A. This cut-off value, and
the functional form of the potential, have proved to
render adequate values for the thermodynamic character-
istics of the folding process for different proteins in pre-
vious works from our group.42-46,48

Our definition of native contacts creates a contact
map, that for the particular case of flavodoxin is shown
in Figure 1(a). It has been calculated from the file 1FTG
in the protein data bank (PDB).49 This protein has 169
residues, in a structure with a B-sheet packed against two
different layers of a-helices.12 The coordinates of the
first residue of the sequence are not included in the PDB
file, and therefore the model used in this work only con-
siders 168 residues. The structure is shown as a cartoon
representation in the upper triangle of the contact map,
superimposed to the contacts in this triangle, which are
however symmetrical to those in the lower triangle. The
map contains a total of 331 local-contacts and 421 non-
local native contacts, according to our definition. In spite
of the model simplicity, it is already a large protein, diffi-
cult to simulate when one is interested in the full fold-
ing/unfolding transition, which has probably made that
only very few simulations of this protein have been
reported up to know, without any mention to the ther-
modynamic intermediate.20-52

To properly sample the conformational space for the
modeled polypeptide chain at different temperatures, we
use a replica exchange (or parallel tempering) Monte
Carlo simulation procedure,®3>>4 which uses an adequate
combination of Monte Carlo moves.4® Given the
complexity of the folding transition (see Results), with a
rather large free energy barrier between the folded and
unfolded states, it has been compulsory to use a large
number of replicas at quite close temperatures in the
transition region. Otherwise, the acceptance ratio for the
replica exchange trials is not adequate to warrant a cor-
rect computation of equilibrium properties. Every simu-
lation encloses then 45 different temperatures, from well
above to well beyond the transition region, and takes
about 200 CPU hours in current single processor
machines. The results presented in this work correspond
to the average values from 15 independent parallel-
tempering simulations. All them start from a fully
extended chain.

The analysis of the simulation results includes the cal-
culation of energy fluctuations to compute the heat
capacity of the system at every temperature, according to
the expression

(E?) — (E)’

€=

(1)

Along this work, the temperature and the energetic
quantities are used in reduced units: T* = T/T; EX =
E/(kgTer), where kg is the Boltzmann constant.

We also carry out a histogram analysis of different
energetic and structural properties, and a more complex
Weighted Histogram Analysis Method (WHAM) to
obtain free energy estimations from a complete and si-
multaneous consideration of the conformational space
simulated at all the temperatures.>>—>8

The experimental characterization of the thermody-
namic intermediate in referencel4 was based on the
“Integrity ¢ values”, defined as

- AAG_p
T AAGn 1 AAG D

¢ (2)

in terms of the changes in the stability of the native (N),
denatured (D), and intermediate (I) states upon muta-
tions in the protein sequence; notice that this definition
is different from the standard experimental ¢ values,
where the kinetic transition state of the folding process is
used instead of the intermediate state.””

For a direct comparison with the former ¢ values, we
have calculated for every residue i a ¢; value, defined as

. = NNC; in a conformation 3)
i~ \NNC; in the folded conformation

where NNC; refers to the number of nonlocal native con-
tacts for residue i, with a 20% tolerance from the native
distances. This mechanistic definition follows that used
previously by other authors.60:61 The denominator in
Eqn (3) is computed from the PDB file. The average cor-
responds to all the conformations recorded from the sim-
ulations at a given temperature which belong to the
intermediate state.

The main equivalence between the definitions of ¢ val-
ues in Egs.(3) and (2) is that ¢; takes a value of 1 if resi-
due i is in a fully native environment at the considered
conformations, and a value of 0 if it has lost all its native
contacts, therefore corresponding to an unfolded struc-
ture, at least at a local level. Notice however that the ear-
lier numerical definition is a rather crude approxima-
tion®2 for the experimentally used ¢ values and, as a
matter of fact, it is highly influenced by the number of
native contacts of a given residue. This can be under-
stood, for instance, by considering a pair of residues (i)
that loose in the intermediate one nonlocal native
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contact between them. If residue i has n; nonlocal native
contacts and residue j has nj, with n; < nj, the computed
¢ values for these two residues are completely different,
even though they have both lost one and the same
contact.

Thus, a quantitative agreement between experimental
¢ values and those calculated in this work according to
Eq. (3) is not intended here. Therefore, we use the com-
puted ¢ values from the simulations just as a qualitative
estimation of the native structural elements which
become distorted in the intermediate, and we complete
this information with the analysis of individual native
contacts, collected in frequency maps (see below), to bet-
ter characterize the structural features of the intermediate
resulting from our simulations.

In this work, we want to focus on the folding charac-
teristics of the protein considered. Of course, the details
of the model can influence the simulation results, as we
have checked for our model in other protein struc-
tures, 4140 and other research groups have shown as
well.63:64 In this work, however, we have not fitted any
of the model parameters in order to get the experimen-
tally observed intermediate. On the opposite, we have
kept the same contact definition and cut-off distance,
and identical model features, as those we have been using
in our recent works on different proteins.42’48 We
should mention that, in these works, and other currently
under development with larger proteins, we have found
the model to correctly reproduce the thermodynamic
characteristics of the folding transition experimentally
found for different proteins, both in two-state and down-
hill folding processes. In none of these cases we have
found the least evidence of thermodynamic intermediates
induced by the simulation model. Therefore, we are con-
vinced that the results shown in the next section have a
real biophysical meaning, and are not an artifact of any
specifically tuned model.

RESULTS AND DISCUSSION

As a first result of our simulations, the energy fluctua-
tions at every temperature allow us to readily compute
the heat capacity for the system, according to Eqn. (1).
This is plotted in Figure 2 as a function of temperature,
for the transition region. The figure shows a rather sharp
peak, as it also happens in experimental calorimetry
results for this protein.8 As a matter of fact, the narrow
temperature interval for the full peak is one of the inter-
esting features of our simulation model. According to the
peak maximum, the transition temperature would be
around T} = 0.645, and the full transition happens in a
temperature interval of +5% around this value. The ex-
perimental heat capacity curve for this protein has its
maximum at approximately T,, = 320 K, with the transi-
tion spanning a total interval of roughly 40 K (from
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Heat capacity for the simulated system as a function of temperature at
the transition region. Both axes are in reduced units. The solid line is
drawn just as an eye-guide.

~300 to ~340 K), thus representing an interval of +6%
around the maximum.® This agreement between experi-
ment and simulation gives us a first clue that our model,
although rather simple, yet does not create very broad
and unspecific transitions, as it usually happens with
other simple models in this family.65’66 On the opposite,
the first crude characteristics of the thermodynamic
behavior for the folding/unfolding transition are properly
represented.

To study the type of transition, experimental studies
have to fit the heat capacity curve to different kinds of
models (two- or different types of three-state models, for
exarnple),13 and/or to analyze the unfolding characteris-
tics of the thermal transition through different experi-
mental techniques.8 Computer simulation, on the other
hand, may provide a more direct view of the situation,
since we have a plethora of conformations along the
simulated trajectories which directly allow us to analyze
the thermodynamic and structural features of the transi-
tion. For the type of study we are considering in this
work, a very simple yet highly informative analysis of the
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numerical data is to calculate the energy histograms from
the simulations at different temperatures. For some of
these temperatures, in the transition region, these energy
histograms are shown in Figure 3(a). At the lowest tem-
perature shown, T = 0.60, below the transition region,
the system shows a single narrow peak at low energies,
corresponding to the folded structures present in this re-
gime. Similarly, at the highest temperature shown, T =
0.66, above the folding/unfolding transition, the system
energy shows again a single peak, which appears now at
smaller (in absolute value) energies, and corresponds to
sporadic native contacts (or native local conformations)
in a chain which has become unfolded. At intermediate
temperatures, close to the equilibrium unfolding temper-
ature, a standard two-state transition would show the
lowest energy peak becoming progressively less intense,
while the high energy peak would continuously grow.4 In
our simulations, however, the native peak splits into two
clearly separated maxima at the central temperatures
shown in Figure 3(a), indicating the presence of an inter-
mediate state which reaches a significant population in
the transition region, and accumulates in an amount
high enough to appear in the energy histogram as an in-
dependent peak. As a matter of fact, a detailed analysis
of the profiles from these energy histograms has allowed
us to integrate the different curves, in order to extract
quantitative information about the population of the dif-
ferent states present along the transition. The results of
this analysis are reported in Figure 3(b). Here, we can
clearly appreciate that the population of the intermediate
state (I) is equivalent to those of the native (N) and
denatured (D) states in a narrow temperature range. We
should mention that these results do not show the inter-
mediate state to be the species of dominant population
at any temperature, as it apparently happens in the
three-state interpretation of the experimental data (see
Fig. 3 in Ref. 8). However, apart from this small quanti-
tative difference, the agreement between our simulation
results and the experiment is quite remarkable, specially
if we have into account that no sequence information at
all is considered in the simulation model, and only the
topology of the folded structure is creating the character-
istics of the transition.

To get a deeper insight onto these characteristics, in
Figure 4 we show the normalized (unit area) histograms
for the different energy contributions in the simulation
model. They are computed from the simulations at T =
0.644, at the maximum of the heat capacity curve. Specif-
ically, we present the histograms for the number of native
contacts, separated as nonlocal and local. We have con-
sidered a native contact ij to be present in a given con-
formation when the difference between the distance dj; in
it and the corresponding distance d}*" in the folded con-
formation is less than 20% of the latter, a condition
more stringent than that used in other works.67>08 Tt can
be seen that, while the curve for the local contacts shows
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(a) Energy histograms at several temperatures in the transition region.
Every line corresponds to the average over all the independent
simulations computed. (b) Populations of the native (N), intermediate
(I) and denatured (D) states as a function of reduced temperature.

two broad peaks, corresponding to compact and open
conformations, the histogram for the nonlocal native
contacts is able to discriminate two different peaks in the
region of compact conformations, which should corre-
spond to the folded and intermediate states. Let us recall
that the number of native nonlocal global contacts for
the structure of apoflavodoxin considered in this model
is 421 (see Materials and Methods). Thus, the narrow
and intense peak around 400 contacts corresponds to
small distortions of the native state, typical of the ther-
mal fluctuations shown by off-lattice simulation models
at the transition temperature, while the broader and
shorter peak centered around 360 contacts has to repre-
sent the intermediate state.

Although the analysis of the results at a single temper-
ature is useful, more accurate and significant results can
be obtained by simultaneously considering the simulation
data from all the temperatures, because this provides a
whole picture of the configurational space available for
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Histograms H of the energy components for the simulated system at a
reduced temperature T~ = 0.644. Upper panel: number of nonlocal

(|i —j|> 4) native contacts. Lower panel: number of local (|i —j| = 2
or 3) native contacts.

the polypeptide model. This is possible thanks to the
WHAM method.>>58 In Figure 5, we show the results
for the free energy surface, projected onto the radius of
gyration and the number of nonlocal native contacts of
the conformations (upper map) and onto the root mean
square deviation with respect to native (rmsd) and the
number of nonlocal native contacts of the conformations
(lower map). Although all the temperatures have been
used to accumulate the histograms, the results presented
correspond to the reduced temperature T = 0.640
where, according to our calculations (see Figure 3), the
intermediate shows its maximum population. The insets
in both maps show a closer view of the free energy sur-
face in the region of compact conformations.

In the full maps of Figure 5, we can observe a narrow
region corresponding to the compact structures, with a
large number of nonlocal native contacts and a small
radius of gyration or rmsd value (the native state in the
PDB file has a radius of gyration R, = 14.37 A,
computed from the a-carbon atoms), and a very
wide and swallow peak, centered around R, = 32 A and
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rmsd > 15 A, which corresponds to open conformations
in the denatured state. Between compact and denatured
states there is, according to our topology-based interac-
tion model, a rather high-free energy barrier. The close
up views in the figure insets provide, on the other hand,
a much better description of the presence of a thermody-
namic intermediate with a significant population in the
thermal folding/unfolding process of this protein. In the
upper map, we can see two free energy minima, with dif-
ferent numbers of long-range native contacts formed, but
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Figure 5

Free energy surfaces computed from the WHAM analysis of our
simulation results. In the upper panel, the surface is projected onto the
number of nonlocal native contacts and the radius of gyration of the
structures. In the lower panel, the surface is projected onto the number
of nonlocal native contacts and the root mean square deviation (rmsd)
of the structures with respect to the PDB native conformation. In every
panel, the inset shows a detailed view of the region corresponding to
the compact conformations, to highlight the minima corresponding to
the folded and the intermediate states. The free energy scale, as
indicated in the legends, is in reduced units.
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with essentially the same value for the radius of gyration
(at least, at the resolution of the numerical analysis car-
ried out). This implies that the intermediate is as com-
pact as the native state, as it has been also pointed out
by the experimental results.!4 The inset in the bottom
map shows that, as expected, the intermediate exhibits a
certain distortion with respect to the native conforma-
tion, because the rmsd values for the native state simu-
lated are below 1.5 A, whereas the intermediate state
shows conformations with rmsd values ranging from 1.5
to about 3.5 A. According to the simulations, there is a
small free energy barrier between the native and the in-
termediate states at the transition temperature, although
quantitatively it seems to be smaller than that obtained
from the analysis of experimental data.l4 However, the
free energy barriers we appreciate in these plots are pro-
jected onto arbitrarily chosen reaction coordinates (as the
radius of gyration, the rmsd values or the number of
nonlocal contacts) which are useful to discuss the simula-
tion results, but have probably little relation to the “real
reaction coordinate(s)” for the folding process. This fact,
together with the pure thermodynamic character of
our simulation methodology, preclude at this moment
the possibility to use our barriers to even estimate
any kinetic information on the folding process for
apoflavodoxin.

The whole free energy surfaces in Figure 5 show other
scattered minima which are less compact and much
more unstructured than the thermodynamic intermediate
we have already commented on. However, these minima
have larger values of the free energy, implying popula-
tions negligible in comparison with the thermal interme-
diate we are considering. In addition, they do not
become stabilized at other temperatures, and, therefore,
we have discarded the possibility of additional significant
intermediates in the folding/unfolding transition for this
particular protein.

Finally, to evaluate all the possibilities of our interac-
tion model, we have tried to characterize the structure
of the thermodynamic intermediate, because this infor-
mation has also been recently available from a fine anal-
ysis of the experimental data on different mutants of
apoﬂavodoxin.14 From our free energy maps, we can
define a series of values for the total energy, the number
of native contacts, the rmsd values, etc, which clearly
allow wus to discriminate if a given conformation
recorded in a snapshot of our simulation results belongs
to the intermediate state. As seen in Figure 3(b), these
conformations add up to about one third of the total
conformations at a certain temperature. This means
that, for the analysis that follows, we have been able to
use several thousand conformations, coming from differ-
ent independent simulations at 7% = 0.640, which pro-
vide an adequate statistical significance for the results.
These are shown in Figure 6. In part (a) of this Figure,
we show with red circles the number of nonlocal native

contacts that every residue shows in the folded confor-
mation taken from the PDB file 1FTG, and also the ¢
values for the individual residues, according to the
“mechanistic” definition used for this quantity (see Eq.
(3) in Materials and Methods). The horizontal arrows
indicate the disordered regions which have been experi-
mentally characterized in the intermediate (the loops
involving positions 90-100 and 120—139).14 Just as a
mostly qualitative estimation, it is possible to find a
rough correlation between the experimental and the
computed ¢ values, with a slope of 0.9 £+ 0.1, but with
a large scattering of the individual data. The general
trend of the calculated and experimental ¢ values is
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Figure 6

(a) ¢ values computed for the conformations detected as belonging to
the intermediate at T = 0.640. The horizontal arrows show the re%ions
which have been experimentally determined as more unstructured. 4
The red circles indicate the number of nonlocal native contacts in the
PDB structure. (b) Frequency map for the native contacts in the
conformations corresponding to the intermediate. The lower triangle
shows the native contacts, for comparison. The color legend indicates
the frequency of the individual contacts. (c) Two views of a cartoon
representation of the native structure, colored according to the level of
structural disorder in the intermediate, as detected by the simulation
results. See text for details.
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thus in a reasonable global agreement. Moreover, if we
take the experimental ¢ Values,14 and classify them
according to whether they show a residue as being in a
native-like environment (0.55 < ¢ < 1) or in a differ-
ent one (¢ < 0.55 or ¢ > 1), it is possible to find out
a threshold value ¢, = 0.92 in our numerical results so
that the native-like or unfolded-like character is pre-
dicted in 82% of the experimentally investigated resi-
dues. These data suggest that the numerical ¢ values
computed from the simulations convey a valuable
coarse-grained information on the nature of the inter-
mediate state. However, due to the different definitions
of experimental and calculated ¢ values, mentioned in
the previous section, we prefer to rely on the analysis of
a frequency contact map, as shown in Figure 6(b), to
get a more detailed information on the structure of the
intermediate state. This is again a contact map for the
protein. In this case, however, the upper triangle corre-
sponds to a frequency map, that is, there is a colored
scale which represents how often a given native contact
appears in the conformations belonging to the interme-
diate state. Therefore, it provides a clear indication of
the residual native structure present in a given set of
conformations, in this case the snapshots characteristic
of the intermediate state. Both in graphs (a) and (b),
we can see that the intermediate shows a structure quite
similar to the native state. This was expected, since we
have already seen that the intermediate is as compact as
the native state, and its structural deviations create
rather modest values for the rmsd in the intermediate.
Therefore, we find ¢ values above 0.8 for most of the
residues, and contact frequencies above 0.8 for most of
the native contacts. A few regions, however, show
smaller values for these properties. The most important
deviations from the native structure, with ¢ values close
to 0.6 and contact frequencies of 0.5-0.6, appear at the
loop which extends from positions 120-139 along the
sequence, in agreement with the experimental results
(green horizontal arrow in panel (a)).14 The loss of
native contacts for this loop implies also that the a-he-
lix between residues 100 and 111 looses a fraction of its
contacts, as indicated in the low values of the computed
¢ values for this region. The frequency contact map in
Figure 6(b) shows, nevertheless, that this helix is formed
with a high population in the intermediate (as shown
by the i — i + 4 set of contacts parallel to the main di-
agonal and circled with a blue ellipse in the map),
although it may have become slightly less well packed
against the rest of the folded structure. This fact indi-
cates that the ¢ values from simulation alone, as com-
puted here and in other works, have to be considered
with some caution, especially since they do not corre-
spond to the definition of the experimental ¢ values, as
it has been already mentioned in the Materials and
Methods section. The frequency maps, however, may
provide a better description of the structural features of
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the intermediate. On the other hand, these maps are
not readily comparable with any experimental informa-
tion available at this moment.

In other two regions of the sequence (involving posi-
tions 36-46 and 68-76), both the contact frequencies and
the ¢ values are between 0.7 and 0.8. These two regions
have not been reported as being unstructured in the
experimental study of this protein intermediate.14 Two
residues mutated in these regions,14 D43A and S71A,
gave very small AAGy_p values and thus huge errors in
the experimental ¢ results. Our simulations show a cer-
tain (though not severe) distortion in this region for the
simulated intermediate state. The reason for this fact
may be in the position of all these regions into the pro-
tein fold, which is indicated in Figure 6(c), where a sche-
matic representation of the native structure is presented
in two different views. The dark green regions are essen-
tially the same in the intermediate and in the native
structure. The most unstructured loop in our simula-
tions, coincident with the experimental results, is shown
in red. The affected helix which looses part of its contacts
as a consequence is shown in cyan. The other two
regions are shown in yellow. As it can be appreciated,
they are also located in the protein surface, where the
number of native contacts is less than in the protein core
(something that can be somehow grasped from the num-
ber of native contacts at the top of Fig 6(a)). In addition,
they form contacts with each other. In the contact fre-
quency map, we have drawn a series of dotted lines indi-
cating how the different elements which present partially
disordered structures in the intermediate are related
through contacts in the native state. Given the nature of
the interaction potential used in this work, it is quite
possible that a reduction in the number of attractive
interactions for the helix circled in blue in the map has
also affected the loop in positions 68-76, and this in
turn has done the same with the broken helix in posi-
tions 36—46. The fact that all the contacts have the same
weight in our simulation model, without any modulation
due to the chemical nature of the amino acids involved
in them, may be partly responsible of this spread in the
disordering effects imposed by the loss of structure in
the large loop shown in red in Figure 6(c), which is,
according to our simulations, the structural element pres-
ent in the intermediate whose structure more impor-
tantly deviates from the native one. For the shorter loop
between residues 90-100, our model fails to predict any
significant deviation from native in the structure of the
intermediate state.

CONCLUSION

Proteins which show thermodynamic intermediates
along their folding processes are common in large multi-
domain proteins,% but only in a few cases they have been
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characterized for relatively small single-domain struc-
tures.” In this work, we have checked that the thermody-
namic intermediate experimentally characterized for
Anabaena apoflavodoxin!4 can be quite reasonably
reproduced with a simple simulation model which only
considers the contacts present in the native structure
(a Go-type or topology-based model). The model has
not been tuned at all for the study of this particular pro-
tein. It uses the same characteristics and parameters we
have found correct for the analysis of other pro-
teins,42’48 where no intermediates were found neither in
the simulation, nor in the experiments.

The agreement between the results in this manuscript
and experiment is not perfect in a few quantitative
points, involving the specific population of the interme-
diate at the transition temperature and some minor dis-
crepancies in the elements of the native structure that
become unstructured in the intermediate. However, the
model properly locates the long loop involving residues
120-139 as the portion of the protein whose structure is
more severely distorted in the intermediate, while the
fold is kept compact and with most of its hydrophobic
cores practically unaffected. Although a more detailed
study which takes into account the sequence of the pro-
tein may be desirable, the current model has made clear
that, at least for this protein, the structure of the native
state defines a folding process which includes the exis-
tence of the experimentally detected intermediate.
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