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Conformational changes occurring during the enzymatic turnover are essential for the regulation of
protein functionality. Individuating the protein regions involved in these changes and the associated
mechanical modes is still a challenge at both experimental and theoretical levels. We present here a
detailed investigation of the thermal activation of the functional modes and conformational changes

in a eukaryotic Lactate Dehydrogenase enzyme (LDH). Neutron Spin Echo spectroscopy and Molecular
Dynamics simulations were used to uncover the characteristic length- and timescales of the LDH
nanoscale motions in the apo state. The modes involving the catalytic loop and the mobile region
around the binding site are activated at room temperature, and match the allosteric reorganisation of
bacterial LDHs. In a temperature window of about 15 degrees, these modes render the protein flexible
enough and capable of reorganising the active site toward reactive configurations. On the other hand an
excess of thermal excitation leads to the distortion of the protein matrix with a possible anti-catalytic
effect. Thus, the temperature activates eukaryotic LDHs via the same conformational changes observed
in the allosteric bacterial LDHs. Our investigation provides an extended molecular picture of eukaryotic
LDH’s conformational landscape that enriches the static view based on crystallographic studies alone.

Protein dynamics and functionality are intimately related. Nevertheless, the fine details of how the conforma-
tional changes of proteins modulate and regulate their activity are still to be defined'~*. It is now accepted that pro-
tein dynamics is characterized by a hierarchy of timescales, from picoseconds to microseconds, reflecting a rough
manifold conformational landscape®~’. There have been numerous studies on the relationship between this wide
range of dynamical processes and protein functionality. These include substrate binding/unbinding kinetics®,
catalysis”!, and allosteric relaxation!"'2,

To date, experimental techniques such as Nuclear Magnetic Resonance’, single molecule spectroscopy!®!1>14,
time-resolved X-ray crystallography’, and Neutron Scattering'®!” represent the principal means of investiga-
tion of protein dynamics and function. Particularly, elastic, quasielastic, and inelastic incoherent NS have been
exploited not only to study the sub-nanosecond timescale local functional dynamics of model proteins'®!? and
their solvent?®*!, but also for in-vivo investigations of bacterial systems?. On the other hand, Neutron Spin Echo
spectroscopy (NSE) has been shown to be an invaluable tool to explore the dynamics of biomolecules on larger
spatial scales, of the order of nanometer, for times up to hundreds of nanoseconds?*-?”. NSE has been success-
fully applied to systems that exhibit long-range signaling modes via domain displacement, as in the case of the
NHERF1%, Taq polymerase?, and Phosphoglycerate Kinase?, as well as to Alcohol Dehydrogenase, a more com-
pact multimeric protein®*. Because the investigated modes involve length scales that match the size of the pro-
teins, their dynamics overlap with the rigid body motions. Therefore, molecular modelling, e.g. Normal Mode
(NM) analysis and Molecular Dynamics simulations (MD), are a necessary tool to disentangle the contribution
of specific internal modes, and complement experiments.
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In this work we have combined NSE spectroscopy and MD simulations to investigate the thermal activation
of the nanoscale motions in a tetrameric protein, the Lactate Dehydrogenase from rabbit muscle 5 (M5) in its
apo state.

Because of their dynamical properties and allosteric behaviour, Lactate Dehydrogenase (EC 1.1.1.27) (LDH)
is an appropriate enzyme model to decipher the motions involved in the conformational changes that regulate
enzyme catalytic activity?®?. Recent studies have also shown that targeting eukaryotic LDHs with inhibitors, is
an efficient way to treat epilepsy and cancers®>’!. Lactate Dehydrogenase is a tetrameric enzyme found in both
bacterial and eukaryotic cells, where it catalyses the reduction of pyruvate to lactate using NADH as a coenzyme.
Most bacterial LDHs are allosterically regulated showing both homotropic (induced by pyruvate) and hetero-
tropic (induced by fructose 1, 6-bisphosphate, FBP) activations. On the contrary, eukaryotic vertebrate LDHs are
considered non-allosteric enzymes®>®.

Bacterial LDH’s behavior fit the recent unifying models of allostery in which the active (R) and inactive (T)
enzyme states coexist in a preexisting equilibrium independently of FBP or substrate binding***. By comparing
the crystallographic structures of the bacterial LDHs in apo (T) and holo (R) states, the reorganizations of key
parts of the protein matrix upon substrate or FBP binding were identified®-*. The structural changes of the
tetramer include movements of various amplitudes, e.g. the closure of the active site loop, the rearrangement of
several mobile regions (MR), and the favorable positioning of catalytic residues. Crystallographic structures of
apo/holo eukaryotic LDHs do not show similar conformational changes, suggesting that the protein R state is the
preferential one*’. Moreover it was shown that the active-site loop gating is the rate-limiting step for the catalysis*!,
while its fluctuations present a source of kinetic heterogeneity**~*’. Seminal study on LDH M5* showed the
enzyme’s activation by the presence of pyruvate, with enhanced activity measured upon a thermal treatment.
Conformational changes accompanying the enzymatic turnover are thus expected to occur as in the case of
the majority of the bacterial LDHs that are allosteric in a proper sense*. The presence of long-range correlated
motions across the tetramer, potentially relevant for functionality, makes the NSE a pertinent choice to investigate
the system. Moreover, the protein crystallographic structure has been solved, offering a good starting point to
carry out MD simulations, enabling us to span the protein motion at the atomistic resolution.

We have probed the thermal activation of LDH M5 functional modes and individuated the temperature win-
dow where the acquired flexibility favors the sampling of reactive configurations without corrupting the overall
catalytic site organization. The localization of the thermally activated modes on the basis of atomistic MD sim-
ulations, namely the catalytic loops and the binding site peripheral helices, substantially matches the regions
affected by the allosteric reorganization in bacterial LDHs*-%, Thus, at its working temperatures, the LDH M5
in the apo state samples a set of conformations corresponding to the reactive organization of the catalytic site in
the holo state. This result shows that temperature regulates functionality in eukaryotic LDHs in a similar way as
the allosteric cofactor FBP does for bacterial LDHs. Furthermore, our results show the power of combining NSE
and MD simulations to investigate the thermal perturbation of functional flexibility at the nanoscales, therefore
breaking ground to a systematic comparison of allosteric proteins optimally working at very different thermody-
namic conditions.

Results

Protein Diffusion. In this section we present the results on the effective protein diffusion as obtained by
NSE spectroscopy. The short time decay of the I(Q, t)/1(Q, 0) can be approximated by the following cumulant
expansion:

1(Q, t) = 1,2, 13
1(Q.0) Qt + 3 T+ 3 57 + 1

where K, and K are the second and third cumulant, and I'(Q) is related to the effective diffusion coefficient
D4(Q) through the relation:

(@)

D, = .
T@ @)

The Q-dependent diffusion of the protein can therefore be extracted by fitting the normalized intermedi-
ate scattering function I(Q, #)/I1(Q, 0), as shown in Fig. 1 for data at T =298 K and for representative values of
Q. The lines correspond to the least square fit performed over the time window 0-50 ns of the I(Q, t)/I(Q, 0)
data obtained at T=298 K. The data have been described by the first two terms of the cumulant analysis at all
temperatures.

Since we measured protein solutions at a concentration where protein-protein interactions may be significant,
we calculated the single-protein diffusion coeflicient in the infinite dilution limit Dy(Q) from the effective diffu-
sion D.z(Q) of Eq. 2, by considering concentration-dependent inter-protein interactions and solvent-mediated
interactions™:

Dy (Q - S(Q

HQ (3)
where H(Q) is the hydrodynamic function representing Q-dependent hydrodynamic interparticle interactions
mediated by the solvent, while the structure factor S(Q) describes the direct inter-protein interactions.

The S(Q) was obtained, as described in the methods section, from the extrapolation of SAXS curves at infinite
dilution using Eq. 5. The background-corrected SAXS curves are displayed for different protein concentrations

D()(Q) =
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Figure 1. SANS and NSE scattering curves. The upper panel shows the SAXS scattering curves as a function
of Q, rescaled to the protein concentrations, and a graphical representation of the protein structure in the inset,
where different colors correspond to different subunits.The lower panel shows the intermediate scattering
function I(Q, t)/I(Q, 0) as a function of the spin-echo time (circles) measured at T =298 K, shown for different
Q along with the fits to the data (lines).

in the upper panel of Fig. 1, after rescaling by the concentration C (mg/ml). As expected, at high Q, the scatter-
ing curves are unaffected by the inter-protein interactions and overlap. The temperature effect on the S(Q) was
estimated by performing SAXS measurements at different temperatures, showing only the low Q-region to be
affected.

Following the procedure described in ref. 24, to account for the hydrodynamic contribution, we have scaled
the term D,(Q) - S(Q) to match the Q-independent value of the translational diffusion measured by DLS.
Theoretical calculations on model solutions of spherical charged proteins have shown H(Q) to have a similar
trend to S(Q) and, quite importantly, that it does not manifest significant oscillatory behavior in the Q-range
above 0.06 A~15. Thus, any modulation of the Dy(Q) spectrum, reported in Fig. 2, can be ascribed to the single
tetramer dynamics.

At all temperatures, the spectra show a well- deﬁned ﬁrst peak at Q=0.11 A", whose intensity grows with
temperature. This peak, at the characteristic length \ = 6 ~ 57 A, relates to the correlated motion of regions of

the tetramer at the external surface. A second peak is visible at shorter length scales, namely for Q approaching
the value 0.2 A~!. The resolution of the second peak region is somewhat poorer thus we concentrate our efforts in
discussing the first peak only. In Fig. 2 we also reported the theoretical curves for the rigid body roto-translational
diffusion calculated according to ref. 23:

1 T R iQ-(ri—ry)
Dy(Q) = ———S(b;b(Q - D' - Q + L; - D} - L)'
0 QZF(Q)]Z;< ik i k)€ > (4)

where DT and DR are the translational and rotational diffusion tensors, respectively, the sum runs over the atoms
of the proteins, by, indicates the scattering lengths for the scattering center k(j), Ly = 1) x Q is its angular
momentum vector, and F(Q) is the form factor for the protein. The tensors DT and Df were obtamed by hydrody-
namic calculations performed using the HYDROPRO software®. The values for the translation diffusion coeffi-
cients obtained by DLS (horizontal baselines in Fig. 2) and those obtained by HYDROPRO are close at all
considered temperatures, they differ by a factor 1.2 (see SI Table S1). This factor was used to rescale the elements
of the translational and rotational diffusion tensors DT and D® in Eq. 7 for a correct comparison with the experi-
mental spectra. The plotted curves immediately reveal that the rigid body rotational diffusion (dashed curves)
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Figure 2. Diffusion spectra at three different temperatures. Circles indicate the experimental points, the
horizontal dashed lines indicate the value of the translational diffusion evaluated by DLS measurements. The
dashed lines curves indicate the Q-dependent diffusion coefficient calculated for a rigid-body (X-ray structure)
and using the mobility tensors DR and D7 calculated by the HYDROPRO program.

accounts for the main features of the spectra, apart from the peak zone around Q ~ 0.11 A", which contains an
additional contribution at 298 K and 313 K. The latter stems from the internal motion of the protein that, along
with the rotation and the translation, contributes to the the overall protein diffusivity:
Dy(Q) = D(;r " DORM Q) + DOM (Q). The internal contribution is negligible at the lowest temperature T =283 K
but, at higher temperatures, it represents 10-15% of the total diffusion of the protein when translation is removed.

The contribution from the internal Q-dependent motion can be dissected by using NM analysis® and focusing
on the low frequency modes. These have been extracted for the crystallographic configuration, see SI Figs S1 and S2.
Because of the highly symmetric nature of the LDH protein, at variance with previously investigated systems
where large domains displacements occur at low frequency®?, it is difficult to single out a dominant mode.
Therefore, in order to gather microscopic insights on the protein internal dynamics, we have performed long MD
simulations and estimated the contribution of internal motion to the Dy(Q) spectra.

Protein Internal Motion. Following the work flow proposed by Smolin et al.’, the diffusion spectrum
Dy(Q) extracted from the MD simulations can be decomposed in its translational, rotational, and internal contri-
butions by adequate post-processing of the trajectories. For instance, by removing the translation of the protein’s
center of mass from the original MD trajectory and fitting on it a rigid reference structure, a virtual trajectory is
generated where only the rigid body rotation is present. In the same spirit, if the MD trajectory is fitted, frame by
frame, on a reference structure, thus removing roto-translation, only the internal modes will be maintained. The
processed trajectories are used in the calculations of the intermediate scattering function I(Q, f) in order to extract
respectively the rotational diffusion Dy (Q) and the internal diffusion D;™ (Q) by fitting the initial decay of the
obtained I(Q, t)/I(Q, 0). However, when employing this strategy for a direct comparison with experimental data,
ad hoc numerical manipulations are needed. In fact, molecular force-fields routinely used in MD simulations of
protein-water solutions generally bias protein motion and empirical rescaling of roto-translation is necessary.
Moreover, care should also be placed on practical issues such as the system-size dependency as well as the accu-
racy of the fitting procedure to extract the diffusion coefficients®.

In order to limit the impact of these weaknesses, we used MD-based calculations for the internal motion only.
From our MD simulations, we removed roto-translation, and obtained the internal component of the spectra. The
internal diffusion has been added to the curve calculated by considering the rigid-body motion as described in
the previous section and compared to the experimental data, see Fig. 3. Most notably, we observe the activation of
the internal motion at T=298 K. Between T =298 K and T =313 K, the internal contribution at the peak is com-
parable (0.4 A%/ns), becoming much larger at highest simulated temperature, T = 330K (~0.8 A%/ns), see Fig. $3
in SI. Importantly, the addition of the internal contribution allows to quantitatively reproduce the experimental
value of the diffusion coefficient Dy(Q).

To inspect these thermally activated internal protein modes in a length-range corresponding to the first
peak of the calculated spectra, and to further understand the temperature effect on these modes, we performed
Principal Component Analysis (PCA)* on the processed trajectories with removed roto-translations, at T=298 K
and T =313 K (see section Methods). By projecting these trajectories on a different number of modes, we are able
to extract the contribution of specific internal motions to Dy(Q). This is done by calculating, and subsequent fit-
ting, I(Q, t)/I(Q, 0) from the projected trajectories. For the thermally activated state (T > 283 K), it is found that

SCIENTIFIC REPORTS | 7:41092 | DOI: 10.1038/srep41092 4
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Figure 3. Internal contribution to diffusion spectra. Experimental diffusion spectra at different temperatures
compared to the theoretically reconstructed spectrum (solid curve) obtained by adding the rigid-body
contribution (dashed curve) to the internal-dynamics contribution derived from long MD simulations (shown

in the shaded area).
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Figure 4. Contribution of the principal modes to the diffusion spectra at temperature 298K and 313 K.

0.14

the first 100 modes account for ~75% of the diffusive contribution in the first peak, see Fig. 4 and Table S2 in SL
The regions of the protein interested by these modes are highlighted in Fig. S4 in the SI, clearly showing that the
larger flexibility induced by the modes localizes at level of the loops on the protein surface, most notably the cat-
alytic site loop, and that this distribution of flexibility is the same for the four subunits.

We now provide a complementary view of the protein nanoscale modes underlying the internal motion
by performing conformational and kinetic clustering of the MD trajectories, see section Methods. The results
are reported in the Fig. 5. In the upper layer of the graph, the network of states visited during the dynamics
is represented for the four simulated temperatures. At the lowest temperature, only few conformational states
are accessed by the protein at the 0.6 ys time scale, this number increasing exponentially with temperature (see
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Figure 5. Network of conformational states visited by the LDH protein in MD simulations at different
temperatures. In the top layers we report the networks obtained by conformational and kinetic clustering,
respectively. Each node of the network represents a conformational substate, the size of the node is

proportional to its occupancy. The color scale in the network is used to further stress different occupancy of the
conformational states. In the bottom layers, the flexible regions of the protein individuated by the local atomistic
fluctuations are highlighted in the protein structure and along the subunit sequence. We have specifically
indicated the loop of the catalytic site (CL) and the adjacent helical region (MR2 according to the annotation of
ref. 36).

Table S3 in SI). While conformational clustering classifies conformational states only on the basis of their proxim-
ity according to the RMSD, a more subtle casting is achieved by merging together the frequently interconverted
states, yielding a representation of states that are mutually distinguished by high kinetic barriers, as represented
in the middle part of the Fig. 5°7°8. The thermally activated conformational disorder is in fact due to different
orientation of the binding site loops and adjacent peripheral helices, as the reader can appreciate from the third
layer of the Fig. 5, where the protein regions manifesting the highest flexibility are magnified in proportion and
accentuated in color. The pictorial representation of the protein is complemented by the sequence profile of the
mean square fluctuations for one subunit in the last layer. Among the flexible regions activated in temperature, we
individuated two of the principal protein regions involved in the allosteric reorganization of bacterial LDHs*-%;

the active site loop and region MR2 around the E222 residue.

The results of the PCA and the clustering clearly show that the contribution to internal diffusivity stems
from an ensemble of modes involving the peripheral regions nearby the catalytic site. This collective reorgan-
ization of the protein matrix is the source of the plasticity necessary for functionality, i.e. the conformational
shifts due to cofactor and substrate binding, as well as the gating of the binding site loop required for efficient
catalysis. Since the binding site loops play a fundamental role in LDH activity*'~*, we have specifically targeted
them in further investigation by considering their correlated motions. The distances between the loops span
the range 36-75 A (see Fig. S6 in SI), their correlated motions therefore falling in the probed region of the peak,
0.08 A-'< Q< 0.14 A~". By using the harmonic approximation, details being provided in the Methods section,

SCIENTIFIC REPORTS | 7:41092 | DOI: 10.1038/srep41092 6
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it is found that specific correlated motions account for about 5-15% of the internal diffusivity in the peak region,
see Table S4 in SI. The same is found by processing a trajectory containing the internal dynamics only, and excis-
ing the loop region, see Fig. S5 in SI. Interestingly, the thermal response of the correlated loop motions seems to
depend on the considered subunit, see Figs S6, S7, and S8 in SI. The obtained results reinforce the notion that a
wide set of correlated motions across the four subunits contribute to the internal component of the diffusivity
peak. It is important to note that the relative distances across the four subunits between the flexible amino acids
in the MR2 stretches are in the range of ~36 A, probably contributing to the high Q-region of the spectra, while
the distances across the four subunits between MR2 and the active site loop atoms amount to 60 A for adjacent
and intra-dimer subunits, and 80 A for diagonal distances, respectively. Thus the correlated fluctuations of the
catalytic loop with the MR2 region are a likely contributor to the observed first peak in the diffusion spectrum.

Discussion

NS spin-echo spectroscopy enabled us to probe the thermal activation of the large-scale motions in a mesophilic
tetrameric LDH enzyme, relevant for its activity. At the lowest investigated temperature, T =283 K, the protein
motion is substantially dominated by rigid body roto-translation. Only from the ambient temperature condi-
tion do the internal motions give a significant contribution to the Q-dependent diffusivity. At Q~0.11 A~%, this
contribution D™ is about 0.4 A*/ns, and is equal at 298 K and 313 K. This finding suggests that in the optimal
temperature window for the protein activity, 298 K < T < 313 K*, protein requires and sustains a steady level
of internal flexibility. Additional thermal excitation would have a degrading effect on activity by provoking the
distortion of the catalytic site and dissipating conformational changes in non-functional paths. LDH maximal
activity occurs at ~313 K and is compromised at higher temperatures®. The loss of activity anticipates the ther-
modynamic unfolding detected at 330-340 K®*¢!. On the basis of MD simulation in this high temperature regime,
our findings identify that high flexibility interests a greater portion of the protein and induces a substantial distor-
tion of the structure around the catalytic pocket.

The analysis of the MD trajectories based on PCA and clustering strategies highlight that the functional inter-
nal diffusivity cannot be reduced to a single dominant motion, but is rather attributed to a wide range of modes
covering the peripheral region of the protein around the catalytic sites, the binding site loops Ala95-Argl105 (CL),
and the helices Argl05-Ser127 (MR2 region). It is speculated that the thermal activation of some of these modes
are fundamental to the functionality of the protein similarly to the allosteric regulation in bacterial LDHs. In fact,
by comparing the X-ray structures of apo and holo bacterial LDHs***7, it was possible to single out the regions
involved in the allosteric conformational shifts.

In our experiments and simulations, the protein is in the apo state, where we always find the binding site loop
sampling the open configuration. The closed loop configuration, which is rate-limiting the catalysis, is most likely
only accessible upon co-factor and substrate binding. However it is important to note that in the MD simulations,
we observe the reorganization of the catalytic site toward a reactive configuration as the temperature increases.
This is in agreement with the experimental observation that a heat shock treatment of rabbit M5 LDH*® increases
the enzymatic efficiency. In bacterial allosteric LDH, the thermal energy has shown to strongly favor the active (R)
state population by dramatically increasing the affinity for pyruvate even in the absence of FBP*.

At variance with bacterial LDHs, in the rabbit muscle 5 LDH, the extension of a supplemental N-ter helix from
one domain to another locks the movement of the MR1 region (Leul64-Gly186), the latter found to be quite rigid
in our structure. In bacterial LDHs, the displacement of MR1 from the apo (T-inactive) to the holo (R-active) state
allows the reorganization of the active site, most notably by inducing the correct positioning of the substrate bind-
ing residue, equivalent to Argl168 in the rabbit muscle 5 LDH, toward the oxamate. In our system, the positioning
of Arg168 toward the reactive configuration is enhanced by the temperature increase, see Fig. 6. This is shown by
monitoring the conformational fluctuations of the residue side chain that oscillates between an extended config-
uration, mimicking the configuration assumed when pyruvate is bound in the catalytic pocket, to a state bound
to the Asp165. Our results challenge the static view based on the comparison of crystallographic structures that
show the eukaryotic LDHs only in the R-active state. We found a salt-bridge interaction between Argl68 and
Asp165 in the rabbit LDH molecules, pointing to the existence of a new representative of the T-inactive state,
different from the one observed in bacterial LDHs.

Between 298 and 313K, the temperature eases the breaking of the ion pair Asp165-Argl68 and increasingly
favors the extension of Argl68 as well the interaction of Asp165 with the catalytic His192, see SI. Further increas-
ing the temperature, the Argl68 starts visiting conformations pointing outside the active site, which resemble
the inactive (T) state of bacterial LDHs. For a complete overview of the process, see Fig. 6 and the discussion
of Figs S9 and S10 in SI. The analysis of the conformational shifts induced by the coenzyme and substrate
binding?**%! will be the next step of the investigation.

In conclusion, by combining NSE spectroscopy and MD simulations, we have shown that temperature induces
functional conformational changes in the eukaryotic M5 LDH that closely match the allosteric reorganisations
detected in bacterial LDHs. The experimental and numerical tools presented here allow the characterisation of
the multiple time- and length scales of protein dynamics with a specific focus on functionally relevant modes.
The exploration of the thermal response of these modes is essential in comparing proteins with different optimal
working temperatures®” and addressing different evolutionary mechanisms of functional regulation.

Methods

Protein preparation. Rabbit muscle lactic dehydrogenase was purchased from Sigma in the form of an
ammonium sulfate crystalline suspension. A 200 ml sample containing 2000 mg of enzyme was extensively
dialyzed against a buffer containing 50 mM Tris-HCI pH 7.5 and 25 mM NaCl. The solution was then concen-
trated 10 times using Amicon-ultra concentrators with 30 kDa cutoff (Millipore). In order to eliminate the small
amount of contaminants, the concentrated fraction was divided in small aliquots of 500 ul which were injected
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Figure 6. Schematic representation of changes in relative populations of states sampled in the simulations:
T(IP) - inactive (T) state with ion pair (IP) formed between Arg168 and Asp165, R - active state, T(out) -
inactive state where Argl68 points outside of the active site (out). Increasing the temperature to T =298 K
allows for sampling of the active state (R) by breaking the Arg168-Asp165 ion pair (marked by a green star and
arrow) and allowing the Asp165 and His192 to interact. Further increase in temperature deactivates the enzyme
(T), and causes the rotation of the Argl68 sidechain outside of the active site (out), shown by a purple arrow.
The portion of the protein shown in blue is surrounding the active site, while the catalytic loop is shown in red.
The red arrows show the side chain orientation in the middle panel. The lowest panel shows the three amino
acids from the simulation snapshots.

on a superpose 12 column (GE Healthcare Life Sciences) equilibrated with 50 mM NaCl buffered with 50 mM
Tris-HCI pH 7.5. 40 fractions of 0.3 ml were collected using a FPLC chromatographic system (GE Healthcare Life
Sciences). The most concentrated fractions of the eluted peak were pooled. These fractions were concentrated and
dialyzed several times against a solution of pure deuterium oxide (Sigma-Aldrich) buffered with 100 mM MES pH
5.8, 50mM NaCl. Prior to experiments, the samples were centrifuged at 10000 g to remove small aggregates. The
final samples contained 4 ml of rabbit LDH muscle 5 at 90 mg/ml with a D,0O concentration of the buffer higher
than 98%.

Neutron Spin Echo. One of the most prominent features of Neutron Scattering is the ability to relate
dynamical processes to the length-scales at which they occur. This feature, and the fact that neutrons interact
with the matter causing virtually no radiation damage, makes NS a very effective approach to probe complex
multi-scale dynamical processes in biological samples. In most common NS spectroscopy experiments, one
measures the so-called dynamic structure factor S(Q, E), where the characteristic sub-nanometer and nanosec-
ond length- and time-scales of biomolecule motions can be derived from respectively the wavevector-transfer
Q and energy-transfer E dependence. On the other hand, neutron spin echo (NSE) spectroscopy returns the
Fourier transform of the dynamic structure factor, yielding the intermediate scattering function I(Q, £)/1(Q, 0)
directly in the time domain. By encoding the velocities of polarized neutron in their precession motion across
a highly homogeneous magnetic field®®, NSE techniques extends the accessible time domain up to hundreds of
nanoseconds.

In simple words, NSE allows to follow the time evolution of the correlated and diffusive motion of pro-
tein atoms at the nanosecond timescale. In a typical NSE experiment on protein systems, the characteristic
length-scales that can be explored, by acting on the scattering vector Q, are of nanometer order. At these charac-
teristic lengths the signal mainly comes from the correlated motion of separated atoms (coherent contribution).
Therefore, the NSE is a very pertinent technique to sample, at a given temperature, the relative motions of protein
domains that are typical of large-scale conformational changes.
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The experiments were performed on the J-NSE spectrometer at the FRM-II reactor in Munich at two wave-
lengths, 8 and 10 A, giving a maximum spin echo time of 65 ns in a Q-range 0.037 < Q < 0.214 A~'. The protein
concentration in the buffer was 90 mg/ml, well higher than that corresponding to the dilute regime, necessary
to achieve a sufficient spin echo signal. Both the protein solution and the buffer alone were measured at the
same experimental conditions to allow background subtraction. The samples were investigated at 3 temperatures:
283K,298K, 313K.

Small Angle X-Ray Scattering. Small-Angle X-ray Scattering experiments were performed at the
high-brilliance beamline ID02 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. A
sample to detector distance of 2m was chosen to cover a Q-range 0.05 < Q <3 nm" . The incident X-ray wave-
length A was 0.1 nm. The measurements were performed in a Peltier-controlled flow-through capillary of 1.8 mm
diameter to minimize beam damage of the samples and to ensure an accurate subtraction of the background
(buffer solution). The two-dimensional scattering patterns were recorded using a Rayonix MX-170HS fiber-optic
taper coupled CCD camera. The two-dimensional spectra were normalized to absolute intensity scale after apply-
ing the detector corrections for spatial homogeneity and linearity. Normalized SAXS patterns were azimuthally
averaged to obtain the one-dimensional scattering profiles [I(Q) vs. Q].

The scattering I(Q) of a solution of N proteins is proportional to the product of the structure factor S(Q), asso-
ciated to the concentration-dependent interaction between different proteins, and the form factor F(Q), which
accounts for the spatial correlations of the atoms within the single protein and is independent of the concentra-
tion, I(Q) ~ NS(Q)F(Q). At low concentration, the interaction is negligible (S(Q) ~ 1), so that one can estimate
F(Q) directly by extrapolating the concentration-dependent scattering to C=0. On the other hand, at higher
concentrations, a change in the scattering intensity at low Q is caused by the inter-particle interactions, i.e. the
S(Q) can be expressed as:

1(Q, O)/C
1(Q. C=0) (5)

The samples were investigated by SAXS at the same temperatures mentioned in the previous section. It is
worth nothing that the optimal way to obtain S(Q) would have been by using Small-Angle Neutron Scattering
that gives the same scattering density distributions of NSE. However, the S(Q) deviates from unity only at low Q,
i.e. in a low spatial resolution regime, where the precise details of the atomic density distribution are negligible. In
this regime the two techniques return equivalent results for our purpose.

S(Q =

Dynamic Light Scattering. DLS measurements were carried out using an ALV CGS-3 Compact
Goniometer equipped with a HeNe Laser with a wavelength of 632.8 nm, a 22 mW output power, and an ALV
LSE-5004 Correlator. Samples were measured at a scattering angle of 90°, while the sample temperature was con-
trolled via an external water bath circulator.

Molecular Dynamics Simulations. The protein structure, as obtained by X-ray scattering (PDB 3H3F,
chains E, F, G, H), was embedded in a simulation box containing 34,275 water molecules, producing a system
of 123,627 particles including counter-ions. We used the NAMD 2.9 software® and the CHARMM?22/CMAP
force-field®® to perform all-atom simulations in the NPT ensemble and using periodic boundary conditions.
Water was modelled by the TIP3/CHARMM model®. Four simulations were carried out at P=1atm and
T=[283K, 298K, 313K, 330K], where the first three temperatures match those in experiments, and the fourth
further probes the high-temperature regime. The integration time step was set to 2 fs. The non-bonded interac-
tions and the short range electrostatic interactions were cut off at 9 A, while the long range electrostatic interac-
tions were treated with the PME algorithm with a grid spacing of 1.3 A. After initial equilibration, the simulations
were run another 0.6 s, and the latter were used for analysis purposes. The trajectories were recorded with a
frequency of 5 ps.

Analysis of Molecular Dynamics Trajectories.  Conformational and Kinetic Clustering. ~ As a probe in
exploring the change in protein flexibility as a function of temperature, conformational clustering was employed.
This technique reduces the large number of conformational substates visited by the protein during a simulation
to a subset of representative states, the cluster leaders, and keeps track of their interconversion®. In this work, we
used the root mean square displacement (RMSD) among conformations as an order parameter to distinguish the
different substates with a cut-off of 1.5 A. From the operational point of view, the protein conformation visited at
time ¢ is compared with the structures of the leaders individuated for ' < ¢t by computing:

N,
RMSD(t, CL) = |——5" (r,(t) — 112,
Ne,iz1 ©

where the sum runs over the number (N, ) of C, in the protein, and index CL indicates the structure of a cluster
leader. Clustering is performed by the leader algorithm®’. The conformational network is used as a starting point
for a subsequent clustering operation, the Markov clustering®, so as to obtain kinetically separated states, see for
instance refs 57,58. The frequencies of interconversions between the conformational cluster leaders allow to build
a transition matrix, which is used to run random walks on the networks and individuate the states where the
walkers are kinetically trapped.

The networks of substates obtained by both strategies and their interconversions are graphically visualized by
using a force-based algorithm implemented in GEPHI®.
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Principal Component Analysis. 'To decompose the complex dynamics of the multimeric LDH to independent
motions, we used Principal Component Analysis (PCA) available through the GROMACS package”. By using
the PCA, the principal modes on which the larger fluctuations of the protein motion is concentrated can be indi-
viduated and additionally, a virtual trajectory projected on these modes can be obtained in order to quantify the
contribution of these modes to the Neutron Scattering spectra.

Diffusion in Harmonic Approximation. In order to characterize modes relevant for functionality, we estimated
the diffusivity associated to particular elements of the LDH, namely for the distance between each subunit pair
(v, B) of the catalytic loops (Ala95-Argl05). The collective variable (CV) combining the distances between the C,,
atoms in the loops is first designed:

) gfgﬂ |2 12
d, () = r.—r; ,
NN 75 (7)

with the sum running over the C, atoms in the loops o and 3. The diffusion of the relative collective distance

between the loops, fluctuating around their equilibrium values, is estimated in the harmonic approximation’! as
6d?2

of = < T’ﬁ>. The term (éd,, 5) is the mean square fluctuations of the variable and 7 its decorrelation time,

extracted from the time correlation function C(t) = (d,, 5(t)d,, ﬁ(O)) by using an exponential fit for the initial

decay.

References
1. Olsson, M. H. M., Parson, W. W. & Warshel, A. Dynamical contributions to enzyme catalysis: critical tests of a popular hypothesis.
Chem. Rev. 106, 1737-1756 (2006).
. Henzler-Wildman, K. & Kern, D. Dynamic personalities of proteins. Nature 450, 964-972 (2007).
. Nagel, Z. D. & Klinman, J. P. A 21st century revisionist’s view at a turning point in enzymology. Nat. Chem. Biol. 5, 543-550 (2009).
. Motlagh, H. N., Wrabl, J. O., Li, J. & Hilser, V. The ensemble nature of allostery. Nature 508, 331-339 (2014).
. Frauenfelder, H., Sligar, S. & Wolynes, P. The energy landscapes and motions of proteins. Science 254, 1598-1603 (1991).
. Milanesi, L. et al. Measurement of energy landscape roughness of folded and unfolded proteins. Proc. Natl. Acad. Sci. USA 109,
19563-19568 (2012).
. Kerns, S.J. et al. The energy landscape of adenylate kinase during catalysis. Nat. Struct. Mol. Biol. 22, 124-131 (2015).
8. Wolf-Watz, M. et al. Linkage between dynamics and catalysis in a thermophilic-mesophilic enzyme pair. Nat. Struct. Mol. Biol. 11,
945-949 (2004).
9. Kohen, A. & Klinman, J. P. Protein flexibility correlates with degree of hydrogen tunneling in thermophilic and mesophilic alcohol
dehydrogenases. J. Am. Chem. Soc. 122, 10738-10739 (2000).
10. English, B. P. et al. Ever-fluctuating single enzyme molecules: Michaelis-menten equation revisited. Nat. Struct. Mol. Biol. 2, 87-94
(2006).
11. Goodey, N. M. & Benkovig, S. J. Allosteric regulation and catalysis emerge via a common route. Nat. Chem. Biol. 4, 474-482 (2008).
12. Popovych, N, Sun, S., Ebright, R. H. & Kalodimos, C. G. Dynamically driven protein allostery. Nat. Struct. Mol. Biol. 13, 831-838
(2006).
13. Luo, G., Wang, M., Konigsberg, W. H. & Xie, X. S. Single-molecule and ensemble fluorescence assays for a functionally important
conformational change in t7 dna polymerase. Proc. Natl. Acad. Sci. USA 104, 12610-12615 (2007).
14. Konig, L. et al. Single-molecule spectroscopy of protein conformational dynamics in live eukaryotic cells. Nat. Methods 12, 773-779
(2015).
15. Jung, Y. O,, Lee, J. H., Kim, J., Schmidt, M., Moffat, K., Srajer, V. & IThee, H. Volume-conserving trans-cis isomerization pathways in
photoactive yellow protein visualized by picosecond x-ray crystallography. Nat. Chem. 5, 212-220 (2013).
16. Hong, L. et al. Determination of functional collective motions in a protein at atomic resolution using coherent neutron scattering.
Science Advances 2, €1600886 (2016).
17. Zaccai, G. et al. The fluctuating ribosome: thermal molecular dynamics characterized by neutron scattering. Sci. Rep. 6, 37138
(2016).
18. Zaccai, G. How soft is a protein? a protein dynamics force constant measured by neutron scattering. Science 288, 1604 —1607 (2000).
19. Hong, L. et al. Three classes of motion in the dynamic neutron-scattering susceptibility of a globular protein. Phys. Rev. Lett. 107,
148102 (2011).
20. Wood, K. et al. Coincidence of dynamical transitions in a soluble protein and its hydration water: Direct measurements by neutron
scattering and md simulations. J. Am. Chem. Soc. 130, 4586-4587 (2008).
21. Amann-Winkel, K., Bellissent-Funel, M. C., Bove, L. E., Loerting, T., Nilsson, A., Paciaroni, A., Schlesinger, D. & Skinner, L. X-ray
and neutron scattering of water. Chem. Rev. 116, 7570-7589 (2016).
22. Tehei, M. et al. Adaptation to extreme environments: macromolecular dynamics in bacteria compared in vivo by neutron scattering.
Embo Rep. 5, 66-70 (2004).
23. Bu, Z., Biehl, R., Monkenbusch, M., Richter, D. & Callaway, D. Coupled protein domain motion in taq polymerase revealed by
neutron spin-echo spectroscopy. Proc Natl Acad Sci USA 102, 17646-51 (2005).
24. Biehl, R. et al. Direct observation of correlated interdomain motion in alcohol dehydrogenase. Phys. Rev. Lett. 101, 138102 (2008).
25. Farago, B., Li, J., Cornilescu, G., Callaway, D. J. E. & Bu, Z. Activation of nanoscale allosteric protein domain motion revealed by
neutron spin echo spectroscopy. Biophys. J. 99, 3473-3482 (2010).
26. Inoue, R. et al. Large domain fluctuations on 50-ns timescale enable catalytic activity in phosphoglycerate kinase. Biophys. J. 99,
2309-2317 (2010).
27. Lal, J., Fouquet, P, Maccarini, M. & Makowski, L. Neutron spin-echo studies of hemoglobin and myoglobin: Multiscale internal
dynamics. J. Mol. Biol. 397, 423-435 (2010).
28. Callender, R. & Dyer, R. B. The dynamical nature of enzymatic catalysis. Acc. Chem. Res. 48, 407-413 (2015).
29. Taguchi, H. The Simple and Unique Allosteric Machinery of Thermus caldophilus Lactate Dehydrogenase (Springer, 2016).
30. Sada, N, Lee, S., Katsu, T., Otsuki, T. & Inoue, T. Epilepsy treatment targeting Idh enzymes with a stiripentol analog to treat epilepsy.
Science 347, 1362-1367 (2015).
31. K, K. A, Hryniewicz-Jankowska, A. & Tabola, R. Lactate dehydrogenase 5: an old friend and a new hope in the war on cancer.
Cancer Lett. 358, 1-7 (2015).
32. Holbrook, J., Liljas, A., Steindel, S. & Rossmann, M. The Enzymes vol. 11, 191-292, 3rd edn. (Academic Press, New York, 1975).
33. Madern, D. Molecular evolution within the I-malate and l-lactate dehydrogenase super-family. J. Mol. Evol. 54, 825-40 (2002).
34. Monod, J., Wyman, J. & Changeux, J. On the nature of allosteric transitions: A plausiblemodel. J. Mol. Biol. 12, 88-118 (1965).

AN U W N

~

SCIENTIFICREPORTS | 7:41092 | DOI: 10.1038/srep41092 10



www.nature.com/scientificreports/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.
49.

50.
51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.
65.

72.

Ohta, T., Yokota, K., Minowa, T. & Iwata, S. Mechanism of allosteric transition of bacterial I-lactate dehydrogenase. Faraday Discuss.
93, 153-161 (1992).

Iwata, S., Kamata, K., Yoshida, S., Minowa, T. & Ohta, T. T and r states in the crystals of bacterial llactate dehydrogenase reveal the
mechanism for allosteric control. Nat. Struct. Mol. Biol. 1, 176-185 (1994).

Coquelle, N., Fioravanti, E., Weik, M., Vellieux, F. & Madern, D. Activity, stability and structural studies of lactate dehydrogenases
adapted to extreme thermal environments. Journal of Molecular Biology 374, 547-562 (2007).

Colletier, J. et al. Sampling the conformational energy landscape of a hyperthermophilic protein by engineering key substitutions.
Mol. Biol. Evol. 29, 1683-1694 (2012).

Tkehara, Y. et al. The core of allosteric motion in thermus caldophilus I-lactate dehydrogenase. J. Biol. Chem. 289, 31550-31564
(2014).

Kolappan, S. et al. Structures of lactate dehydrogenase a (Idha) in apo, ternary and inhibitor-bound forms. Acta Crystallogr. D Biol.
Crystallogr. 71, 185-195 (2015).

Clarke, A. R., Waldman, A. D. B., Hart, K. W. & Holbrook, J. J. The rates of defined chainges in protein structure during the catalytic
cycle of lactate dehydrogenase. Biochim. Biophys. Acta. 829, 397-407 (1985).

Peng, H.-L., Deng, H., Dyer, R. B. & Callender, R. Energy landscape of the michaelis complex of lactate dehydrogenase: Relationship
to catalytic mechanism. Biochemistry 53, 1849-1857 (2014).

Peng, H.-L., Egawa, T., Chang, E., Deng, H. & Callender, R. Mechanism of thermal adaptation in the lactate dehydrogenases. J. Phys.
Chem. B 119, 15256-15262 (2015).

Ferrer, S. et al. A theoretical analysis of rate constants and kinetic isotope effects corresponding to different reactant valleys in lactate
dehydrogenase. J. Am. Chem. Soc. 128, 16851-16863 (2006).

Dzierlenga, M. W. & Schwartz, S. D. Targeting a rate-promoting vibration with an allosteric mediator in lactate dehydrogenase. J.
Phys. Chem. Lett. 7,2591-2596 (2016).

Pan, X. & Schwartz, S. D. Conformational heterogeneity in the michaelis complex of lactate dehydrogenase: An analysis of
vibrational spectroscopy using markov and hidden markov models. J. Phys. Chem. B 120, 6612-6620 (2016).

Nie, B., Lodewyks, K., Deng, H., Desamero, R. Z. B. & Callender, R. Active-loop dynamics within the michaelis complex of lactate
dehydrogenase from bacillus stearothermophilus. Biochemistry 55, 3803-3814 (2016).

Fritz, P.]. Rabbit muscle lactate dehydrogenase 5; a regulatory enzyme. Science 150, 364-366 (1965).

Fushinobu, S., Ohta, T. & Matsuzawa, H. Homotropic activation via the subunit interaction and allosteric symmetry revealed on
analysis of hybrid enzymes of I-lactate dehydrogenase. J. Biol. Chem. 273, 2971-2976 (1998).

Nigele, G. On the dynamics and structure of charge-stabilized suspensions. Phys. Rep. 272, 215 (1996).

Gapinski, J. et al. Diffusion and microstructural properties of solutions of charged nanosized proteins: Experiment versus theory. J.
Chem. Phys. 123, 054708 (2005).

Torre, G. D. L., Huertas, J. M. L. & Carrasco, B. Calculation of hydrodynamic properties of globular proteins from their atomic-level
structure. Biophys. ] 78, 719-730 (2000).

Eyal, E., Yang, L.-W. & Bahar, I. Anisotropic network model: systematic evaluation and a new web interface. Bioinformatics 22,
2619-2627 (2006).

Smolin, N., Biehl, R., Kneller, G. R., Richter, D. & Smith, J. C. Functional domain motions in proteins on the 1-100 ns timescale:
Comparison of neutron spin-echo spectroscopy of phosphoglycerate kinase with molecular-dynamics simulation. Biophys. J. 102,
1108-1117 (2012).

Takemura, K. & Kitao, A. Effect of water model and simulation box size on protein diffusional motions. J. Phys. Chem. B 111,
11870-11872 (2007).

Garcia, A. E. Large-amplitude nonlinear motions in proteins. Phys. Rev. Lett. 62, 2696- 2699 (1992).

Kalimeri, M., Rahaman, O., Melchionna, S. & Sterpone, F. How conformational flexibility stabilizes the hyperthermophilic
elongation factor g-domain. J. Phys. Chem. B 117, 13775-13785 (2013).

Katava, M., Kalimeri, M., Stirnemann, G. & Sterpone, E Stability and function at high temperature. what makes a thermophilic
gtpase different from its mesophilic homologue. J. Phys. Chem. B 120, 2721-2730 (2016).

Tehei, M., Madern, D., Franzetti, B. & Zaccai, G. Neutron scattering reveals the dynamic basis of protein adaptation to extreme
temperature. J. Biol. Chem. 280, 40974-40979 (2005).

Jacobson, A. L. & Braun, H. Differential scanning calorimetry of the thermal denaturation of lactate dehydrogenase. Biochim.
Biophys. Acta. 493, 142-153 (1977).

Qiu, L., Gulotta, M. & Callender, R. Lactate dehydrogenase undergoes a substantial structural change to bind its substrate. Biophys.
J. 93, 1677-1686 (2007).

Kalimeri, M., Girard, E., , Madern, D. & Sterpone, F. Interface matters: The stiffness route to stability of a thermophilic tetrameric
malate dehydrogenase. PLoS One 9, 113895 (2014).

Mezei, F. Neutron Spin Echo vol. 128 (Springer, Berlin, Heidelberg, New York, 1980).

Phillips, J. C. et al. Scalable molecular dynamics with namd. J. Comp. Chem. 26, 1781-1802 (2005).

MacKerell, A. D., Feig, M. & Brooks(III), C. L. Extending the treatment of backbone energetics in protein force fields: Limitations of
gas-phase quantum mechanics in reproducing protein conformational distributions in molecular dynamics simulations. J. Comput.
Chem. 25, 1400-1415 (2004).

. MacKerell, A. D. et al. All-atom empirical potential for molecular modeling and dynamics studies of proteinst. J. Phys. Chem. B 102,

3586-3616 (1998).

. Hartigan, J. Clustering Algorithms (New York: Wiley, 1975).
. van Dongen, S. M. Graph Clustering by Flow Simulation. Ph.D. thesis, University of Utrecht, The Netherlands (2000).
. Bastian, M., Heymann, S. & Jacomy, M. Gephi: An Open Source Software for Exploring and Manipulating Networks; Association

for the Advancement of Artificial Intelligence: Palo Alto, CA (2009).

. Amadei, A., Linssen, A. B. M. & Berendsen, H. J. C. Essential dynamics of proteins. Proteins 17, 412-425 (1993).
. Hummer, G. Position-dependent diffusion coefficients and free energies from bayesian analysis of equilibrium and replica molecular

dynamics simulations. New J. Phys. 7, 34 (2005).
Zentrum, H. M.-L. Biodiff: Diffractometer for large unit cells. Journal of large-scale research facilities 1, A2 (2015).

Acknowledgements

The research leading to these results has received funding from the European Research Council under the
European Community’s Seventh Framework Programme (FP7/2007-2013) Grant Agreement no. 258748. Part
of his work was performed using HPC resources from GENCI [CINES and TGCC] (Grant x201676818). FS
acknowledge the financial support for infrastructures from ANR-11-LABX-0011-01. FS and DM acknowledge
ANR-16-CE11-0011 (Project AlloAnc). We acknowledge Forschungszentrum Jlich at the Heinz Maier-
Leibnitz Zentrum (MLZ) in Garching for the allocation of beam time. The experiments were performed on the
J-NSE spectrometer at the FRM-II reactor in Munich’? The travel expenses were supported by the European
Commission under the 7th Framework Programme through the ‘Research Infrastructures’ action of the

SCIENTIFICREPORTS | 7:41092 | DOI: 10.1038/srep41092 11



www.nature.com/scientificreports/

‘Capacities’ Programme, NMI3-II Grant number 283883. We acknowledge A. Radulescu and A. Stadlers for
useful discussions. The Partnership for Soft Condensed Matter (PSCM) at ILL is acknowledged for providing
access to their ALV instrument. This article is dedicated to the memory of Giuseppe Briganti (1951-2015), Master
Thesis Supervisor of both E.S. and M.M.,, for years of inspiring discussion.

Author Contributions

M.K. performed and analysed MD simulations and NS experiments. M.M. performed and analysed NS and
SAXS experiments. A.P. analyzed NS experiements. O.1. support realisation of NS experiments. M.S. performed
and analyzed the SAXS experiments. G.V. analysed MD simulations. D.M. prepared all the samples used in the
experiments. ES., M.M., D.M. designed the research. ES., A.P., M.M., D.M., M.K. wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Katava, M. et al. Thermal activation of ‘allosteric-like’ large-scale motions in a
eukaryotic Lactate Dehydrogenase. Sci. Rep. 7, 41092; doi: 10.1038/srep41092 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

MM o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:41092 | DOI: 10.1038/srep41092 12


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Thermal activation of ‘allosteric-like’ large-scale motions in a eukaryotic Lactate Dehydrogenase

	Results

	Protein Diffusion. 
	Protein Internal Motion. 

	Discussion

	Methods

	Protein preparation. 
	Neutron Spin Echo. 
	Small Angle X-Ray Scattering. 
	Dynamic Light Scattering. 
	Molecular Dynamics Simulations. 
	Analysis of Molecular Dynamics Trajectories. 
	Conformational and Kinetic Clustering. 
	Principal Component Analysis. 
	Diffusion in Harmonic Approximation. 


	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SANS and NSE scattering curves.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Diffusion spectra at three different temperatures.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Internal contribution to diffusion spectra.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Contribution of the principal modes to the diffusion spectra at temperature 298 K and 313 K.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Network of conformational states visited by the LDH protein in MD simulations at different temperatures.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Schematic representation of changes in relative populations of states sampled in the simulations: T(IP) - inactive (T) state with ion pair (IP) formed between Arg168 and Asp165, R - active state, T(out) - inactive state where Arg168 point



 
    
       
          application/pdf
          
             
                Thermal activation of ‘allosteric-like’ large-scale motions in a eukaryotic Lactate Dehydrogenase
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41092
            
         
          
             
                Marina Katava
                Marco Maccarini
                Guillaume Villain
                Alessandro Paciaroni
                Michael Sztucki
                Oxana Ivanova
                Dominique Madern
                Fabio Sterpone
            
         
          doi:10.1038/srep41092
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep41092
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep41092
            
         
      
       
          
          
          
             
                doi:10.1038/srep41092
            
         
          
             
                srep ,  (2017). doi:10.1038/srep41092
            
         
          
          
      
       
       
          True
      
   




