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ABSTRACT: In this work, we study dynamical properties of
an extremophilic protein, Initiation Factor 6 (IF6), produced
by the archeabacterium Methanocaldococcus jannascii, which
thrives close to deep-sea hydrothermal vents where temper-
atures reach 80 °C and the pressure is up to 750 bar.
Molecular dynamics simulations (MD) and quasi-elastic
neutron scattering (QENS) measurements give new insights
into the dynamical properties of this protein with respect to its
eukaryotic and mesophilic homologue. Results obtained by
MD are supported by QENS data and are interpreted within
the framework of a fractional Brownian dynamics model for
the characterization of protein relaxation dynamics. IF6 from
M. jannaschii at high temperature and pressure shares similar
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flexibility with its eukaryotic homologue from S. cerevisieae under ambient conditions. This work shows for the first time, to our
knowledge, that the very common pattern of corresponding states for thermophilic protein adaptation can be extended to thermo-
barophilic proteins. A detailed analysis of dynamic properties and of local structural fluctuations reveals a complex pattern for
“corresponding” structural flexibilities. In particular, in the case of IF6, the latter seems to be strongly related to the entropic
contribution given by an additional, C-terminal, 20 amino-acid tail which is evolutionary conserved in all mesophilic IF6s.

B INTRODUCTION

The adaptation of living organisms to extreme environmental
conditions is one of the most challenging areas in molecular
biology.! In the last decades, particular interest has been
devoted to organisms which live in the deep sea near
hydrothermal chimneys, where the temperature can change
over small distances from 4 °C up to 100 °C and pressure may
reach values of around 800 bar.” In this kind of environment,
the conditions of chemical equilibrium in biological systems are
altered. In most cases, organisms find a way to adapt to these
conditions using a global optimization of molecular structures
and metabolic pathways.®> The central issue in adaptation is the
conservation of biological functionality which requires a subtle
balance between stability and flexibility.*

Evolution therefore modifies the physicochemical properties
of thermophilic proteins to match the molecular properties of
mesophilic counterparts.” Translation to a different environ-
ment is performed by a reorganization of noncovalent
interactions which creates corresponding states in topologies
and structural flexibility between homologous proteins at their
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respective in situ conditions. The corresponding states
principle, schematically sketched in Figure 1, was first
formulated by Vihinen® and Jaenicke.” In the context of
thermophilic proteins, evidence for such processes was
provided both by experiments’ "' and by molecular dynamics
(MD) studies.'* However, while this idea has found several
confirmations in the past, some recent works are ambiguous in
this respect.">'*

Quasi-elastic neutron scattering (QENS) experiments are
particularly suited to explore protein dynamics on an atomic
level within the nanosecond time scale.">~>* They need to be
performed in dilute solution to avoid protein agregation, which
means that the signal-to-noise ratio is low. In addition, pressure
cells increase the background further. In this situation, MD
simulations can be combined with QENS which allows the
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Figure 1. Schematic representation of the well-known corresponding
states principle for thermophilic adaptation: mesophilic and
thermophilic proteins share the same flexibility at mild and high
temperatures, respectively. According to the same principle,
thermophilic proteins show lower flexibility than their mesophilic
counterparts at ambient temperature.

numerical models to be validated and the experimental data to
be fully exploited.

In this work, we have used such a combined approach to
explore the effects of deep-sea pressure (lower than 1 kbar) and
high temperatures on the dynamics of a protein produced by
the archaeon Methanocaldococcus jannaschii, which thrives at
more than 2600 m below sea level and at temperatures of
around 80 °C. Adaptation to high pressure environments is
usually considered as a secondary adaptation process which
may not be completely fulfilled by molecular evolution.”® The
effective role of pressure in determining the native structural
state and dynamical properties of extremophilic proteins
therefore needs to be thoroughly investigated. Proteins from
M. jannaschii are counterparts of choice in comparison with
homologous proteins from eukaryotic organisms,10’24_26 but
their hyperthermophilic origin (produced by organisms living at
very high temperature) has been investigated much more
intensively than their possible barophilic character (i.e., the fact
that the organism thrives under relatively high pressures).””*®
Considering both of these aspects should reveal more complex
behavior as demonstrated in other cases.">** We have studied
the dynamics of the protein Initiation Factor 6 (IF6) from M.
jannaschii*® (aIF6) in comparison with its homologue from
eukaryotic Saccharomyces cerevisiae (eIF6). IF6s are an
appropriate target for our study, since they are involved in
ribosome biosynthesis and limit the rate of translation of RNA
in ribosome.>""** Moreover, their optimal activity is crucial for
cell global fitness** > and they are particularly sensitive to
external stimuli and to the global status of the cell.*****¢

The influence of pressure and temperature on the dynamics
of the two IF6 is interpreted with an analytical model for QENS
spectra which accounts for the multiscale relaxation dynamics
in complex systems like proteins.®” In this model, the atomic
motions are described by a fractional Ornstein—Uhlenbeck
(fOU) process,®®® a non-Markovian extension of the well-
known normal Ornstein—Uhlenbeck process,** which describes
anomalous diffusion of a Brownian particle in a harmonic
potential. Fractional Brownian dynamics models in general
were shown to be highly effective in describing environmental
effects on protein dynamics over a large range of time scales
(from sub-nanoseconds to hours).*'™°
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B RESULTS

Sequence and Structure Analysis of aIF6 and eIF6.
A detailed comparison of IF6 structures was given by Groft and
co-workers.>® Here, we recall the main properties that will be
useful in the following discussion. In terms of the primary
sequences, the two IF6s (Table 1) show a rather typical picture
in the extremophilic/mesophilic comparison:*"** aTIF6 has
more charged residues and less polar hydrophilic residues than
elF6.

Table 1. Comparison of the Percentage of Groups of Amino
Acid Residues”

structure DEKR ACFILMPVWY HNQST G
alFe 24.5 45.5 21.0 8.8
elF6 18.8 43.9 29.0 8.2
alF6-htag 23.0 43.5 24.2 9.3
elF6-not 17.9 45.0 28.6 8.5

“Groups of amino acids (represented by their one-letter codes)
include charged (DEKR), hydrophobic (ACFILMPVWY), and
hydrophilic (HNQST). Glycine (G) is kept separate.

The two IF6 homologues share a highly conserved structure
made of five almost-symmetric structural subdomains with
~30% identical sequences. aIF'6 has a slightly longer a-helix
(residues 78—90), while eIF6 has an additional highly
disordered C-terminal tail of ~20 amino acids (Ctail).

Both IF6s show an unusual structural pattern in their
evolutionary conserved structure (see Figure 2): hydrophobic
cores of the five subdomains form a “hydrophobic torus”
instead of a single global central core.*® This toroidal pattern is
created by side chains of the buried f-strands and creates in
turn a cave-like hollow in the center of the overall structure. The
opening of this central hollow has a diameter of ~7 A, and the
presence of water molecules in crystallographic structures
suggests that water may flow through it in solution.

A BLAST analysis of the additional Ctail fragment against
the UniProtKB/SwissProt sequence database gave significant
scores only from eukaryotic IF6 homologues (see the
Supporting Information), thus suggesting a specific role for
this protein family. This idea is comforted by recent works
which show the contribution of the C-terminal subdomain to
the localization of e IF6 in the cellular nucleus.>*>® Moreover,
although truncation of Ctail in eIF6 seems to have slight
effects in antiassociation functionality,30 information is lacking
for all other functions performed by eIF6 in eukaryotic cells.

A highly unstructured and mobile Ctail was suggested by
the absence of experimental information from X-ray crystallog-
raphy.*® Nonetheless, its secondary structure is predicted to be
not completely unstructured by two distinct methods
(PSIPRED server* and APSSP2 server’®). Both methods
predict an o-helix at the end of the fragment, in the region
Asp238-Glu241. These results are consistent with the hydro-
phobic profile of the fragment (Kyle/Doolittle scale™®) which
shows an increasing hydrophobicity in the regions Pro229-
Ser231 and Asp238-Glu242. We confirmed the presence of a
partially folded structure by a set of preliminary MD
simulations of a freely moving Ctail and with a harmonic
restraint for N-terminal C, positions. In both simulations, the
predicted a-helix was folded within a few tens of nanoseconds
(see the Supporting Information). Overall, these findings
indicated the importance of maintaining the 21 C-terminal

DOI: 10.1021/acs.jpcb.5b02034
J. Phys. Chem. B 2015, 119, 7860—7873


http://dx.doi.org/10.1021/acs.jpcb.5b02034
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.5b02034&iName=master.img-001.jpg&w=190&h=157

The Journal of Physical Chemistry B

Figure 2. Three-dimensional structures of alF6 (panel a, PDB code:
1G61*°) and eIF6 (panel b, see Supporting Information). The
coloring scheme highlights the secondary structure motifs of each
structure.

fragment as part of the investigated protein for it could have a
significant role in the dynamics and structure stability of e IF 6.

In this context, it is interesting to note that, despite their
rather similar structure, alF6 is able to reversibly respond to
high temperature values,® while e TF6 is known to undergo
inactivation at 330 K.’ To verify the stability of the samples
used in this work, we performed dynamic light scattering
measurements on eIF6 (Table 2). The results are in very

Table 2. Variation of the Hydrodynamic Radius of
Eukaryotic eIF6

290 K
3.32

300 K 320 K
3.61 29.76

“Reported values of hydrodynamic radius at 290 K correspond to a
spherical approximation of the whole protein structure.

back to 300 K

Ry (nm) 24.23

good agreement with previous works and show that e IF6 may
undergo a partial unfolding or aggregation already at 320 K,
with the hydrodynamic radius increasing from 3 nm to almost
30 nm. Moreover, when brought back to 300 K, the original
hydrodynamic radius is not recovered, suggesting that the
transition is not reversible. Neutron scattering measurements
on eIF6 were therefore limited to ambient conditions. MD
simulations were however performed on eIF6 at high
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temperature and high pressure as a reference for further
discussion.

QENS Spectra and Internal Dynamics. In Figure 3, we
report the measured and calculated incoherent dynamic
structure factors (IDSFs) of aIF6 and eIF6. Table 3
summarizes all the thermodynamic conditions studied in this
work, experimentally or computationally.

IDSFs from MD were compared to the experimental ones
using eq 10 where the apparent global translation diffusion
coeflicient in Sg(.) was set as a free parameter (see red curves in
Figure 3). As a consequence of the hollow central opening, the
IF6 hydrodynamic overall shape is better approximated by a
torus rather than a sphere. This observation is confirmed by the
obtained diffusion coefficients D* = 51.8 X 10~* A%/ps and
D3 = 92.66 X 107* A?/ps for aIF6, which are very close to
the theoretical values for translation diffusion of toroidal
structures calculated from the average MD structures (see eq 12
in the Materials and Methods section): D3 = 42.84 x 107
A%/ps and D0, = 95.36 X 107> A%/ps.

The QENS spectra in Figure 3 show good agreement with
MD spectra on the sub-nanosecond time scale given the above
fitting scheme. The high-pressure measurements on aIF6
were performed on a polyhistidine-tagged protein in order to
improve the yield of sample purification and enhance the signal-
to-noise ratio. Measurements on this kind of sample may still
be affected by artifacts,”® and MD simulations of polyhistidine-
tagged alF6s (aIF6-htag) were used for comparison with
the experimental results. Both techniques therefore show
significant effects of temperature (panel a vs panel b and
panel c vs panel d) and pressure (panel a vs panel c and panel b
vs panel d) on aIF6.

Mean-Square Displacement. Temperature and pressure
induced trends are seen clearly in the time-dependent mean-
square displacement (MSD) computed from MD trajectories
(Figure 4). MSDs show pronounced increases with increasing
temperature. They reveal that e IF6 at 300 K as well as aIF6
at 350 K are relatively insensitive to pressure; there is a small
decrease in the MSD, whereas they undergo a more evident
change at their respective non-natural temperatures. At high
temperature, eIF6 also shows a large change due to pressure
when compared to room temperature data, which is
reminiscent of the preliminary steps of a nascent unfolding
process eIF6 that is not accessible on the sub-nanosecond
time scale (see Table 2).

IDSFs and MSDs show that aIF6-htag (panel ¢, Figure
4) undergoes effects similar to e IF6, suggesting that it may
share some dynamical properties with the latter rather than
with aIF6. The outcome of this finding will be discussed in
more detail in the following sections.

Spectra from both eIF6 and aIF6-htag are due to the
convolution of different contributions to the global signal: the
overall protein motion (translation and rotation), internal
dynamics of the toroidal conserved structure, and diffusive
dynamics of N- or C-terminal tails in water. In this context, MD
simulations help to separate these contributions and focus only
on the internal dynamics of the evolutionary conserved toroidal
domain, thus allowing a direct comparison between the two
homologues. For this reason, all of the quantities of interest
presented in the following were calculated only for the
evolutionary conserved region 1—224 of each IF6. While this
approach excludes the direct contribution of the motion of
terminal parts of eIF6 and aIF6-htag, it is important to
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Figure 3. Incoherent dynamic structure factors (IDSFs) for aIF6, eIF6, and aIF6-htag at different temperatures and pressures. Experimental
QENS spectra (points with error bars) are compared with and dynamic structure factors obtained by MD simulations and convoluted with fitted
translational diffusion (red lines). Data for aTF6 at 300 K and 1 bar (panel a) and 350 K and 1 bar (panel b) are shown for g = 18 nm™". High-
pressure experimental data from aIF6-htag shown in panel ¢ (300 K, 500 bar) and panel d (350 K, 500 bar) are for q = 17.2 nm™". Panels e and f

show spectra from eIF6 at 300 K for ¢ = 5.7 nm™" and g = 18 nm™

1

, respectively. Raw spectra from protein solutions (black line), solvent (gray

shaded lines), and vanadium (dotted lines) are presented in the insets of panels a, ¢, and e to show the different contributions to the measured

spectra.

Table 3. Samples Studied in This Work”

alF6
300 K 1 bar FOCUS, MD,
500 bar MD,
350 K 1 bar FOCUS, MD,, MDy,
500 bar MD,
750 bar MD,, MD,
1 kbar MD,

eIF6 alF6-htag eIF6-not
FOCUS, MD,, MDy, MD, MD,
MD, IN6, MD, MD,
MD, MD, MD,
MD, IN6, MD, MD,

“Different methods were used: QENS data were obtained from FOCUS (PSI, Zurich) and IN6 (ILL, Grenoble) spectrometers; MD simulations
were performed to obtain 2 and 50 ns long molecular dynamics trajectories (MD, and MDy, respectively). aIF6-htag and eIF6-not stand for
the polyhistidine-tagged aIF6 C-terminal-cleaved e IF6, respectively.

note that these dynamics affect the motions of the rest of the

protein.

Fractional Brownian Dynamics Model. Internal dynamics
of the two IF6s can be investigated by the analysis of time
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correlation functions, intermediate scattering functions (ISFs),
which can be directly computed from the MD trajectories
(Figure 5). The ISFs show the same trends as the MSDs, albeit
with a Q-dependence. ISFs decay markedly with increasing
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Figure 4. Time-dependent atomic mean-square displacement (MSD)
at different temperatures and pressures for aIF6 (panel a), eIF6
(panel b), and aIF6-htag (panel c). The same line style is used in
all figures, and it is referred to in panel b.

temperature, due to larger amplitude motions, while the
pressure-induced changes, corresponding to reduced amplitude
motions, are smaller, except for e IF6 at 350 K which is due to
unfolding.

The ISFs are analyzed with a model for QENS spectra, where
atomic motions are described by a fractional Ornstein—
Uhlenbeck (fOU) process.>” The well-known “normal”
Ornstein—Uhlenbeck process describes the diffusion of a
Brownian particle in a harmonic potential,40 and the resulting
position autocorrelation function decays exponentially. The
fractional counterpart owes its name to a fractional time
derivative which appears in the Fokker—Planck equation for the
transition probability>** and which can be considered as a
mathematical trick to make the resulting position correlation
function decay with a power law. The latter behavior can be
expressed by a continuous spectrum of relaxation rates®” which
reflects the self-similar multiscale relaxation dynamics of
proteins.41_48 Assuming the atomic motion to be isotropic
and that the internal dynamics of the predominantly
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incoherently scattering hydrogen atoms can be described by

one “representative” atom, the intermediate scattering function
corresponding to an fOU process may be written as”’
2,20\ q2n<x2>n
Iq, 1) = esp(=¢"(x")) }, = —Eu(=[t/7]") "
n=0 ' 1

where 7, = tn™"/% and 7 sets the time scale. With (x?), we
denote the ensemble averaged square atom position fluctuation
of the regpresentative atom and E,(z) is the Mittag—Leffler
function®

E(z) =
,E) )

Here I'(z) is the Gamma function (generalized factorial) and
the Mittag—Leftler function is an entire function, which is
defined everywhere in the complex plane. For a = 1, it reduces
to the exponential function. The intermediate scattering
function (eq 1) is thus a superposition of “stretched”
Mittag—Leffler functions. Each of these functions may be
expressed as

k

=
I'(1 + ak)

B/ = [T et (i)

where p(J; @) is a dimensionless relaxation rate spectrum
whose form is determined by the parameter

sin(za)
(A% + A% + 2 cos(na))

X a) =
p(4; @) @

In the limit @ — 1, the relaxation rate spectrum becomes p(4;
a) = 8(4 — 1), indicating “pure” exponential relaxation, and
correspondingly E,(—[t/7]%) — exp(—t/7). In the range 0 < a
< 1, the function 3 exhibits a power-law decay for t > 7,
Ey(=[t/7]*) ~ (t/7)™/T(1 — a).

The insets of Figure 5 display the fits of the model (eq 1) to
the simulated intermediate scattering function of aIF6 and
eIF6, and the corresponding fit parameters for different values
of momentum transfer and various environmental conditions
are presented in Figure 6. The fact that the a-parameter is
clearly below 1 indicates a strongly nonexponential decay of
each term in the sum (eq 1). It should be noted that, in the
framework given by eq 1, (x*) is a Q-dependent quantity (in
contrast to the Q-independent MSD) which is obtained directly
from eq 9. It represents, in fact, an apparent mean square
position fluctuation which is seen by the neutrons at different
Q-values. aIF6 and eIF6 show two significantly different
properties: 7 in e IF6 is generally larger than that in aIF6 by
a factor of 4, meaning that the internal dynamics are
characterized by significantly slower motions; o values for
alF6, although similar, indicating similar effective potentials,
are systematically slightly larger than those for e IF6.

As expected, both o and 7 decrease with temperature at all
pressure conditions. Accordingly, (x*) increases with temper-
ature, while it is slightly reduced by pressure. In particular,
alF6 seems to be systematically more rigidly packed than
eIF6 under all conditions. Of note, the two IF6 have relatively
similar (x*) at their respective natural conditions (ie. the
physiological thermodynamic conditions for the hosting
organism). Moreover, aIF6 and eIF6 show comparable
values of a but significantly different values of 7 in all
combinations of temperature and pressure.
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Figure 6. Parameters obtained from the comparison of ISF computed from MD simulations and eq 1. The value of (x?) is given according to eq 9

and was kept fixed on fits.

These findings are reminiscent of the corresponding states
hypothesis, which states that thermophilic proteins show an
enhanced conformational rigidity in the folded native state at
room temperature and reach the flexibility of their mesophilic
homologues at higher temperatures. Similar results have been
obtained by Tehei and co-workers'"** from the comparison of
MD simulations in other thermophilic and mesophilic proteins.
These results suggest that this hypothesis is also applicable for
thermo-barophilic proteins when both temperature and
pressure are taken into account.

Elastic Incoherent Structure Factor. Further analysis of the
rigidity/flexibility of IF6 focuses on the analysis of the elastic
incoherent structure factor (EISF), which is related to the
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configurational space volume explored by atomic motions in
macromolecules and is widely used to characterize conforma-
tional variability of proteins.””®" EISFs confirm that aIF6 is
clearly more rigid than e IF6 at room temperature (Figure 7),
while the two IF6 become, again, very similar to each other
when compared at their respective physiological temperatures.
This correspondence of EISFs is “fine-tuned” when pressure is
applied. Differences between EISFs from aIF6 at different
conditions and EISFs from e IF 6 at ambient conditions help to
clarify this point (Figure 8). aIF6 is slightly more rigid than
eIF6 in the g-range 15—40 nm™" with a maximum at q ~ 25
nm~'. Interestingly, this range in the reciprocal space
corresponds to 1.5—4 A in real space, ie, to the local
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fluctuations of amino acids. Moreover, this small difference
does not significantly increase with pressures higher than 750
bar, which corresponds to the optimal pressure for growth and
methanogenesis of M. jannaschii.”® We note in this context that
Figures 7 and 8 compare EISFs of two variants of the same
protein, which have essentially the same normal mode spaces.
Differences in the EISFs reflect thus different motional
amplitudes for the same normal modes, and thus different

rigidity.
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A more detailed picture of the dynamical effects induced by
extreme conditions may be given by calculating the EISF
selectively for backbone and side chain atoms, as shown in
Figure 8. Here, a direct comparison of differences between
EISFs at “natural” conditions of the two homologues shows
that aIF6 have a 6% more rigid backbone than eIF6
(positive difference). Conversely, side chains show an opposite
tendency with aIF6 about 2% more flexible than eIF6
(negative difference). Additionally, this analysis also suggests
that pressure has a role in “fine-tuning” the right stiffness over
the whole g-range for both backbone and side chain atoms. In
particular, pressure at high temperature seems to loosen aIF6
instead of rigidifying it, as it is at ambient temperature.These
variations do not correspond to changes in molecular shape as
probed by solvent accessible surface area (SASA). For aIF6
and eIF6, SASAs are rather similar, being 104.25 and 103.1
A?, respectively, and significant variations are induced only by
temperature, albeit to a limited extent (ASASA = 1.1 A* for
alF6 and ASASA = 3.2 A? for eIF6). These findings suggest
that changes in atomic fluctuations related to EISFs at different
environmental conditions are not correlated with an overall
change in the surface exposed to the solvent.

Local Flexibility. Results presented and discussed so far
arise from fast rotational and vibrational motions of amino acids
(mostly from motions of their side chains, along the C—C
bonds) which are observable by QENS-validated EISFs on the
sub-nanosecond time scale. To further investigate the
heterogeneity in atomic fluctuations, we have calculated the
atomic root-mean-square position fluctuations, RMSF(i) = ((R,
— (R))?)"?, from two sets of MD trajectories giving access to
different time scales.

The average RMSFs obtained from these simulations (Table
4) show that aIF6 is slightly more rigid than e IF'6 at ambient
temperature both on the picosecond and nanosecond time
scales. Similar results have been found in other comparisons
between thermophilic and mesophilic proteins.”> However, in
agreement with observations from MSDs and EISFs (above),
the C,-RMSFs from aIF6 at high-temperature/high-pressure
conditions are closer to the ones of eIF6 at ambient
conditions than for any other aIF6 under “non-optimal”
conditions (see Figure 9). A more complex picture comes to
light when RMSFs are compared with local structural motifs.

Overall, eIF6 shows generally larger fluctuations than
aIF6 in loop regions. The RMSF of eIF6 has also a slightly
higher baseline, which is particularly evident for residues from
160 to 225. This difference between RMSFs is essentially due
to the presence of the Ctail in eIF6 which transmits
additional fluctuations to the rest of the protein. Large changes
with respect to temperature and pressure are found for aIF6
in unstructured regions between helices and S-strands.
Concerning backbone position fluctuations, temperature has a
leading effect, while pressure induces changes in RMSFs smaller
than 0.5 A (see lower panel of Figure 10). These results are
compatible with the corresponding states hypothesis albeit
limited to the sub-nanosecond time scale.

Further insight can be gathered from the analysis of the
longer MDy, simulations. We note here that removing global
motions of e IF6 on this time scale becomes difficult, as the
effects of Ctail diffusion on the overall protein motion are
not negligible and internal motions cannot be easily isolated.
To overcome this difficulty and allow for a direct comparison
between eIF6 and aIF6, the fluctuations of local variables
which are not affected by overall protein motion can be studied.

DOI: 10.1021/acs.jpcb.5b02034
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Table 4. Average All-Atom Root Mean Square Fluctuations®

(RMSF) (A) eIF6
300k 1 bar 1.05 (1.22)
350k 1 bar 1.54

500 bar 1.20
750 bar

alF6 alF6-htag eIF6-not
0.80 (1.11) 0.96 0.86
0.99 (1.26)
1.01 (1.23) 1.17 1.00
(1.19)

“Values in brackets are from MDy,. e IF'6 RMSF from MDj are calculated after removing global motions by aligning only residues 1224 its value
may be affected by spurious contributions of Ctail motions to internal motions of aligned residues and should be taken only as a qualitative

reference.
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local backbone flexibility (see the Materials and Methods section for details).

The mean square fluctuations of the straightness parameter ¢
(see the Materials and Methods section) gives a measure of the
backbone local bending, i.e., flexibility during MD simulations.
Here, the analysis of (Ac®) shows very few regions where
eIF6 and aIF6 are notably different (see Figure 10).
Changes occur in regions which are mostly located in the N-
terminal domain, and they correspond to regions where
changes in RMSF were found in MD,.

These results suggest that IF backbones are only slightly
affected by high pressure and high temperature on the
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nanosecond time scale. Conversely, extreme conditions have
a significant impact on overall side-chain mobility. This point is
illustrated by Figure 11 which shows the distribution of side-
chain dihedral angle order parameters ©, (see the Materials and
Methods section) for each IF. The quantity ©, gives a
quantitative estimation of the fluctuations of each side chain
along a MD simulation.®> Therefore, the distribution of all 0,
in a protein gives a measure of the overall flexibility of protein
side chains. Due to their significantly asymmetric shape, the
distributions obtained here are more appropriately compared
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Figure 11. Global mobility of eIF6 (blue) and aIF6 (green) by
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quartiles. The dotted line extends to 1.5 times the interquartile
distance.

by their median values. The latter show an evident
correspondence between eIF6 and aIF6 at their natural
conditions, thus confirming the corresponding states found by
MSDs, EISFs, etc. (above).

Dynamic Effects of the Loose C-Terminal Tail. In the
first section, we have shown that the presence of an additional
his-tag tail to aIF6 makes the scattering functions and MSD
from aIF6-htaqg similar to those of eIF6. To further
investigate this equivalence, we performed MD simulations of
alF6-htag (aIF6 with the his-tag) and e IF6 without the
Ctail (eIF6-not in the following) at ambient and high-
temperature/high-pressure conditions. Figure 12 presents
variations of RMSF between structurally corresponding
residues in different IF6s with and without the additional tail.
The RMSFs of C, in aIF6 and eIF6-not are very similar to
each other both at ambient and extreme conditions, with their
differences being rarely larger than 0.5 A. The same effect holds
for eIF6 and aIF6-htag. This observation is also
confirmed by the average all-atom RMSFs shown in Table 4.
Moreover, the observed differences are of the same order of
magnitude as those found in the RMSF of aIF6 and eIF6
when compared with their respective “natural” conditions.
These results suggest that the Ctail in eIF6 is essential to

achieving structural flexibility similar to that of aIF6 at high
temperature and pressure, again in accordance with the
corresponding states hypothesis. While His-tag and
Ctail are bound to opposite termini of the conserved
structure (N- and C-terminal, respectively), the impact on
flexibility is comparable because of their spatial proximity (their
C, are 6 A distant from each other). These two tails do not
appear to have direct interactions with the rest of the protein
structure; they are far enough away to make the mediation of
hydration water rather improbable, and their insertion in
protein sequences does not significantly alter the amino acid
percentage compositions (Table 1).

A disordered character of protein tails is widely found in
proteins. Similarly to the picture proposed here for IF6, tails
which do not interact with other structured parts of the protein
are found to utilize their high flexibility and entropic nature for
protein function. By moving around their points of attachment,
these extended protrusions may, for instance, sweep out
significant portions of space and entropically exclude large
particles, allowing instead small molecules such as water, salts,
or cofactors to approach.64 Alternatively, they may contribute
to modulate the timing for the formation of protein—protein
complexes.% It is also worth noting that intrinsically disordered
terminal domains are usually susceptible to 6proteolysis and
prone to post translational modifications,®® as has been
reported for Ctail.*® A disordered C-terminal tail was also
found to play a crucial role for specific proteins in assisting the
biogenesis of diverse noncoding RNA precursors.”” On the
whole, these observations give a few examples of the plethora of
functionalities related to terminal tails.”® They also suggest that,
although the presence of Ctail seems not to be necessary for
the e IF6 antiassociation function, it may have an active role
in helping eTF6 to perform one of its other functions®" for
which an appropriate flexibility (the same as aIF6 at extreme
conditions) is required.

B DISCUSSION AND CONCLUSION

We have shown, for the first time to our knowledge, that
pressure has a role in determining the dynamic properties of
thermo-barophilic proteins, in this case from M. jannaschii. The
extremophilic (aIF6) and mesophilic (¢IF6) homologues

ARMSF (alF6-htag, elF6)

120 140 160 180 200

elF6-not)

ARMSF(alF6

100
Residues

120 140

Figure 12. Analysis of the RMSF of the carbon C, position from aIF6-htag and eIF6-not backbone. Upper panel: Differences of RMSF from
aIF6-htag and eIF6 at similar conditions. Lower panel: Differences of RMSF from aIF6 and eIF6-not at similar conditions. Black lines
refer to RMSFs obtained from simulations at 300 K and 1 bar, while red ones, to 350 K and 500 bar. Cyan horizontal bands represent the standard
deviation of RMSF values between aIF6 at 350 K and 750 bar and eIF6 at 300 K and 1 bar.
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show similar overall flexibility at their respective natural
conditions, revealing the existence of “corresponding states”
previously proposed for thermophilic proteins.

State-of-the-art QENS experiments have been performed to
investigate the P—T dependence of IF6 dynamics, but the
signal-to-noise ratio of the data is still limited due to the use of
dilute protein solutions and pressure cells. The data has been
fitted with scattering functions obtained from MD simulations
for the proteins used in the measurements (with a His-tag for
alF6) on the corresponding time scale and temperature/
pressure conditions. These independent but complementary
QENS and MD techniques give consistent information on the
IF6 dynamics. The validated MD models have then been used
to thoroughly investigate different aspects of the “correspond-
ing states”.

MSDs show that increasing the temperature to 350 K brings
the overall molecular flexibility of aIF 6 up and close to that of
eIF6 at room temperature, with pressure causing smaller
changes in flexibility. Incoherent scattering functions, that are
observed experimentally, reveal the same changes in flexibility
but also include spatial information through the Q-dependence
of the signal. Differences in flexibility between proteins as a
function of temperature and pressure occur in the 15—40 nm™
range, which corresponds to 1.5—4 A in real space. On the time
scale of the experiments and the MD simulations, flexibility is
modified on the local scale of amino acids and their side chains.
Analysis of the scattering functions using the fOU model shows
that aIF6 and eIF6 have different relaxation times but their
internal motion is characterized by similar “effective potentials”,
suggesting a mainly entropic contribution to the similar
flexibilities found in aIF6 and eIF6. The latter is reflected
in the a-parameter, which determines the form of the relaxation
rate spectrum (eq 4) and thus the heterogeneity of the
relaxation processes.

Pressure is used to fine-tune molecular flexibility and
therefore the “corresponding states”. Structure dependent
analysis of the EISF shows that backbone flexibility of aIF6
is suppressed with increasing pressure, but this is compensated
by increased mobility of the amino acid side chains. The deep-
sea pressure of 750 bar appears to be an optimal pressure,
above which less significant changes occur. Structural flexibility
has also been investigated directly via the residue-dependent
RMSF and backbone straightness. Flexibility of aIF6 changes
most significantly with pressure and temperature in the bending
regions between helices and beta-strands.

The most striking structural difference between the IF6
proteins is the Ctail on eIF6. Large amplitude diffusion of
this 20 amino acid tail confers the necessary structural flexibility
on eIF6 under ambient conditions, that is matched by aIF6
at high temperature and pressure. Cleaving the Ctail from
eIF6 produces dynamics similar to that of aIF6, while
adding a His-tag to aIF6, as was required for the experimental
work and the corresponding simulations, produces dynamics
similar to that of e IF6. Incidentally, this finding also suggests
that, although the existing practice of adding polyhistidine tags
or removing disordered tails to facilitate protein structure
determination seems to be reliable,” this may not be the case
when studying dynamic properties or enzyme activity.*®

B MATERIALS AND METHODS

Experimental Setup. Sample Preparation. All samples
were prepared as also described in other studies.®® A full
description of the expression and purification protocols is given
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as Supporting Information. The estimation of the concentration
of final protein solutions was made by UV—vis spectroscopy
and gave a value of ~40 mg/ml. The measurements of the
hydrodynamic radius of eIF6 were performed with a
DynaPro-Titan fixed-angle light scattering system.

Neutron Scattering Experiments and Analysis. The QENS
experiments at ambient pressure presented in this article were
performed on the time-of-flight spectrometer FOCUS at the
Paul Scherrer Institut in Zurich. The neutron spectra were
measured with an incident neutron wavelength of 4 = 6 A
corresponding to an elastic g-range of 0.3—2.3 A™". The elastic
energy resolution determined by vanadium standard runs was
AE = 0.040 meV (half width at half-maximum). Experiments
have been performed at different temperatures on protein
deuterated solutions and on the corresponding buffer. Buffer
runs are used to evaluate the solvent contribution in the
solution runs in order to isolate the contribution arising from
the protein alone.

The QENS spectra at high pressure were recorded on the
time-of-flight spectrometer IN6 at the Institut Laue-Langevin in
Grenoble. The pressure cell was developed at the Institut Laue
Langevin in Grenoble (France) and was conceived to carry out
experiments on liquid solutions at moderate high pressure. In
particular, the dimensions of the cylindrical geometry were
determined to withstand pressure up to 2 kbar: internal
diameter of 10 mm and wall thickness of 1.5 mm. The global
geometry of the cell was inspired by the one previously used for
high pressure studies on lysozyme.*’ In contrast to the latter,
however, here the pressure is applied without transmitting
media and directly on the sample which is compressed by a
pump connected to the pressure cell by a very thin capillary
(0.1 mm diameter). Moreover, the irradiated part of the cell
was made of an alloy of copper-berylium which permitted the
wall thickness to be significantly reduced without affecting their
mechanical resistance. In order to reduce the multiple
scattering due to the protein solution, an insert with a diameter
of 9 mm was used. As a whole, the pressure system required a
total volume of ~3 mL of protein solution which is
considerably smaller than the volume commonly used in this
type of QENS experiments and suitable for the typical amount
of aIF6 /eIF6 production yields. The strong scattering by
the pressure cell was corrected for.

All QENS data at ambient and high pressure were corrected
for detector efficiency, normalized to the integrated vanadium
intensity, converted to the energy scale, as well as converted
from constant scattering angle 6 to constant momentum
transfer q.

Molecular Modeling. Molecular Dynamics Simulations.
Molecular dynamics simulations of aIF6 and eIF6, together
with the two foy structures, eIF6-not and aIF6-htag,
were performed using the AMBERY simulation package.”® The
whole set of simulations followed the same general protocol:
coordinates of the missing hydrogen atoms were added using
the algorithms implemented in the LEaP program from the
AMBER9 package; the protein was placed in a orthorhombic
periodic box filled with around 8000 water molecules
parametrized by the TIP3P model; the whole system, including
also sodium (Na+) counterions, was initially minimized and
then equilibrated by a short simulation of 150 ps in a NVT
ensemble, i.e., with fixed total volume and temperature kept
equal to 300 K, followed by a 700 ps long simulation in the final
NPT ensemble, with T = 300 K and P = 1 bar; in each
simulation, the control of temperature was performed with a
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Langevin thermostat with a collision rate of 3.5 ps™’, whereas
pressure was constrained by a Berendsen barostat relaxation
time of 7, = 1.5 ps; atomic interactions were modeled by the
AMBERY9SB all-atom force field.”! The length of the
production runs at each temperature—pressure value is reported
in Table 3. More details on the molecular modeling protocols
used in this work are given as Supporting Information. Global
motions (translation and rotation) were removed beforehand
from all trajectories in order to avoid the presence of unwanted
spurious contributions in the calculation of correlation
functions of interest.”>”> The computation of neutron
scattering spectra from MD simulations was performed using
the package nMoldyn.”*

Analysis. Neutron Scattering Data. In neutron scattering
experiments, the measured quantity is the number of neutrons
scattered by the sample into a specific solid angle element and a
limited range of energy. The incoherent part of this quantity is
proportional to the dynamic structure factor

S(g, @) = i / " dt exp(—it)I(g, £)

(s

©)

where I(g, t) is the incoherent intermediate scattering function
(ISF), which depends on the positions of the dominantly
scattering hydrogen atoms

1,0 = = X (explialiy(t) = %(0)])

H keH

(6)

Here Ny is the number of hydrogen atoms in the sample and g
= Iql is the modulus of the momentum transfer which the
neutron transfers to the sample. In addition, the following
assumptions are made:

e The hydrogen content in the proteins under consid-
eration corresponds to the natural abundance, i.e., about
50%, such that incoherent scattering from hydrogen
dominates by far all other scattering processes.

e The momentum transfer /g is moderate and quantum
effects in the sample can be neglected, as far as QENS is
concerned.

e The sample is isotropic, and the coordinate
a displacement in an arbitrary direction.

“« »

x” stands for

The long time limit of I(g,t), which exists only for spatially
confined motions, is the elastic incoherent structure factor
(EISF)

EISF(q) = lim I(q, t)
t— 00

?)
which can be approximated as
1
EISF(q) » — Y exp(—q*(x.%))
H keH (8)

assuming that all atoms move in an isotropic harmonic
potential and that the heterogeneity of the motional amplitudes
for different atoms can be neglected.75 As discussed else-
where,*” one may define (x?) via

o In(EISE[q))
<x > == 2
q )
which leads to a g-dependent position fluctuation.

Analysis of Data from MD Simulations. The MD data used
for this study describe internal protein dynamics, and to be
useful for the direct comparison with QENS spectra of protein
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solutions, the effects of global diffusion and of finite
instrumental resolution must be incorporated.

Neglecting multiple scattering effects and absorption, and
assuming that global diffusion of the IF6 molecules and internal
motions are decoupled, we write the overall dynamic structure
factor as a convolution product (defining (f * g)(w) = [*% do’

flo - 0)g()):

Su(@) 1) = (S x S x 1) (@) (10)
Here S, stands for the dynamic structure factor accounting for
internal motions (calculated from the MD simulations), S, is a
Lorentzian describing global translational diffusion (D, is the
diffusion constant)

1 D¢
Sg(w) =— 22 2
T (Dg) +w (11)

and r is the resolution function. The latter is well described by a
Gaussian, r(w) = (27)"*/6 exp(—0?/(20)%), with 6 > 0 and a
half width at half-maximum (HWHM) of AE ~ 1.17c. S,(.) is
normalized such that / = deg(w) = 1. The shape of r(w) was
fitted onto the experimental spectra from vanadium. We note
that global rotational diffusion can be neglected here, since it is
too small to be detectable by the spectrometers used in this
study.

Diffusion Coefficient for a Torus. The derivation of the
translational diffusion coeflicient for a body of toroidal shape
can be found in ref 76. Assuming rotational and translational
diffusion as decoupled, one obtains for the translational part

(lo (S_a) + l)
8% )72 (12)

where a and b are the inner and outer radius, respectively, and y
is the solvent viscosity. For IF6s, the values of a and b are
calculated averaging over the distance of a-carbons in the
residues flanking the central hollow, for 4, and in the five
opposite sides of the pentameric pseudosymmetry, for b. The
values of 4 used in our analysis are y3o0x = 1.11 X 107> Pa-s and
Ussox = 0.45 X 1073 Pas for heavy water at 300 and 350 K,
respectively.

Backbone Straightness. Kinks and pivoting points in
backbone structure as well as their variations upon different
thermodynamic conditions were detected by the analysis of the
mean square fluctuations of the “straightness” 7parauneter o,
defined according to the ScrewFit algorithm.””””® The latter
allows for the characterization of protein structures by
combining quaternionic representation of rotation matrices
and Chasles’ theorem on rigid-body displacements. When
applied to subsequent peptide planes in protein structures,
ScrewFit gives local helical parameters of the protein backbone
winding. For each pair of consecutive peptide planes, ScrewFit
defines three parameters indicating their relative orientation
and distance from a common axis of rotation (the axis of screw
motion). The straightness parameter is then the scalar product
between the unit vectors of local axes of screw motion, relative
to four consecutive peptide planes. It gives information about
local curvatures of a protein backbone tract. Large values of
(Ac*) over a set of protein conformations indicate pivoting
regions where the backbone constantly kinks.

Side-Chain Order Parameter. The order parameter ©, for

the side-chain dihedral angle y, was calculated, according to ref
79, as

KT
torus Sﬂ/,[a
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1 N
0,=—1Y 7l
! N,-; “ (13)

where N is the number of structures in the MD trajectories and
Z is a two-dimensional unit vector whose phase is equal to the

dihedral angle y, in structure i. Values close to unity indicate
very narrow dihedral angle distributions and therefore bonds
that are rigid with respect to rotation. Values close to zero
indicate dihedral angles defined over uniform distribution. In
the present work, to equally consider the contribution of each
side chain, without taking into account its length, we limited
our analysis only to the order parameter for side-chain dihedral

angle y;.
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Experimental procedures for sample production together with a
detailed description of the molecular modeling of aIF6,
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