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|. Introduction

The mechanism of water/ion exchange at a
protein surface: a weakly bound chloride in
Helicobacter pylori apoflavodoxinfy

Juan J. Galano-Frutos,®® M. Carmen Moron®® and Javier Sancho*@®

Binding/unbinding of small ligands, such as ions, to/from proteins influences biochemical processes such
as protein folding, enzyme catalysis or protein/ligand recognition. We have investigated the mechanism of
chloride/water exchange at a protein surface (that of the apoflavodoxin from Helicobacter pylori) using
classical all-atom molecular dynamics simulations. They reveal a variety of chloride exit routes and
residence times; the latter is related to specific coordination modes of the anion. The role of solvent
molecules in the mechanism of chloride unbinding has been studied in detail. We see no temporary
increase in chloride coordination along the release process. Instead, the coordination of new water
molecules takes place in most cases after the chloride/protein atom release event has begun. Moreover,
the distribution function of water entrance events into the first chloride solvation shell peaks after chloride
protein atom dissociation events. All these observations together seem to indicate that water molecules
simply fill the vacancies left by the previously coordinating protein residues. We thus propose a step-by-
step dissociation pathway in which protein/chloride interactions gradually break down before new water
molecules progressively fill the vacant positions left by protein atoms. As observed for other systems,
water molecules associated with bound chloride or with protein atoms have longer residence times than
those bound to the free anion. The implications of the exchange mechanism proposed for the binding of
the FMN (Flavin Mononucleotide) protein cofactor are discussed.

In a seminal paper,’ Nandi and Bagchi termed the water
molecules located within the solvation shell in the immediate

Proteins are typically surrounded by and interact with other
molecules, including solvent and dissolved ions. Binding and
unbinding of small ligands from proteins govern the strength
of the complexes formed and bear on important biochemical
issues such as protein stability or enzyme catalysis.”> On the
practical side, they bear on the field of drug design where the
importance of controlling not just the affinity of a drug, but
also its average residence time on a given target is widely
recognized.’
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vicinity of a biomolecule as ‘biological water’. This special type
of water presents two components: bound and free water.
Unlike free water, bound water is attached to the biomolecule
(charged or polar amino acid groups) by strong hydrogen
bonds, and rotates only in a coupled fashion with the biomolecule.
A dynamic exchange between free and bound water exists at all
times. Water molecules behave as ordinary water beyond that
special solvation shell. Since then, many theoretical and experi-
mental studies dealing with the dynamic of biological water
have been published,”™* and there is a consensus that the
behaviour of these water molecules is different from the bulk in
several ways, e.g. polar properties, density, residence times, or
the way they cluster.>®'*'* The dynamics of biological water
has been detected by a series of experimental techniques and
showed to display an almost bulk-water like ultrafast compo-
nent (~1 ps) and a surprisingly ultraslow contribution at the
100-1000 ps time scale.>>'® The ultrafast component arises
from an extended hydrogen bond network while the ultraslow
derives from the binding of water to the biomolecule. Biological
water,"® and solvent, in general, play a fundamental role in
mediating many biological processes®'” such as protein-protein
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and protein-DNA molecular recognition, protein folding,
enzymatic catalysis,” electron transfer® or proton transfer.”® On the
other hand, many proteins are able to bind ions dissolved in water.
Bound cations often act as cofactors, either stabilizing the
protein (structural role) or being involved in enzymatic reactions
(functional role).>” Few examples of specific roles for anions in
biological systems are known,”*>* which may relate to the lower
charge density of anions relative to cations probably contributing to
weaker anion/protein interactions.

Protein engineering®® is a useful approach to investigate
structural aspects related to the binding mechanisms of small
ligands to proteins.*** Anion/protein binding mechanisms for a
few anion-binding proteins has been studied using site-directed
mutagenesis in the last two decades.”®*%3**3% While this kind
of approach is helpful and may provide important clues, it is
not very appropriate to deal with aspects such as flexibility or
dynamics. Moreover, gathering enough structural information
on the activated complexes from experimental transition state
analysis of binding kinetics, typically fails due to the small
number of appropriate deletion mutations that can be engineered
in key binding residues.>**” Alternative approaches increasingly
rely on Molecular Dynamics (MD) methods to investigate these
issues. In this respect, techniques capable of effectively sampling
energy landscapes and speeding up the analysis of the kinetics
taking place on the microsecond or higher time scales (such as the
aforementioned binding or unbinding of small ligands to/from
proteins) have been implemented.***" MD allows a fairly accurate
estimation of a variety of atomistic and thermodynamic para-
meters,*>** providing a detailed description of the behaviour
of macromolecules submerged in the solvent.

For some time we have been investigating protein/ligand
binding mechanisms using flavodoxins.***”*%%3~48 These electron-
transfer proteins constitute simple and convenient models for
investigating protein/ligand recognition and other basic molecular
issues such as protein folding and stability.”®>* In addition,
flavodoxins have been revealed as promising drug targets to
develop novel antibiotics,>*® particularly the flavodoxin from
Helicobacter pylori (Hp-F1d).>” In this flavodoxin, the apoprotein®®
binds a chloride anion at the site where the phosphate group of
the FMN (Flavin Mononucleotide) cofactor appears bound in
the functional holoprotein. Similarly, the apoflavodoxin from
Anabaena PCC 7119 carries a sulfate anion at the equivalent
site*” (see Fig. 1). Driven by our interest in the mechanism of
anion/water exchange at protein surfaces and in its implica-
tions for the binding of biological cofactors such as FMN, we
have performed exploratory classical MD simulations of these
two anion-bound apoflavodoxins. In particular, we wanted to
find out whether the spontaneous release of either the sulfate
or the chloride anion could be observed in short simulation
times. While the sulfate bound to Anabaena apoflavodoxin was
not released in any of such preliminary simulations, the
chloride bound to Hp apoflavodoxin was released early in most
of them. Because this provides a fine opportunity to study the
mechanism of ion/water exchange, using MD we have per-
formed a total of 60 simulations of Hp apoflavodoxin (20 ns
long each) and observed many chloride release events from
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Fig. 1 Structural alignment of holo and apo Hp-Fld. Cartoons of the holo
Hp-Fld (PDB code: 1FUE, in green) showing the FMN cofactor (in sticks);
the apo Hp-Fld (PDB code: 2BMYV, in yellow) displaying the chloride (green
sphere) mimicking the phosphate group of the FMN; and the apo Fld from
Anabaena (PDB code: 1FTG, in blue) displaying a sulphate anion (in sticks)
at the same position.

which we have derived the statistics of the process. Two alternative
mechanisms for FMN binding to apo Hp-Fld can be envisioned:
(1) FMN attacking its natural binding site and subsequently forcing
a supposedly well-coordinated chloride out from the protein, and
(2) a weakly coordinated chloride spontaneously leaving its binding
site before the FMN cofactor gets bound. A key point here would be
to understand whether chloride release must be initiated by solvent
molecules coordinating to chloride protein ligands. To clarify this
point a detailed statistic analysis of simulations where chloride
unbinds has been carried out. Based on this we propose a plausible
binding/unbinding mechanism for the formation of a chloride/
Hp-Fld complex and discuss the possible implications for the
mechanism of FMN binding to apoflavodoxins.

Il. Methods

Ila. Simulation procedure details

We have performed classical all-atom MD simulations of apo
Hp-Fld in a conveniently neutralized water box. The atomic
coordinates of the apo Hp-Fld (wild type) were taken from the
Protein Data Bank (PDB code: 2BMV).*® Crystallographic water
molecules as well as one benzamidine molecule present as an
additive in the crystallization buffer and H-bonded to the side
chain of GLU30 (far away from the active site) were eliminated.
However, the chloride anion present in the structure at the site
where the phosphate group of FMN appears bound in the
holoprotein was kept in its original position. The solvation
and neutralization of the system together with the visualization
of trajectories were accomplished through packages and plugins of
VMD 1.9.1.°%% All simulations were performed using NAMD 2.9%°
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within a CPT ensemble.®® The CHARMM?27 force field with
CMAP correction was used.®” The analysis of the trajectories
was carried out through VMD, and a set of ad hoc TCL and Perl
scripts.

After the removal of crystallographic water molecules and
the benzamidine molecule, the protein was immersed in a
TIP3P explicit water box with dimensions 53.1 A x 55.8 A x
58.9 A (2388 water molecules). Following the NAMD standard
procedure we adjusted the dimensions of the box to ensure a
minimum solvation shell of 7 A for the outer atoms of the
protein. This system was conveniently neutralized by adding 14
sodium counterions in positions close to negatively charged
residues. At this point the system contains 9598 atoms.

Before the production phase, the system was prepared as
follows. Firstly, a steepest-descent minimization step of 5000 fs,
where both protein atoms and the chloride anion were fixed,
was conducted. Then, the system was equilibrated by performing
CPT dynamics of 1 ns in order to relax water/protein interactions.
Afterwards, a slow release of the protein atoms, by imposing
decreasing elastic restraints, was carried out. In this step, a
10 sub-step loop of 5000 fs each was performed starting with a
constraint scaling factor of 20 until the constraint was totally
removed; a basic force constant of 1 kcal mol~* A~2 was used.
Later, gradual heating up to 310 K was performed through a
temperature ramp consisting of a 30 sub-step loop of 0.1 ns
each. Finally, the system was equilibrated for 2 ns with all the
constraints released. At this stage different seed random numbers
were used in order to obtain 50 simulations (replicas). The
main observable differences found between these replicas at
the end of the preparation stages - the initial time of simula-
tion, i.e. t = 0 — refer to the chloride ‘status’ and conformational
aspects related to its binding to the apoprotein, as will be
discussed below (Section III).

The structural models obtained at the end of the preparation
phases were used as initial systems for the production phase of
20 ns. In some of the 50 replicas the production phase was
extended up to 100 ns and the temperature was increased by
means of a temperature ramp of 1 K ns™ " (discussed below in
Section III). All the MD simulations that are presented in this
work were performed within the CPT ensemble. Thus the
pressure and temperature were held constant at 1 atm and
310 K using the Nose-Hoover Langevin piston®"®® and the
Langevin thermostat,®" respectively, except in those cases where
the temperature was increased. A cutoff distance of 14 A was
used for the van der Waals interactions with a switching function
from 12 A. Periodic boundary conditions (PBC) were applied to avoid
the edge effect, and long-range electrostatic interactions were
modeled using the Particle-Mesh Ewald (PME) method.®* An
integration time of one femtosecond (1 fs) was used for all simula-
tions. The production runs were saved every 5 ps for later analysis.

Finally the systems were checked to assess proper equilibration.
Thus, a RMSD (root mean square deviation) analysis for each of
the 50 trajectories was done in order to determine the stability of
the protein along the production phase, and how different from
the initial apo Hp-Fld structure (PDB file) the protein becomes.
A RMSD plot, which is representative of the whole set of RMSD

This journal is © the Owner Societies 2015

Paper

analyses, is depicted in Fig. S1 (ESIf). The RMSDs never
exceeded 1.5 A, and no visible distortions in the secondary and
tertiary protein structures were detected.

In order to perform a better analysis we have also performed
10 additional high-resolution simulations within the interval
where chloride release is detected (see Sections Illc and d). In
this case the production runs were saved every 50 femtoseconds
for later analyses.

IIb. Radial distribution functions for chloride-protein and
chloride-water pairs

We have calculated the radial distribution functions, g(r), for
chloride-protein and chloride-water pairs in order to determine
appropriate cutoff distances (see Fig. 2). As a result, a hydrogen
bond is considered to be formed between a chloride anion and a
side chain-nitrogen atom of the protein if the distance between
those two atoms is smaller than 3.9 A (see Fig. 2) and the
hydrogen donor-acceptor angle is higher than 110°.°° In the
case of the Cl-O pairs, when O represents both the oxygen of a
water molecule or the side chain-oxygen of the protein, the
criterion for the angle is maintained but the maximum allowed
distance CI-O is taken as 3.7 A (see Fig. 2). Those distances are in
good agreement with the experimental and simulated data for
chloride anion interactions with peptides and water.**¢”

IIc. Definitions

In order to precisely analyse the role of water molecules in the
mechanism of chloride release we have defined the following
terms that will be used throughout Section III:

DCR (definitive chloride release): an event consisting of an
irreversible release of the chloride from the protein, which we
algorithmically detected when for 5 or more consecutive frames
of time the distances between the backbone nitrogen atoms of
residues ASP11 and SER12, Cl-Nagp;; and Cl-Nggri, are larger
than 7 A. We have found that these two residues are, in general,
the last ones to be released from the anion among those six
residues that conform the chloride binding site in Hp-Fld (see
Fig. 3). Concerning the choice of that cutoff (7 A), we have
followed the criterion that a chloride ion could be regarded as
definitely released from the apoprotein if there is at least one
water molecule between the anion and the biomolecule. If a
water molecule mediates the interaction between both entities,
that situation corresponds to a chloride-protein distance ranging
between 4 to 7 A,°® depending on the particular structural
arrangement between the three entities involved: an anion, a
water molecule and a polar atom of the biomolecule. On that
basis we have reasonably considered the above referred cutoff of
7 A for the definition of a definitive chloride release event.
Within this scenario we have also considered the moment in
which the chloride-protein interaction starts to weaken leading
to the definitive chloride release. Thus we have defined FIDCR as
the first retrospective instance in which one of the Cl-Njgpy; Or
Cl-Nggri, distances are larger than 3.5 A during the above
referred release. Since we are interested in the moment in
which the chloride-protein interaction starts to weaken, we have
preferred to choose a slightly smaller cutoff, 3.5 A, than that
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Fig. 2 Radial distribution functions. Radial distribution functions, g(r), for both chloride/water and chloride/sub-pocket-1 pairs from MD simulations.
Among the chloride/sub-pocket-1 pairs, plots are shown for each of the H-bond donor atoms from this sub-pocket, namely, backbone nitrogen atoms
(N) of residues THR10, ASP11, SER12, GLY13, ASN14 and ALA15, the sidechain nitrogen (ND) of ASN14, as well as sidechain oxygen atoms (OG) of THR10
and SER12. Plots were obtained by averaging the results collected for ten replicas randomly chosen from the fifty simulations initially performed.

corresponding to the maximum radius of the first hydration
shell (see Cl-Npyotein radial distribution functions in Fig. 2).

WE (water entrance): is defined as a steady entry of one water
molecule into the first solvation shell of the chloride, forming an
H-bond. This event is accounted once a water molecule simulta-
neously meets the following two requirements: (1) the chloride/water
H-bond distance steadily (for 5 or more consecutive frames, ie.
250 fs) stays below 3.7 A (see Section TIb and Fig. 2) and, (2) the
average of the chloride/water H-bond angle for these 5 consecutive
frames is higher than 110 degrees.””> In terms of time, FIWE is
defined as the first retrospective instance in which such a water
molecule steadily enters the first solvation shell of the chloride.

PAR (protein atom release) is defined as an individual
release of a polar atom of the protein, either N or O, from the
chloride coordination sphere. Thus, PAR events are accounted
whenever a polar atom of the sub-pocket 1 (see Fig. 3 and 4),
steadily overcomes (for 5 or more consecutive frames, ie. 250 fs)
the cutoff distance of 4.5 A. This smaller distance in comparison
with 7 A used for establishing the chloride definitive exit (see DCR
definition above) obeys to the fact that, often, temporary non-
definitive release of polar atoms occurs. As in FIDCR, we define
FIPAR as the first retrospective instance in which the concerned
polar atom separates more than 3.5 A from the chloride during the
above referred release.

IId. Residence time analysis of water

For the residence time analysis of water that is performed in
Section IIId, cutoff distances of 3.7 A and 4.5 A were established
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to define the first solvation shell around the chloride and the
first solvation shell around the chloride binding site, respectively.
The second cutoff is ~1 A larger than the maximum H-bond
distance for protein/water interactions.®® Such a cutoff was
preferred since the chloride binding site is defined as the center
of mass of the backbone nitrogen atoms from residues THR10
and GLY13. These atoms remain quite static approximately
facing each other during the simulations, so that this point
mimics well the position of the chloride inside this pocket along
the trajectories.

Ile. Peak-shape function: fit of WE histograms

In order to fit the WE histograms, obtained by using different
FIPAR cutoff distances in Section Illc, an asymmetric pseudo-
Voigt function was used:®®

o 2 w(t)
y=yotd <7T 41 —1.)° +w(t)2>
) (1)
(=) | SV (i)
where
() = @)

[+ expla(r — 10)]

The pseudo-Voigt function is a well-known mathematical
expression for modeling peak shapes.®® That function is a
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Fig. 3 Coordination profiles of the chloride in the binding pocket where the phosphate group of the FMN cofactor binds. (A) A typical coordination
pattern with the respective H-bond distances observed during one representative simulation where the chloride did not release; about 5 nitrogen atoms
appear well-bonded around the anion (H-bond distances < 3.0 A). (B) Weakened coordination profile mostly observed along replicas where the chloride
did release soon; about 3 or less well-bonded nitrogen atoms appear coordinating the chloride. (C) Chloride/protein coordination profile and the
respective H-bond distances found in the apo Hp-Fld crystal structure (PDB code: 2BMV). The green sphere represents the chloride anion, whilst
residues of the sub-pocket are shown as sticks.
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Fig. 4 Chloride exit routes and chloride release times from the protein. (A) Apo Hp-Fld cartoon showing (in sticks) the three sub-pockets constituting
the overall FMN binding pocket and three possible exit routes of the chloride. (B) Bar diagram showing the replica percentages in which the chloride exits
by the indicated routes. Sub-pocket 1 (cyan): residues THR10, ASP11, SER12, GLY13, ASN14 and ALA15; sub-pocket 2 (yellow): PRO53, THR54, ALA55,
GLY56 and GLN61; sub-pocket 3 (red): GLY87, ASP88, ASP140, GLU141 and ASP142. (C) Number of simulations, out of the fifty initially performed, as a
function of time interval in which the chloride release is produced from the FMN phosphate binding site (sub-pocket 1, see Fig. 3). Blue bars refer to 45
out of the 50 replicas where chloride is released either during the 20 ns-production stage (time from 0 to 20 ns) or before (negative times). Red bars
represent the remaining 5 replicas where chloride unbinds during the extended phase (100 ns) in which the temperature is increased at a rate of 1 K ns~*
up to an average temperature of 357 K. The inset is a zoomed histogram that provides further details on release times.

linear combination of Gaussian and Lorentzian curves (see Parameter A defines the area under the peak, y, represents the
eqn (1)).°® The sigmoidal expression defined in eqn (2) confers background, w, stands for the full width at half maximum
asymmetry to eqn (1). When a equals zero, then w(t) = wy and (FWHM) corresponding to the symmetric curve, ¢, defines the
eqn (1) reduces to the standard symmetric pseudo-Voigt function. maximum of the peak, and u is a combinatory coefficient
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constrained between 0 and 1 which indicates the fraction of the
Gaussian (¢ ~ 0) and Lorentzian (u ~ 1) curves that have
been used.

[1l. Results and discussion

IIIa. Chloride release times and exit routes

Fifty 20 ns-long MD simulations of Hp apoflavodoxin were initially
carried out using different seed numbers to distribute the initial
atomic velocities in each simulation (see Section Ila). In 90% of
those simulations a chloride ion release from the protein was
detected at different stages of the simulations (see Fig. 4C).

Clear differences were observed in the anion exit routes. In
some simulations, the chloride was readily released into the
bulk water while, in others, it was released in less expeditious
ways following a sequential process in which it first became
unbound from some residues but still remained bound to some
others for some time. A similar behaviour has been reported for
sodium and chloride ions bound to the small globular protein
S6 of the bacterial ribosome.”® To explain different exit routes
observed, the FMN binding pocket can be divided into three
sub-pockets (see Fig. 4A). The interaction of chloride with these
three sub-pockets along the release trajectories has been quantified
from the interaction forces (van der Waals + electrostatic)
established between the anion and the residues in each sub-
pocket. Forces-vs.-time plots of representative examples of direct
chloride release into the bulk, or of chloride transfer from the
initial location in sub-pocket 1 to either sub-pocket 2 or 3 are
shown in Fig. S2 (ESIt). The statistics of different behaviours
indicates that there appears to be no preferential chloride exit
route to the solvent (see Fig. 4B).

IIIb. Chloride coordination in fast and slow release
trajectories

In order to analyse the influence of the chloride coordination on
the speed of anion release, representative examples of chloride
coordination in delayed releases (Fig. 3A) or early-release trajectories
(Fig. 3B) are compared to the situation observed in the crystal
structure (Fig. 3C). All distances below the maximum com-
monly accepted for H-bonds, 4.0 A,”"7% are shown. The average

PCCP

of anion-polar atom distances is about 2.5 A in the first case
(see Fig. 3A) but significantly increases to around 3.5 A in the
second and third cases (see Fig. 3B and C, respectively). Thus,
the coordination in delayed-chloride-release simulations
(Fig. 3A) appears tighter than that in early-chloride-release
(Fig. 3B) and also than in the crystal structure (Fig. 3C),
indicating it emerges during the simulation. In those delayed-
chloride-release simulations about 5 nitrogen atoms, from both
the backbone and the side-chains, appear bound to the chloride
for most of the trajectory, as shown in Fig. 3A. To better under-
stand the influence of the chloride coordination on the speed of
release we have computed the number of H-bonds formed by the
chloride along the simulations, i.e. 18 simulations where this
anion was released in the 20 ns production stage (group 1) and 5
simulations where it was not released (group 2). The increasing-
temperature simulations, ie. the extended phases of group 2
simulations, were also analysed and termed as group 2-ext.
Averages of the number of chloride/nitrogen, chloride/oxygen
and chloride/water H-bonds (CI-N_hb, CI-O_hb and CI-W_hb
respectively), as well as the total number of H-bonds (Total_hb =
CI-N_hb + CI-O_hb + CI-W_hb), were calculated (see Table 1).
An H-bond cutoff angle of 110° in all the cases®® and specific
H-bond cutoff distances for each particular pair were used (see
Section IIb). The point of trajectory where the chloride is
considered as definitively released (i.e. the point from which
trajectories were divided in ‘before’ and ‘afterward’, see Table 1)
is that in which the anion has moved away from the backbone
nitrogen of both ASP11 and SER12 by at least 7 A (see DCR
definition in Section IIc). It is worth noting that despite group 2
presents a slightly smaller total coordination degree (6.5) relative
to group 1 (7.2), its number of H-bonds coming from protein, i.e.
CI-N_hb plus CI-O_hb (4.8 + 0.3 = 5.1), is significantly higher
than that of group 1 (2.4 + 1.1 = 3.5), which is mainly due to the
higher number of H-bonds formed with nitrogen atoms (4.8 vs.
2.4, respectively).

We further investigated how chloride coordination was
changing with the approaching of the definitive chloride
unbinding event by carrying out the same analysis but now
on 1 ns of trajectory around this point (0.5 ns on each side). The
two groups considered are now termed as group 1A and group
2-extA (see Table 1). The Cl-O_hb values (1.2 for both groups),

Table 1 Number of chloride H-bonds before and after chloride release from the protein

After chloride Whole trajectories

Before chloride release” release” (before + after)”
Replica group Cl-W_hb CI-N_hb Cl-O_hb T_hb Total_hb Total_hb
Group 1 (18 Cl-released replicas) 3.5 2.4 1.1 7.2 6.9 7.0
Group 2 (5 Cl-attached replicas) 1.4 4.8 0.3 6.5 — 6.5
Group 2-ext? (5 Cl-attached extensions) 2.0 4.1 0.5 6.6 6.6 6.6
Group 1A° (1 ns-interval around the Cl-unbinding) 4.5 1.5 1.2 7.1 7.0 7.0
Group 2-extA’ (1 ns-interval around the Cl-unbinding) 3.6 2.3 1.2 7.0 6.8 6.9

“ Averages computed along the fragment preceding the definitive chloride release (DCR) event. ° Averages computed along the fragment following
the definitive chloride release (DCR) event. © Averages computed along the whole trajectory. ¢ Increasing-temperature extensions of simulations
where the chloride did not become released (from 20 to 100 ns: 1 K ns"). ¢ Reduced trajectory intervals of 1 ns around the point in which the
chloride is released (0.5 ns on each side). Trajectory sections extracted from simulations of group 1 (group 1A) and group 2-ext (group 2-extA).
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higher than those of group 1 (1.1) and group 2-ext (0.5), indicate
that the weakening of chloride/protein interactions is not due to
changes in chloride/oxygen H-bonds. In contrast, the CI-N_hb
values were decreased (1.5 for group 1A and 2.3 for group 2-extA)
relative to those in the entire simulations (2.4 for group 1 and 4.1
for group 2-ext), suggesting that the chloride leaves its binding
site once the number of coordinated nitrogen atoms is signifi-
cantly reduced, regardless of the underlying cause. Short movies
of two trajectories showing chloride release from the apo Hp-Fld
are presented in the ESL{

Illc. Solvent role in the mechanism of chloride unbinding
from the apoprotein

The trajectories where the chloride is spontaneously released
during the productive phase conducted at 310 K provide an
opportunity to understand the mechanism at the atomic level,
which may offer insights into the role of water in anion
exchange by proteins and hence into the role of the latter in
cofactor binding processes.*® One key point here is the order of
events during chloride release that lead to water binding and to
chloride unbinding from the apoprotein. Specifically, we would
like to know whether the entry of additional water molecules
into the first solvation shell of the coordinated chloride is
required to initiate the definitive release of this anion or not.
To shed light on this issue we conducted 10 new simulations
at a higher resolution (50 femtoseconds, see Section IIa) in
an appropriate interval where chloride release was observed.
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The starting ten conformations for these simulations were
selected from the 18 productive stages in which the chloride
was released so that they were representative of both complexes
with a high (4-5) and a lower (<4) number of protein polar
atoms coordinating the chloride (see Fig. 3).

We first determined whether the coordination number of
chloride increases due to the incorporation of additional water
molecules just before chloride release. In such a scenario new
water molecules would enter the first solvation shell of the
anion thus exceeding its common valence and subsequently
promoting the anion release from its original binding site.
Plots of the temporal evolutions of chloride/protein, chloride/
water and total chloride H-bond numbers around the anion
release point (see Fig. 5A) indicate that the total number of
H-bonds remains constant during the chloride release and that
the number of chloride/water H-bonds seems to increase just
immediately after a decrease in the chloride/protein H-bond
number takes place. This seems to indicate that water molecules
simply fill the vacancies left by the previously coordinating
protein residues.

We then analysed the temporal evolutions of the distances
between chloride and the main atomic entities involved in the
release mechanism, namely, the closest polar atoms of the
protein to the chloride - i.e. the backbone and side-chain polar
atoms of residues THR10, ASP11, SER12, GLY13 and ASN14 -
and the water molecules that entered the first solvation shell
of the chloride close around the point the anion is released
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Fig. 5 Coordination and distance analysis. (A) Evolution of the chloride/water (red line), chloride/protein (blue line) H-bonds, and the sum of both
(yellow line), along a time window in which the chloride release event is observed. Orange lines are the result of the superposition of yellow and red
colour lines. (B) Time dependence of the distances to the chloride anion showing plots of the last polar atoms of the protein that are released and of one
water molecule entering the first solvation shell of the anion (see legend). The FIDCR and FIWE moments are indicated. (Al and B1) Zoomed sections
around the chloride unbinding moment. Graphs are obtained from one representative out of the ten performed high-resolution simulations.
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(see Fig. S3, ESIt). To interpret those distance graphs it is
necessary to previously define meaningful cutoffs that allow
setting both the point where chloride begins to be definitively
released from the protein (first instance in definitive exit of
chloride: FIDCR, see Section IIc) and the point in which one
water molecule enters the first solvation shell of the chloride
(first instance in water entrance: FIWE, see Section IIc). One
representative analysis of a chloride release trajectory indicating
the FIDCR and FIWE points associated with the water molecules
entering the coordination sphere of chloride right in those
surroundings is shown in Fig. 5B. Overall, this FIDCR/FIWE
analysis indicates that the steady entries of new water molecules
into the first solvation shell of the chloride (WE events) take
place in most cases (8 out of 10) after the starting moment of the
definitive chloride release event (FIDCR). In two cases, never-
theless, it is difficult to draw a conclusion because due to the
greater instability of chloride coordination observed in those
trajectories, the calculated FIDCR may not correspond to the
point where chloride/protein interaction really begins to weaken
(see Fig. S3, ESIt).

Finally, we have carried out a statistical analysis of water
entrance (WE) events into the first solvation shell of the
chloride in the form of histograms. To this end, we have first
defined and identified along the ten high-resolution trajec-
tories FIPAR moments as those time points where a protein
polar atom start to release from the chloride, i.e. each and every
one of the very first instances where a chloride/protein H-bond
has begun to break down (see PAR definition in Section Ilc).
Trajectory fragments with a fixed number of frames close
around each identified FIPAR moment were extracted and
superimposed together on a common time frame defined by
assigning ¢ = 0 to each FIPAR instance. In this way WE events
registered during each of these time intervals can be summed
up upon each individual frame of time, giving rise to histo-
grams that indicate, on the whole, whether the occurrence of
WE events precedes or follows FIPAR events. Fig. 6 shows
histograms of the WE events registered in trajectory fragments
of 50 frames around FIPARs (25 frames on each side). A total of
115 PARs and subsequently FIPARs were identified through the
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ten analysed trajectories. The histogram on the right in Fig. 6
represents a ‘compacted’ version where the registered WE
events are grouped in five consecutive frames of times. The
main goal of this analysis is to determine whether there is an
increase in WE events at ¢ < f, (preceding FIPARs), which
would suggest that water molecules actively contribute to cause
the chloride unbinding event. The obtained histograms do not
show any increase in WE events before ¢, Instead, a mild
decrease can be noticed, consistent with the chloride unbinding
process not originating in a higher coordination of water mole-
cules to the anion. Registration of FIPAR moments and WE events
displayed in histograms in Fig. 6 is based on cutoff distances of
3.5 A and 3.7 A, respectively (see Section IIc).

Since the choice of the FIPAR cutoff distance may influence
the shape of the WE histogram, we have studied this influence
by obtaining analogous histograms using cutoff distances for
FIPAR registrations of up to 0.2 A above and below the originally
taken cutoff value, i.e. from 3.3 to 3.7 A. Fig. 7 shows ‘compacted’
histograms for WE events obtained by using cutoff distances in
this range, namely, every 0.1 A. Here, all the newly obtained
histograms also show no increase in We events before ¢, as well
as that the maximum peak appears after the FIPARs. In order to
mathematically assess such observed behaviours a pseudo-Voigt
asymmetric function has been used to fit the WE event distribu-
tions (see Section Ile). The time position corresponding to the
maximum of the peak-shape curve appears skewed into the right
of ¢, in all the analysed cases. These results support the conclu-
sion given through this analysis, and at the same time allow
establishing a valid range of cutoff distances for chloride/protein
interactions in the case where similar analyses are required.

IIId. Water residence times at the chloride anion and its
binding site, before and after chloride release

The residence time™®*'27 of each water molecule associated

with either the chloride anion or with the chloride binding site
has been determined along each of the 10 high-resolution
simulations. A cutoff distance of 3.7 A has been used to define
the solvation shell of the anion, while a cutoff of 4.5 A from the
center of mass of the backbone nitrogen atoms from residues
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Fig. 6 Histograms of water entry (WE) events relative to the superimposed time (to) where polar atoms of the protein are released from the chloride (PAR
events). (A) WE events registered along 50 frames around ty (25 on each side). (B) Grouped or ‘compacted’ histogram of WE events where each bar

represents the events registered in 5 consecutive frames of time.
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Fig. 7 'Compacted’ histograms and fitting function for WE events obtained using different FIPAR cutoff distances. Histograms depict WE events of 5
consecutive frames within the interval of 3.3-3.7 A. All histograms show the maximum number of water entries (WE events) slightly shifted to the right of
to (FIPAR event). The distribution has been fitted to an asymmetric pseudo-Voigt function (see Section lle). These results show that the analyses
performed using FIPAR cutoffs within that range do not affect the conclusion that WE events mostly occur once PARs (tp) have taken place.

THR10 and GLY13 defines the first solvation shell of the
binding site (see Section IId). The graphs in Fig. S4 (ESIt) show
the presence of a particular water molecule in a given frame as
an asterisk so that the lengths of the lines formed by the
asterisks are proportional to the residence times of the water
molecules. Residence times as long as hundreds of picoseconds
have been reported for sodium and chloride ions bound to the
S6 ribosomal protein.”®

According to the graphs in Fig. S4 (ESIf) no significant
differences are found between the residence times of water
molecules in either the chloride first shell or in the chloride
binding site in early times of the simulation compared to those
immediately before a chloride release event, which can be
interpreted as a further evidence of no active role played by
solvent molecules in stimulating chloride release. On the other
hand, the release of the anion affects water molecules in the

This journal is © the Owner Societies 2015

binding site and water molecules bound to the chloride in a
different way. While the former apparently experience no
changes in their residence times, those bound to the free anion
exchange more rapidly reducing their residence times. Higher
residence times, than those reported for bulk water, have also
been found for water molecules located in the immediate
vicinity of a biomolecule® (biological water, see Introduction
section). Thus, water molecules associated with bound chloride
behave like biological water in the sense that they exhibit
higher residence times than those bound to the free anion
which are in faster exchange. These observations are consistent
with the ultraslow component of the dynamics reported for
biological water near protein surfaces with respect to the
bulk,>®%" and suggest that attractive forces are exerted by
the protein upon those water molecules, which might contribute
indirectly to a tighter coordination of the anion. Table S1 (ESIt)
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Fig. 8 Alternative mechanisms for the chloride unbinding process. On the top, a hypothetical concerted mechanism where water would play the key
role by strongly solvating the chloride — through an intermediate exceeding the natural valence of the anion — and snatching it from its binding site. On
the bottom, a 'step-by-step’ mechanism where protein/chloride H-bonds are first broken and afterwards new water molecules gradually occupy the

valences left by the protein.

summarizes statistics gathered from the previous analyses,
which provide further evidence that solvent does not play a
relevant role in the chloride unbinding process.

Ille. Chloride unbinding mechanism from Hp apoflavodoxin

The previous analyses indicate that the total number of chloride
H-bonds remains constant during definitive anion release events
and that a decrease in chloride/protein H-bonds is immediately
followed by an increase in chloride/water H-bonds (both in
individual PARs and in definitive chloride release events). Based
on this evidence we propose a sequential mechanism for chloride
release from Hp apoflavodoxin, which is illustrated in Fig. 8.
Chloride release is initiated by protein/chloride H-bond breaking
events (the cause of which is not investigated here) that are
followed by opportunistic binding of solvent water molecules
without a net increase of the total coordination number. The
upper path in Fig. 8, envisioning the role of water molecules
in destabilizing chloride/protein H-bonds by joining the first
coordination shell and increasing the coordination number, is
not consistent with our analysis. Therefore, the reverse process
of chloride binding to the apoprotein would proceed via oppor-
tunistic binding by protein atoms to vacant positions in the
chloride coordination shell originating from water dissociation
events not forced by the protein. In order to illustrate the
progressive substitution of polar atoms of the apoprotein by
water molecules within the coordination sphere of the chloride
anion, we have depicted a schematic free energy level diagram
for the dynamic equilibrium between different species involved
in the process (see Fig. 9). The scheme is inspired from the one
developed by Nandi and Bagchi' concerning the bimodal
dynamic behaviour of biological water. Their system presents
just two states: free water and water bound to a biomolecule. In
our case, with the addition of a chloride anion, the scenario is
more complex in the sense that the number of states, denoted
as Clwp; in Fig. 9, as well as the number of different free
energies involved increase significantly (AG° and AG* in
Fig. 9). In addition, each state corresponds to an ensemble of
species that may differ in the specific hydrogen bonds formed
with protein atoms.
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Fig. 9 Schematic free energy diagram showing the dynamic equilibrium
[Clwip] <= [Clwi1p;_1] between different species corresponding to the
chloride bound to the apoprotein and to the solvent molecules. The
acronym Clw;p; represents the anion hydrogen bonded to i water mole-
cules and j polar atoms of the biomolecule while Clw;p;_; stands for the
transition state. AG® shows the difference in free energy of a hydrogen
bond between the chloride and a water molecule, and, between the
chloride and the protein (states Clwip; and Clw,ﬂpj,l) while AG* denotes
the activation energy of chloride desorption from the surface of the
apoprotein (states Clw,p; and Clw;p;_1).

As explained in the introduction, clarifying the binding/
unbinding mechanism of anions such as chloride to cofactor
binding pockets of apoflavodoxins bears on the understanding
of the mechanism of FMN binding to this protein family and
possibly to other FMN binding proteins. In both the Anabaena
and Hp apoflavodoxins anions from the solvent replace the
phosphate group of the FMN cofactor and contribute to stabilize
the folded conformation of the protein.*”*® However, their
presence poses a problem for the cofactor to bind as it would
have to first displace the bound anion. Our mutational analyses
of the transition state of FMN binding to either of those
apoflavodoxins showed that the FMN cofactor first contact the
apoprotein using its isoalloxazine aromatic moiety and only
afterwards the phosphate moiety binds.***” Our present MD
statistical analysis suggests one possible binding scenario of
FMN binding to apoflavodoxins where the FMN cofactor partly
bound to the apoprotein through the isoalloxazine moiety simply
waits till whichever anion previously bound to the phosphate
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binding site gets released following the mechanism described
here. Then, the FMN phosphate replaces the vacant position
left by the anion either immediately or after displacing the
water molecules that, as seen in this study, can readily fill
the vacant positions left by the leaving anion. Although this
binding scenario is consistent with all the available data, an
alternative scenario where the negatively charged phosphate
moiety in FMN destabilizes the bound anion once the initial
encounter of the FMN/apoflavodoxin complex takes place cannot
be ruled out.

V. Conclusion

Analyses of the interaction between Hp apoflavodoxin, a bound
chloride anion and solvent water molecules are consistent
with a spontaneous release of the anion and a step-by-step
mechanism in which protein/chloride interactions progressively
break down before new water molecules gradually occupy the
vacant positions left by protein atoms. Likewise, an alternative
concerted mechanism in which water molecules play an active
role forcing displacement of the protein atoms bound to the
anion can be discarded. The reverse binding process would take
place, therefore, when a chloride anion appearing in the bulk
close to the FMN phosphate binding site opportunistically takes
advantage of the breaking of protein/water interactions.
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