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ABSTRACT: One of the ancestral features of thioredoxins is the presence of a
water cavity. Here, we report that a largely hydrated, conserved, buried aspartic
acid in the water cavity modulates the dynamics of the interacting loops of
yeast thioredoxin 1 (yTrx1). It is well-established that the aspartic acid, Asp24
for yTrxl, works as a proton acceptor in the reduction of the target protein.
We propose a complementary role for Asp24 of coupling hydration and
conformational motion of the water cavity and interacting loops. The intimate
contact between the water cavity and the interacting loops means that motion
at the water cavity will affect the interacting loops and vice versa. The D24N
mutation alters the conformational equilibrium for both the oxidized and
reduced states, quenching the conformational motion in the water cavity. By
measuring the hydration and molecular dynamics simulation of wild-type
yTrxl and the D24N mutant, we showed that Asn24 is more exposed to water
than Asp24 and the water cavity is smaller in the mutant, closing the inner part
of the water cavity. We discuss how the conformational equilibrium contributes to the mechanism of catalysis and H* exchange.
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hioredoxins (Trx) are small proteins of approximately 105 Trx2."' The crystallographic oxidized structures are also
residues, present in all organisms from Archea to the available."* "
higher eukaryotes. Along with glutaredoxins, they act to Recently, it has been shown that the conformation of
maintain the reductive potential of the cells. Oxidized Trx is thioredoxins has been conserved for at least 4 billion years,
recycled in the cell by thioredoxin reductases, using the since the early stage of life on earth.'> Indeed, structural studies
reductive equivalent of NADPH (via FADH). This cycle have shown the fold of Trx to be very similar and conserved in
maintains the reductive capacity of Trx within the cytoplasm or all species. It comprises a five-stranded central p-sheet

. . 4—
mitochondria. surrounded by four a-helices. This central hydrophobic f-

fIn higher ﬁeulkaryotes,‘ the TD}(I system contfols th?ﬁrecll;-)x state sheet is formed by three parallel strands, f1—/3, and two more
of many cefluiar p.rotvtelns', suchas apop tosis spec ¢ Kinase 1 strands, 4 and /35, that are antiparallel to 3. The active site is

(ASK1), thioredoxin inhibitory protein (TxNIP), ribonucleo- S . . .
the main interacting region and is composed of the loop

:jjilaiieviug::ses! di?éﬁirei(éfzzi iZﬁHNS;lkfﬁgliAn:ﬁ’:th;fﬁse’ between 2 and a-helix 2 (a2), which contains the conserved
’ gnaung, gnaune. WCGPC motif.'® It participates directly in the interaction with

Trx system is also involved in cancer, cardiovascular diseases, ) o ) 16
infl . . . . . 7 thioredoxin’s several partners in the cell.”™” There are three
inflammation, aging, diabetes, and neurodegenerative diseases.

Thioredoxins have been shown to be indispensable in many life other target-interacting loops, characterized by the structures of
forms.® several complexes that have been determined. They face the

Similarly, the yeast Trx (yTrx) system has multiple functions same surface of the active site loop and are the f3—a3, a3—f4,
as a hydrogen donor for 3’-phosphoadenylsulfate (PAPS) and f5—a4 loops. The a3—f4 loop contains the conserved cis-
reductase,* peroxiredoxins, and many other compounds. In

contrast to human Trx, in Saccharomyces cerevisiae there are two Received: November 16, 2013
orthlogous cytoplasmic Trx: Trxl and Trx2. Our group Revised:  April 15, 2014
9,10

determined the solution structure of the reduced Trx” and Published: April 16, 2014
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proline residue that is important for the catalytic activity of
thioredoxins."”

Other conserved features of thioredoxins are the presence of
a water cavity adjacent to the active site and the presence of
interacting loops underneath the interacting surface. The
central residue of the water cavity is a conserved buried
aspartic acid, which is located at 2, the central f-strand, near
the center of mass of the protein. The pK, of the buried aspartic
acid has been determined to be approximately 7.6, which is near
the optimal catalytic activity of thioredoxins in general. The
internal negatively charged residue and the water cavity are
stabilized by the presence of a conserved lysine (strand 33) in
the vicinity. The long lysine side chain creates a positively
charged environment near the buried aspartic acid and
extending up to the protein surface.'®

The structure of yTrx1 in the reduced state'® is characterized
by the active site containing the exposed Cys30 and the internal
Cys33, which faces the water cavity. The buried aspartic acid is
Asp24, and the conserved lysine is LysS54. The interacting
surface is formed by three loop regions of residues 56—59, 70—
73, and 90-93 (#3—a3, a3—p4, and pS5S—a4 loops,
respectively). Pro73 is the cis-proline in the a3—/4 loop.

In 1980, Kallis and Holmgren proposed the basis of the
protein disulfide reduction mechanism.'® First, reduced Trx
binds to a target protein. This binding is essential, and its
necessity is attributed to the subangstrom positioning of the
target disulfide.”®>" The thiolate of the exposed cysteine
(Cys30) makes the first nucleophilic attack, resulting in the
formation of a transient mixed disulfide. Second, the buried
cysteine (Cys33) is activated to become a thiolate, gaining
nucleophilicity. One of the proposed activation mechanisms
involves the transfer of a proton to the buried aspartate
(Asp24), with the participation of a water molecule bridging the
cysteine and the aspartate.”"®?* Finally, the second nucleophilic
attack of the thiolate of Cys33 breaks the mixed disulfide and
generates both the oxidized Trx and the reduced target
protein.”> There is still considerable debate concerning this
mechanism of activation of the buried cysteines.”*™>” Next, we
will discuss the proposed mechanisms for cysteine activation in
thioredoxins.

The exposed cysteine (Cys30) has a pK, of approximately 7,
which is at least 1 unit lower than the pK, of a free cysteine.
The most widely accepted mechanism for its increased
nucleophilicity is the stabilization of the thiolate by the
proximity of the microdipole of a-helix 2, which points toward
it.”® An alternate proposal is proton sharing between the two
cysteines, where a “hydrogen bond” interaction was observed in
several structures, with a hydrogen located between the two
sulfurs.”

In contrast with the exposed cysteines, it has been
determined that the buried cysteine shows a pK, that is at
least 1 unit higher than that of the free amino acid (>9),"*
resulting in poor nucleophilicity. To answer these questions,
there are several hypotheses, which are experimentally
challenging to investigate: (i) the previously mentioned
solvent-mediated proton transfer,”> based on the observation
of water near the aspartic acid of several X-ray structures and
the possible bridging between the cysteine and aspartic acid;
(ii) direct proton abstraction by the leaving group produced by
the reaction;>® and (iii) a conformational change of the mixed
disulfide, which suggests that in the presence of the target
protein, new hydrogen bonds are formed between the buried
and exposed cysteines and the buried cysteines and the
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conserved tryptophan.®* The network of hydrogen bonds
would reduce the pK, of the mixed disulfide conformation. This
mechanism explains the cysteine activation without the direct
participation of the buried aspartic acid.

The high efficiency of Trx is still not completely understood.
Trx is able to reduce its substrate 10° times more efficiently
than small molecules such as dithiothreitol (DTT)." Its
efficiency has been attributed to a chaperone-like activity that
allows the assessment of buried disulfide bonds.**** The
molecular recognition of the target protein by Trx is
responsible for the chaperone-like activity, most likely related
to the presence of a hydrophobic patch at the surface. Wiita and
colleagues proposed that the active site of Trx regulates,
through molecular recognition, the geometry of the target
disulfide at a subangstrom level, making the catalysis very
efficient.***!

Here, we report the dynamics of yTrxl and the D24N
mutant. Trx1 shows conformational exchange at the interacting
loops and at the water cavity, which contains buried aspartic
acid Asp24. We showed that replacing Asp24 with Asn
modulates complex motions involving the catalytic loop and
other interacting loops. We hypothesize that the Asn residue
mimics the protonated form of Asp and that the hydration and
conformational equilibrium involving this residue control access
to the water cavity. The dynamics studies of the D24N mutant
showed that the mutations stabilized a conformational state,
quenching most of the conformational exchange at the water
cavity. To correlate the milli to microsecond dynamics with the
hydration of residue 24, we measured the rotating frame and
laboratory frame nuclear Overhauser effects (NOEs). We
probed the presence of dipolar interaction between Asp24 and
water for yTrx1 but not for D24N. Molecular dynamics (MD)
simulations showed that yTrxl, in its oxidized and reduced
forms, had a long-lived water molecule hydrogen-bonded with
Asp24, while there were only short-lived hydrogen bonds (<1
ns) for all exposed carboxyl groups in the protein and also with
N24 in the D24N mutant.

B METHODOLOGY

Expression and Purification of Yeast Thioredoxin 1.
The transformation was performed in Escherichia coli BL21-
(DE3) pLysS using plasmid pET17-b containing the sequence
of yTrxl or the D24N mutant. The cells were grown to an
ODyyo of 0.7 in M9 containing *NH,CI and induced with 1
mM isopropyl p-p-1-thiogalactopyranoside for S h. The cells
were centrifuged, and the pellets were resuspended in 20 mM
NaH,PO, (pH 7), 10 mM fS-mercaptoethanol, and 40 pg/mL
phenylmethanesulfonyl fluoride and lysed by sonication. After
centrifugation, the supernatant was purified in exchange-ion Q-
Sepharose with a salt gradient and by size exclusion on
Sephacryl 26/60 with 20 mM NaH,PO, (pH 7). The protein
purity was confirmed by sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis.

NMR Experiments. NMR spectra were recorded on 600
MHz Bruker DRX and 800 MHz Bruker Avance III
instruments at 25 °C. Topspin version 2.1 (Bruker Biospin)
was used to acquire the data. The NMR spectra were processed
using NMRPipe version 2.3** and analyzed using NMR
View].*>* All the data were collected with 200 uM wild-type
(wt) [**N]Trxl and mutant D24N [N]Trx1 in the oxidized
and reduced states. The protein was reduced via the addition of
30 mM deuterium DTT to the sample.
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Relaxation Experiments. The dynamic experiments were
analyzed by “N R;, *N R,, and "H—"°N heteronuclear NOE
with 1024 and 96 complex points in F, (*H) and F, (**N),
respectively. R, and R, values were collected with 11
accumulations by increment and 'H—""N NOE values with
16 accumulations by increment. R, was measured with delays of
20, 50, 70, 100, 150, 300, 500, 1000, and 1500 ms. R, was
measured with delays of 47, 136, 78.56, 109.984, 141.408,
172.832, 204.256, 235.68, 267.104, and 298.528 ms. R, and R,
values were collected three times at 100 and 78.56 mis,
respectively, to calculate the standard deviation. The 'H—""N
NOEs were acquired with or without proton saturation for 5 s.
R, and R, values were obtained using NMR View version 5.0.%
The '"H—""N NOE values were determined using the intensity
saturation spectra/intensity without saturation spectra ratio.
The relaxation parameters were adjusted in accordance with
Lipari—Szabo formalism®**” to yield the intramolecular
dynamic for each residue. To obtain the rotational correlation
time (z.), the R,/R; ratio was calculated and a Monte Carlo
simulation was used. The relaxation parameters were fit
according to the Lipari—Szabo model-free formalism using
symmetric anisotropic diffusion tensors with Tensor2.*® The
deposited structures of reduced and oxidized yTrxl were used
to calculate the diffusion tensors.'>"

Dipolar Interaction with Water. The NOESY-HSQC and
ROESY-HSQC spectra were used to obtain the NOE at the
laboratory and the rotating frame (ROE), respectively, of
residues of wt [“N]yTrxl or mutant D24N [“N]yTrx1 with
water. These data were acquired with 1024, 32, and 64 complex
points in F; ("H), F, (*N), and F, ("H), respectively, using 16
scans and a mixing time of 20 ms.

Mapping of Structural Change. The changes in the
structure of mutant D24N Trx1 compared with that of wt Trx1
were mapped by measuring the chemical shift difference in the
"H-""N HSQC spectra. The 400 uM sample was used in the
oxidized and reduced state for both the mutant and wt TrxI.
The chemical shift difference between the amide hydrogen and
nitrogen was quantified using the following equation:

where A™N and AN are the chemical shift differences, in parts
per million, observed for the hydrogen and nitrogen nuclei,
respectively.

Molecular Dynamics (MD) Simulation. To identify the
hydration effect of the Asp24 residue in the yTrx1 dynamics, we
performed two pairs of 200 ns molecular dynamics simulations.
Each pair is composed of wt Trx1 (in the reduced or oxidized
form) and the corresponding D24N mutant.

Starting Structures. The simulation of wt Trxl in the
reduced form was begun using the first structure in the NMR
solution structure of Protein Data Bank (PDB) entry 219H.'°
To simulate the oxidized state (wt), we used the crystal
structure of PDB entry 3F3Q." The ionization states of the
side chains and the N- and C-termini were calculated with
PROPKA using pH 7.0.%” For the wt reduced state of yTrxl, we
decided to use the ionized form of Asp24 because of its effect
on the mechanism of activation. The calculated pK, for Asp24
was 7.31.

The D24N mutant structural models (reduced and oxidized
forms) were generated using the molecular visualization
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program VMD-XPLOR* by applying the “Mutate residue”
module.

General MD Setup. All the MD simulations were
conducted with GROMACS version 4.5.4*" and via application
of periodic boundary conditions. Long-range electrostatics were
modeled using the particle mesh Ewald method (PME).*
Short-range repulsive/attractive dispersion interactions were
modeled using the Lennard-Jones potential with a 1.0 nm cutoff
for the real-space calculation.*® The LINCS* and SETTLE"
algorithms were used to constrain the bond lengths, allowing an
integration time step of 2 fs. All simulations were coupled to an
isotropic pressure bath of 1 atm and a heat bath of 298 K using
standard coupling schemes.

The Amber99sb force field parameters were used to set up
the molecular topologies.*® Water was modeled using the
TIP3P model.*’” To neutralize the system charges, sodium and
chloride ions were inserted into the water solution.

The initial models (protein with water and ions) were
subjected to an energy minimization procedure using three
steps: hard position restrained steepest descents (harmonic
constant of 1000 kJ mol™" nm™), steepest descents, and the
conjugate gradient method to correct bad contacts and
geometry deviations.

Next, using the GROMACS simulated annealing schedule,
we performed a gradual increase in temperature, from 5 to 298
K, under a hard position restraint potential on the protein
heavy atoms, allowing water solvation. Sequentially, the
position restraint potential was reduced stepwise from 1000
to 0 kJ mol™! nm™ in steps of 200 ps. Finally, the system was
equilibrated in a 1 ns MD simulation in which the root-mean-
square deviation stabilized at 1 + 0.2 A for the backbone and 2
+ 0.2 A for side chains.

MD Simulation Analysis. The generated trajectories were
analyzed using GROMACS version 4.54. All the images were
generated using VMD.

Radial Distribution Function (RDF) of Water Mole-
cules as a Function of Asp/Asn gsgaa(r). The analysis of the
interactions of aspartic acid 24 (or asparagine 24) with water
was performed by calculating the radial distribution functions
(RDFs), g(r), between -O/N side chain atom of the amino acid
residue at position 24 of the Trxl primary sequence and the
water molecules.

Hydrogen Bond Analysis. The hydrogen bond analysis
between Asp/Asn24 and the water molecules was performed
using the geometrical criterion of a distance of <0.35 nm and an
angle of <30° applied in donor—hydrogen—acceptor atom
triplets.

An H-bond existence map was generated (not shown), in
which each detected hydrogen bond is identified by a unique
(and sequential) numerical index and plotted as a function of
simulation time. To evaluate the duration of the existence of
each hydrogen bond, we counted the red pixels in the map and
expressed the result as a function of a percentage of the total
frames in the simulation. The percent hydrogen bond lifetime
(t) was classified into six arbitrary time ranges: 1—-2.9, 3—6.9,
7—10.9, 11-14.9, 15—19, and >19 ns.

Cavity Detection in Trx1. We used 20000 total structures
extracted from the MD simulation trajectories for each model.
Cavity detection was conducted using the Fpocket program
suite based on Voronoi tessellation and a-sphere detection.*®
The structures were aligned and analyzed using MDPocket.

Fpocket*™ allows the observation of cavities in MD
trajectories. It uses the concept of a-spheres, which are spheres

dx.doi.org/10.1021/bi401542v | Biochemistry 2014, 53, 2890—2902
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Figure 1. Dynamics of reduced yTrx1 fit according to the Lipari—Szabo model-free formalism. (A) Order parameter (S?) as a function of residue
number of wt yTrx1 (top) and its D24N mutant (bottom). (B) Conformational exchange rate (R,) as a function of the residue number of wt yTrx1
(top) and its D24N mutant (bottom). The R,/R, ratio as a function of the residue number of wt yTrx1 (top) and its D24N mutant (bottom). Both
yTrx1 and D24N were at a concentration of 200 M in 20 mM phosphate buffer (pH 7.0) with 30 mM perdeuterated DTT. The residues that could
not be analyzed are denoted with empty circles for overlaps, asterisks for absent resonances due to line broadening, and P for prolines.

that contact four atoms in their boundary that are at equal
distances. a-Sphere radii reflect the compactness of the atoms
and the curvature of a surface or cavity. Small a-spheres are
located at the protein core, while large ones are located at the
surface. The software filters an ensemble of a-spheres on a MD
trajectory, allowing the location of intermediate size a-spheres,
which are typical of cavities. In this way, it is possible to define
cavities that are representative of a MD trajectory.

After the overall analysis, cavity selection was performed by
changing the isovalue in the VMD isosurface representation
until different pockets were detected as isolated entities. A PDB
file was generated containing the coordinates of the selected
cavity and used to determine the volume changes as a function
of MD simulation frame and the general features of this cavity.
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All images were generated using VMD-Xplor with an
isovalue of 2.2 and the cavities represented as solid isosurfaces.

B RESULTS

In this work, we aim to understand the correlation between the
dynamics of yTrx1 and its function. We measured the relaxation
parameters of wt yeast thioredoxin 1 (yTrx1) and its D24N
mutant (D24N) in the reduced and oxidized states. The
measurements were all performed at 200 #M, a concentration
at which we determined that yTrxl is monomeric. We
determined that yTrxl shows partial dimerization at concen-
trations of >200 uM, leading to changes in the chemical shifts
and relaxation parameters. A higher concentration particularly
affects the slow dynamics, which are very important for this
work. The assignment of the amidic resonances of the wt and

dx.doi.org/10.1021/bi401542v | Biochemistry 2014, 53, 2890—2902
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Figure 2. Dynamics of oxidized yTrx! fit according to the Lipari—Szabo model-free formalism. (A) Order parameter (S*) as a function of the residue
number of wt yTrx1 (top) and its mutant D24N (bottom). (B) Conformational exchange rate (R,,) as a function of the residue number of wt yTrx1
(top) and its D24N mutant (bottom). (C) R,/R, ratio as a function of the residue number of wt yTrx1 (top) and its D24N mutant (bottom). Both
yTrx1 and D24N were at a concentration of 200 uM in 20 mM phosphate buffer (pH 7.0). The residues that could not be analyzed are denoted with
empty circles for overlaps, asterisks for absent resonances due to line broadening, and P for prolines.

mutant was based on previously published data.”'® The amidic
resonances of G31, K34, and A93 could not be detected on the
N HSQC spectra because of extensive line broadening. We
could not observe the N-terminal MI.

We measured the longitudinal and transverse relaxation rates
(R, and R,, respectively) and heteronuclear NOEs at 14.7 T
(Figures S1—S3 of the Supporting Information). The data were
fit according to the Lipari—Szabo model-free approach.***’
Figures 1 and 2 show the order parameter (S?) and dynamical
exchange contribution to R, (R,) as a function of residue
number for reduced and oxidized wt yTrxl and its D24N
mutant.

As expected for a well-folded globular protein, yTrx1 is well-
behaved, with most residues showing order parameters of
approximately 0.9 for both wt yTrxl and its D24N mutant, for
the oxidized and reduced forms. We observed reduced order
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parameters, indicating thermal flexibility, for the N-terminus;
residues GInl7 and Lys19, which are part of the loop between
a-helix 1 and f-strand 2 (a1—/32 loop); residue Ala71, which is
part of the a3—f4 loop; and Ala90 and Asn91, which are part
of the f5—a4 loop. The a3—f4 and f5—a4 loops are known to
participate in interactions with other targets,>”*’ while the
al—f2 loop is on the opposite side of the interaction surface.
Similar behavior was observed for yTrx1 in the oxidized state.
Thermal flexibility exists in the same regions for the oxidized
and reduced states. The same was observed for the mutant
D24N, with almost no change in thermal flexibility when
compared with that of wt yTrxI.

The absence of thermal flexibility in the active site loop
(B1—a2 loop) is remarkable. In the oxidized state, helix 2 spans
residues 30—46, making the active site loop shorter. In the
reduced form, helix 2 is broken at Cys33. This lack of motion

dx.doi.org/10.1021/bi401542v | Biochemistry 2014, 53, 2890—2902
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Figure 3. Chemical shift perturbation (CSP) between wt Trx1 and its D24N mutant in oxidized and reduced states. The top graphs show the CSP as
a function of residue number. In the bottom panel, the ribbon representation of the yTrx1 structure illustrates CSP changes in the structure. Note
that most chemical shift changes are more pronounced in the secondary structure elements, with emphasis on f1, 2, a2, 83, and 4. The black bars
highlight the most pronounced changes, which were colored blue in the ribbon representation of the yTrx1 structure.

on the pico- to nanosecond time scale means that these three
loops are well-structured and involved in conformational
exchange, as we will discuss below.

The most striking difference among the conditions evaluated
was observed for the micro- to millisecond dynamics. We
observed conformational exchange for yTrxl in the reduced
and oxidized conformations. We observed two sets of residues
involved in conformational exchange: (i) residues that are part
of the conserved interacting loops and also facing the solvent
and (ii) residues that face the core of the protein and are
exposed to the water cavity containing the well-described
tightly bound water that bridges Cys33 and Asp24.

For the reduced conformation of yTrx1, Cys30 at the active
site loop, Asp58 and GluS9 at the f2—a3 loop, and Ser70 at the
a3—p3 interacting loop participate in the interacting loops and
are in conformational exchange (Figure 1). Residues Cys33 and
Ile36 face the water cavity.

The D24N mutation quenched the slow dynamics of the
residues involved in the water cavity. It also increased the R,
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observed for Cys30. We also plotted the R,/R, ratio for Trxl
and D24N (Figure 1C). This parameter is independent of any
fitting or physical model, and it is very easy to note the increase
in the R,/R, ratio for the residues described to be in
conformational exchange.

For the oxidized conformation of yTrx1, Thr28 at the active
site loop and Met71 at the a3—/f3 interacting loop belong to
interacting loops and are in conformational exchange (Figure
2). Residues Asp24 and Ile36 are in the water cavity and are
also in conformational exchange. Here again, the D24N
mutation quenched the conformational exchange of the
residues involved in the water cavity. Note that Asn24 and
Ile36 are not in conformational exchange while Thr28 and
Met71 remain with a positive value of R,.

Gly31 and Ala93 could not be observed in the HSQC
spectra, for the reduced or oxidized state, for the wt and
mutant. They are line broadened because of intermediate
conformational exchange, most likely due to dynamics of the
adjacent prolines (Pro32 and Pro92). This information is

dx.doi.org/10.1021/bi401542v | Biochemistry 2014, 53, 2890—2902
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important because the water cavity is surrounded by a cluster
edged with four prolines (Figure S4 of the Supporting
Information). Pro32 is at the active site loop at the beginning
of helix 2; Pro38, which is highly conserved, is located in the
middle of helix 2. Pro73 is conserved for all thioredoxins and is
located in the a3—/p4 interacting loop. Pro92 is in the fS—a4
interacting loop. While Pro73 is in the cis conformation, all
other prolines are predominantly trans. The cis—trans isomer-
ization and ring puckering might play an important role in the
dynamics of thioredoxin’s interacting loops and water cavity. In
particular, the dynamics of helix 2 are particularly important for
the exchange of water in the cavity. The two highly conserved
prolines, Pro32 and Pro38, might make an important
contribution. Proline cis—trans isomerization and ring pucker-
ing contribute significantly to protein energetics.’® Endoexo
puckering is isoenergetic for trans-prolines, but the exo pucker
is much more prevalent for cis-prolines, stabilizing one specific
configuration. This stabilization is particularly important for
Pro73. Pro73 faces the water cavity and is part of an important
interacting loop.

Figure 3 shows the chemical shift perturbation elicited by the
D24N mutation, and Figure 4 illustrates the location of the

Figure 4. Summary of the residues in conformational exchange with
yTrxl. Ribbon representations of yTrx1. Panels A and B show yTrx1
in the reduced state and panels C and D yTrx1 in the oxidized state.
Panels A and C are side views and panels B and D top views. In the
side view (left), the interacting loops are at the top. The residues
colored blue are the residues in conformational exchange, but these
residues have a different chemical shift to share with the mutant.

residues in conformational exchange. The main chemical shift
changes were observed in the central f-sheet, with the major
changes at the top region of parallel strands 2 and 3 and in a-
helix 2, at residues Met3S and Glu41. These regions are the
secondary structure elements that face the water cavity. On the
other hand, the chemical shifts of the residues at the two a-
helices facing the other side of the f-sheet, which is opposite
the water cavity (al and a3), barely changed.
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Asp24/Asn24 is in the middle of 2, and the chemical shift
changes in the residues of 3 were expected. However, we
observed only minor changes in $1, which is also hydrogen
bonded with $3. There were minor chemical shift changes
throughout the hydrophobic core of the protein, indicating a
hydrophobic rearrangement. The chemical shift perturbations
observed for the oxidized form are more prominent, but in
general, the same residues are involved.

As mentioned above, the D24N mutation suppressed the
conformational exchange of the residues facing the water cavity
for the reduced and oxidized states. These data, along with the
chemical shift perturbation elicited by the mutation, indicate
that the D24N mutant, which contains Asn24 at the water
cavity, stabilizes a conformational state, altering the condition
in which water exchange is accomplished for yTrx1 (Figure 4).
We hypothesized that the mutation affects the hydration of
yTrxl through an opening—closing equilibrium of the water
cavity.

Asp24/Asn24 modulates the slow motion of the interacting
loops, indicating that there is a correlation between the
solvation of the buried polar residues (Asp24/Asn24 and
LysS4) and the dynamics of the interacting loops. Note that
residue Cys30, which is responsible for the first nucleophilic
attack on the target disulfide during the catalytic cycle, shows
an R,, of ~3 s7* for the wt and ~8 s™! for the mutant. These
data suggest that Asp24 not only is a proton acceptor for the
protein during the catalytic cycle but also is very important for
the modulation of the thioredoxin dynamics, especially with
regard to the dynamics of the water cavity. The hydration state
of the water cavity is associated with the dynamics of the
interacting loops. To experimentally probe this hypothesis, we
designed experiments to improve our understanding of the
correlation between the dynamics and hydration of Asp24/
Asn24.

It is not easy to probe protein hydration experimentally. In
this research, we used multiple experiments that provide
complementary information. One way to study hydration is to
directly measure by NMR the dipolar coupling between water
and protein hydrogens. This method was first proposed by
Otting et al>" 1t consists of measuring nuclear Overhauser
correlations in the laboratory frame (NOE) and in the rotating
frame (ROE). A negative NOE/ROE intensity ratio reveals
interaction between the water and the protein residue. It was
verified later that nonlocal water molecules in fast exchange
with the interacting water molecule also contribute to the
negative ratio.>® As a consequence, the presence of a negative
ratio is not in itself conclusive with regard to the presence of a
local tightly bound water. Thousands of water molecules can
contribute to the negative NOE/ROE intensity ratio. The
method is valid only for internal water molecules that are
motionally retarded. Luckily, this case holds for thioredoxins, in
which tightly bound water is found in the water cavity,
hydrogen-bonded to the buried aspartic acid. Most of the
crystal structures of thioredoxins are of the oxidized state, and
for all of them, tightly bound water is observed. There are fewer
crystal structures for the reduced state, but the available crystal
structures for reduced thioredoxins do show tightly bound
water in the water cavity, hydrogen-bonded to Asp24 (PDB
entries 20E1, 4AJ6, and ?)M9J).54_56 It is important to note
that the use of heavy metals was not reported in the
crystallization of these proteins. Heavy metals bind to the
active site of the reduced thioredoxins. In conclusion, the
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Figure S. Hydration of wt and D24N yTrx1 in the oxidized and reduced states. (A) The nuclear Overhauser effects in the laboratory (NOE) and in
the rotating frame (ROE) were measured with a mixing time of 20 ms. The NOE/ROE ratio was plotted as a function of amino acid residue. A
negative ratio represents the nuclear spin dipolar interaction between water and the HN for each amino acid.>' By using this method, local water
interaction can be measured only for motionally retarded water molecules.”” This case holds for Asp24, where it is known for all X-ray structures of
thioredoxins in the presence of tightly bound water."'* (B) X-ray structure of oxidized yTrx1. On the left, the electrostatic potential surface plot is
shown, highlighting the presence of the water cavity, with tightly bound water in the cavity and a line of water molecules (blue dotted spheres, right).

tightly bound water at the cavity is a conserved feature present
in all species studied so far.

Figure S shows the NOE/ROE ratio observed for yTrx1l. We
observed a few residues displaying negative ratios, but only for
Asp24 can the effect be interpreted as being due to the local
interaction of one motionally retarded water molecule or a few.
Figure SB shows the tightly bound water found near Asp24 in
the water cavity.'> Note that there is a line of water molecules
in the crystal. No crystal structure for the reduced form is
available. Our NMR data confirm the presence of tightly bound
water. We observed NOE and ROE cross-peaks with water for
the oxidized and reduced conformations. The NOE/ROE ratio
is more negative for the oxidized form, which could be
interpreted as the water being more motionally retarded than in
the reduced state.’” In this work, we prefer not to
overinterpret these data because it depends on the model.
We also noticed that several loops with thermal flexibility show
a positive NOE/ROE ratio that could be due to chemical
exchange.

It is important to note the absence of any hydroxyl group in
the vicinity of the residue 24 amide. A hydroxyl near the amide
hydrogen could generate the NOE and ROE observed for
Asp24 in Figure S. Clearly, this case does not hold, as the
nearest hydroxyl is approximately 7 A away and no NOE/ROE
ratio was observed for the D24N mutant.

For the D24N mutant, we observed neither NOE nor ROE
cross-peaks between water and the Asn24 amide hydrogen. The
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absence of nuclear spin dipolar interaction could be due to the
higher permeability of Asn24 in the water cavity, with water
molecules exchanging too fast to build up the NOE/ROE ratio
in such a short mixing time (20 ms). The other possibility
would be the complete closing of the water cavity, becoming
completely impermeable to water. We will show next, on the
basis of molecular dynamics simulation, that the higher
permeability is a more plausible explanation. By high
permeability, we mean the increased accessibility of water to
Asn24.

The data presented so far support the idea that yTrx1 reaches
a conformational equilibrium between conformational states
that differ in the hydration of the water cavity. To provide more
insight and support this view, we perturbed the conformational
equilibrium by adding a subdenaturant concentration of urea.
The result is very clear and shows that the addition of urea
caused major chemical shift changes in the residues facing the
water cavity, for the reduced and oxidized states (Figure 6). It is
remarkable that the residues involved in the chemical shift
changes elicited by the presence of urea are almost the same
residues that are in conformational exchange as shown in
Figures 1 and 2.

For more information about the hydration of the water cavity
and the effect of the D24N mutation, we performed MD
simulations of yTrxl and D24N in the oxidized and reduced
states (Figure 7). We simulated the proteins for 200 ns, starting
from the solution structure for the reduced conformation'® and
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Figure 7. Asp/Asn24 hydration state in MD simulations. Radial
distribution function [g(r)] of water molecules as a function of the
carbonyl oxygen of the Asp/Asn24 side chains, for both the wild type
(black line) and mutant D24N (red line), in the reduced and oxidized
forms.

the crystal structure for the oxidized conformation."”® The
D24N mutation was constructed in silico. The structure was
stable throughout the MD simulation, and the hydration of
D24 was analyzed.

The radial distribution functions (RDFs) for water molecules
relative to residue 24 for yTrxl in the reduced and oxidized
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conformations are very similar, with a slight decrease in the
probability of finding water for the oxidized state (Figure 6,
black lines at the top, A and B). The highest-probability peak is
at 2.7 A, a distance that is compatible with the hydrogen bond
between water and the oxygen of Asp24. The second peak is at
~4.6 A and corresponds to the second layer of water, as seen in
the crystal structure shown in Figure 5B. After the second layer,
the probability distribution becomes more diffuse as it reaches
the surface of the protein.

We observed a significant decrease in RDF values for D24N,
meaning a consistently lower probability of finding water
molecules inside the water cavity [peaks 1 and 2 (Figure 6)].
Even with the decreased probability, it is still possible to find
water directly hydrogen-bonded to the Asn24 side chain (peak
1), but on average at a distance (2.9 A) greater than that seen
for the wild-type Asp24. The probability of finding water
molecules above S A is the same as that observed for wt yTrx1.

To understand the location of the internal water in yTrx1, we
analyzed the presence of cavities in the Trxl structures using
20000 structures extracted from the MD simulations (Figure
8). The detection mode filters an ensemble of a-spheres on a

A

Figure 8. Water cavity in wt yTrx1 and its D24N mutant. Panels A and
C show the reduced conformations of wt yTrx1 and its D24N mutant,
respectively. Panels B and D show the oxidized conformations of wt
yTrxl and its D24N mutant, respectively. Active site residues Asp/
Asn24, Cys30, and Cys33 are represented as sticks, and the water
cavity is represented as a solid blue surface. We used Fpocket* to
compute the cavities over the 200 ns MD simulation. To compute the
isosurface, we used the same isovalue of 2.2 for the four simulations.

MD trajectory, allowing the location of intermediate size a-
spheres, which are typical of cavities. In this way, it is possible
to define cavities that are representative of a MD trajectory.

The shape and size of the cavity for the wild type in the
reduced and oxidized conformations are similar. The average
cavity volume was approximately 300 A% which can fit up to
approximately 10 water molecules. When observing the
presence of water within the cavity along the MD trajectory,
we observed the formation of clusters of water molecules,
varying from one to five water molecules. Most of the time the
cavity was filled with three water molecules, for the reduced and
oxidized states (Table S1 of the Supporting Information). The
existence of a fully empty cavity was extremely rare (Table S1
of the Supporting Information).

In the reduced and oxidized D24N mutant, we observed a
significant decrease in volume. The shape of the cavity also
changed. The cavity became more superficial, decreasing the
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probability of entrance of a more internalized water molecule.
For the reduced and oxidized states, the average volume
decreased from ~300 to ~200 A’ The cavity is open to
entering water near Asp24 but almost closed near Cys33. The
internal portion of the cavity, near Pro73, was closed in the
mutant. For the reduced state, the volume was in the range of
100—400 nm® at the beginning of the MD simulation and
decreased to the range of 50—300 nm? after MD simulation for
130 ns. The more prevalent number of water molecules within
the cavity is zero for the reduced state and one of the oxidized
state (Table S1 of the Supporting Information).

Cavity detection is an important way to detect an empty
space that is most likely occupied by water. However, to
actually measure the entrance of water molecules within the
cavity, we counted the number of long-lived hydrogen bonds
between water and the Asp/Asn24 side chain (Table 1).

Table 1. Numbers of Water Molecules Hydrogen-Bonded to
Asp/Asn24 in the MD Simulations of Reduced and Oxidized
States

no. of H-bonds

H-bond lifetime reduced reduced oxidized oxidized
(ns) yTrxl D24N yTrxl D24N

1-3 155 17 123 66
3=7 49 4 40 11
7-11 7 0 3

11-15 0 3

15-19 3 0 1 1
>19 0 0 2 3
total 220 21 172 87

We counted the number of long-lived water molecules
hydrogen-bonded to the Asp/Asn24 side chain during the
entire MD simulations (Table 1). We defined long-lived as a
hydrogen bond whose residence time was >1 ns. We observed
that water has easy access to the cavity and thus to Asp/Asn24.
During the MD simulations, thousands of water molecules were
able to form short-lived hydrogen bonds with Asp/Asn24. This
result is compatible with the previous observation of the
formation of clusters of water at the water cavity. However,
only a few water molecules were able to go deeper into the
water cavity, forming long-lived hydrogen bonds.

Wild-type yTrxl was able to hold a significant number of
long-lived hydrogen-bonded water molecules, 220 for the
reduced state and 172 for the oxidized state (Table 1). For the
D24N mutant, the number of long-lived water molecules
decreased considerably, to 21 for the reduced state (9.5%) and
87 for the oxidized state (50%). This result is compatible with
the observation that the cavity is smaller and more superficial
for the mutant. D24N is more permeable to water than the wild
type, but on the other hand, water has only superficial access to
the water cavity.

B DISCUSSION

One of the ancestral features of thioredoxins is the presence of
a water cavity.' ™ In this work, we measured the hydration and
dynamics of yeast thioredoxin 1. The conserved aspartic acid
buried in the hydrophobic core of the protein is a key residue in
the modulation of dynamics. The catalytic role of this aspartic
acid, as a proton acceptor in the reduction of the protein target,
was very elegantly proposed as one of the mechanisms for the
activation of the internal cysteine, during the 1980s and
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1990s.>'%%%7% Here, we propose a complementary role of
coupling hydration and conformational motion of the water
cavity and interacting loops. There is a conserved intimate
contact between the water cavity and the interacting loops. This
structural feature allows the possibility that motion within the
water cavity affects the interacting loops and vice versa.

The D24N mutant quenches the conformational equilibrium
observed for wt yTrxl stabilizing a conformational state in
which Asn24 is more accessible to water than wt Asp24. The
water cavity becomes smaller and more superficial. The
conformational state observed for D24N may provide insights
into a possible relationship between the observed conforma-
tional equilibrium and catalysis. Four points contribute to this
rationale. (i) The mutation significantly changes the dynamics
of yTrx1, and the conformational dynamics was quenched for
the residues involved in the inner cavity. (ii) The mutation
stabilized a conformation in which H* exchange may be
facilitated, because Asn24 is more exposed to water than Asp24
in the wild type. (iii) The mutation mimics the H*-associated
form of Asp24 (-COOH vs -CONH,). (iv) It is well established
that the ionization state of the buried Asp is important for the
catalysis and stability of thioredoxins, which will be discussed
below. Furthers studies are necessary to show that the
conformational state stabilized by the D24N mutation is visited
during the conformational equilibrium of wt yTrx1.

The dynamics of several thioredoxins have been described
previously,”’ " but for now, the relationship between the
dynamic properties and their catalytic activity and interaction
with multiple targets is not well-established. The reduced and
oxidized forms of many species exhibit very similar dynamic
behavior on the picosecond to nanosecond time scale, the same
behavior observed here. The more pronounced differences are
observed in motions on the micro- to millisecond time scale.
Upon reanalysis of the R,/R, ratio of E. coli Trx,%® we observed
the presence of conformational exchange in the Asp26-Ile38
water cavity pair in the oxidized form, equivalent to the
observed dynamics in the Asp24-I1le36 pair observed for yTrxl.
Similar behavior was observed for the reduced form, where
Ile38, a residue of the water cavity, is in conformational
exchange (Ile38). There are also micro- to millisecond motions
in the interacting loops. Unpublished data from our lab show
the same dynamical behavior for yTrx2.'" The slow dynamics
of the buried aspartic acid (Asp23) and other residues of the
water cavity have also been shown for Trx of Alcyclobacillus
acidocaldarius.®* On the basis of these observations, we cannot
generalize the findings of this work but emphasize the
importance of micro- to millisecond motions, inter-relating
the water cavity and the interacting loops found for many
thioredoxins.

Conformational equilibrium is a key step in thioredoxin
activity. The conformational energy is the driving force for the
reduction, in which the oxidized conformation is more stable
than the reduced form. Another important point is that the
protonation state of the buried aspartate finely tunes the
stability of the protein. It has been shown for E. coli thioredoxin
that the AG® of unfolding increases from 8.6 to 10.6 kcal/mol
upon the protonation of Asp26, meaning that the protonation
of Asp26 stabilizes the protein. The D26A mutation stabilizes
the protein, leading to a AG® of unfolding of 13.2 kcal/mol."®
The conformational equilibrium at the water cavity of yTrxl
and D24N may be in great part governed by the differences in
the solvation free energy of the side chains of an aspartate
(—82.57 and —80.65 kcal/mol) and asparagines (—17.47 and
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—9.70 keal/mol),*” where the first value corresponds to the
calculated and the second to the experimental solvation free
energy, respectively. Solvation free energies of Asn are similar
to those of the neutral Asp. The energetic cost for the
desolvation of the aspartate anion is significantly greater than
that for asparagine. Therefore, the total energy of the system is
a balance between the conformational energy and the solvation
energy. The opening—closing equilibrium of the water cavity
changes the overall energy of the system, and the desolvation of
the buried aspartic acid contributes significantly to the overall
energy.

The pH titration of thioredoxins revealed many of the
aspects of conformational equilibrium in thioredoxins and
contributed significantly to the understanding of the catalytic
mechanism. Many authors described complex titration
curves’®’® for the residues at the catalytic site, in particular
the two cysteines and the buried aspartic acid. Multiple pK,
values could be observed for each active site residues, as a result
of coupling among several hydration and conformational events
(electrostatic interactions’') at the catalytic site. It was also
observed that several residues cotitrate with a pK, near 7.6, the
value of the buried aspartic acid.** A h%ldration-related event is
proton sharing within the active site,”®*’ and conformation-
related events would be the different orientations of the a-
helices, which leads to interaction of the helix dipole and the
active site cysteines,”® modulating the pK, values of the
cysteines and also specific hydrogen bonding between the
active site amino acids.”*”> The coupling of hydration and
conformational equilibrium is essential for thioredoxin catalysis
and molecular recognition. All this motion is important for the
prompt change in pK, upon binding, in which subangstrom
positioning affects catalysis.”’ Because Asn24, in the D24N
mutant, mimics the protonated form of Asp24, this mutant may
represent one of the catalytically important conformers, which
was characterized here as a conformation that could facilitate
H* exchange.

In conclusion, we showed that replacing Asp24 with Asn
alters the hydration state of the water cavity and modulates
conformational equilibria within yTrx1 for the oxidized and
reduced states. This suggests a correlation between the
hydration state of Asp24 internal dynamics of yTrxl. The
mutation of Asn24 consistently facilitates the desolvation
necessary for closing of the inner part of the water cavity.

29,30,58
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