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A widely held hypothesis regarding the thermostability of
thermophilic proteins states asserts that, at any given
temperature, thermophilic proteins are more rigid than
their mesophilic counterparts. Many experimental and
computational studies have addressed this question with
conflicting results. Here, we compare two homologous
enzymes, one mesophilic (Escherichia coli FMN-dependent
nitroreductase; NTR) and one thermophilic (Thermus
thermophilus NADH oxidase; NOX), by multiple molecu-
lar dynamics simulations at temperatures from 5 to
100°C. We find that the global rigidity/flexibility of the
two proteins, assessed by a variety of metrics, is similar
on the time scale of our simulations. However, the ther-
mophilic enzyme retains its native conformation to a
much greater degree at high temperature than does the
mesophilic enzyme, both globally and within the active
site. The simulations identify the helix F-helix G ‘arm’
as the region with the greatest difference in loss of native
contacts between the two proteins with increasing temp-
erature. In particular, a network of electrostatic inter-
actions holds helix F to the body of the protein in the
thermophilic protein, and this network is absent in the
mesophilic counterpart.

Keywords: corresponding states/flavoproteins/molecular
dynamics simulations/nitroreductase/thermophilic proteins

Introduction

Proteins derived from thermophilic organisms are more
resistant to thermal denaturation than homologous proteins
from organisms adapted to moderate temperatures (meso-
philes). The differences in stability, structure and amino acid
composition between thermophilic and mesophilic proteins
have been the subject of intense research (reviewed in Vieille
and Zeikus, 2001). In general, thermophilic enzymes are
optimally active at high temperatures at which their host
organisms thrive, and they are relatively inactive at tempera-
tures where mesophilic enzyme activity is optimal. It has
been proposed that the low activity of thermophilic proteins

at ‘mesophilic’ temperatures is due to their greater confor-
mational rigidity at low temperatures relative to mesophilic
proteins (Vihinen, 1987; Zavodsky et al., 1998).

An early articulation of this idea, known as the ‘corre-
sponding states hypothesis’, comes from Vihinen (1987):
‘Flexibilities of proteins performing the same catalytic
activity seem to be about the same at their temperature
optima, but the more rigid thermostable proteins reach the
flexibility of the thermolabile proteins at higher tempera-
tures’. Vihinen reached this conclusion based on the com-
parison of normalized B-factors from a small number of
crystal structures of proteins for which thermostability data
were also available. Although the validity of his analysis
may be called into question, given the sensitivity of
B-factors to the details of the refinement process and to
crystal contacts, the underlying hypothesis has spawned
numerous studies of homologous mesophilic and thermophi-
lic proteins.

The results of both experimental and computational
studies of matched mesophilic and thermophilic protein pairs
have been mixed. For instance, Fourier-transform infrared
spectroscopic (FTIR) hydrogen—deuterium exchange exper-
iments on thermophilic and mesophilic isopropylmalate
dehydrogenases (Zavodsky et al., 1998) and glyceraldehyde-
3-phosphate dehydrogenases (Wrba et al., 1990) showed that
amide hydrogen exchange was less extensive in the thermo-
philic protein than in the mesophilic protein at 25°C, but this
difference was greatly reduced when the measurements were
made at the respective optimal activity temperatures of the
two enzymes. In contrast, a hyperthermophilic zinc-
containing rubredoxin (from Pyrococcus furiosus) was found
to have hydrogen exchange rates similar to those of many
mesophilic proteins (Hernandez et al., 2000). Neutron scat-
tering experiments with live whole cells between 5 and 37°C
(Tehei et al., 2004) suggest that the overall population of
macromolecules (predominantly proteins) from hyperthermo-
philes and thermophiles have slightly lower mean-square
fluctuations on the 0.1 ns time scale than those from meso-
philes. However, neutron scattering studies on dihydrofolate
reductase found that the thermophilic protein had higher
atomic mean-square fluctuations than the mesophilic homol-
ogue (Meinhold et al., 2008). Nuclear magnetic resonance
(NMR) spectroscopy studies on the ribonuclease H from
Escherichia coli and Thermus thermophilus indicated local
differences in dynamics that may be related to thermal stab-
ility and/or catalysis, but no global differences. In contrast,
Kern and coworkers (Wolf-Watz et al., 2004) used NMR to
characterize a lid closing/opening conformational change in
adenylate kinase from FE.coli and the hyperthermophile
Agquifex aeolicus. This hyperthermophilic enzyme is 9-fold
less active than the mesophilic form at 20°C. Each protein’s
lid-opening rate was found to be equal to its k., at 20°C,
suggesting that the lid-opening motion is the rate-limiting
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step in catalysis and that slower lid opening explains the low
value of k., in the thermophile.

Molecular dynamics (MD) simulations (Lazaridis er al.,
1997; Colombo and Merz, 1999; Merz et al., 1999; Wintrode
et al., 2003; Maragliano et al., 2004; Bae and Phillips, 2005;
Huang and Zhou, 2006; Motono et al., 2008) have provided
similarly mixed results. Most studies have used some form
of root-mean-square deviations (RMSDs) and/or fluctuations
(RMSFs) of atomic coordinates to evaluate mobility and
stability. Usually, the thermophile is found to retain its start-
ing conformation better than the mesophile at all tempera-
tures. However, the results differ as to whether the mesophile
or the thermophile has larger fluctuations. Most of these
studies involved short (<5 ns) simulations of each protein.

Here, we use MD to evaluate the flexibility of NADH
oxidase from the thermophile T.thermophilus (NOX)
(Erdmann et al., 1993; Park et al., 1992a,b, 1993; Zoldak
et al., 2003) and the homologous NfsB nitroreductase (NTR)
from the mesophile E.coli (Anlezark et al., 1992; Zenno
et al., 1996a,b; Parkinson et al., 2000; Fig. 1). T.thermophilus
has an optimal growth temperature of 75°C, whereas the
optimal growth temperature for E.coli is 37°C (Huang et al.,
2004). The optimal enzyme activity of NOX at pH 7.2 has
been reported as 80°C by some workers (Park et al.,
1992a,b) and 65°C by others (Zolddk et al., 2003). The
thermal denaturation temperature (7,,) of NOX is 89°C

Fig. 1. The crystal structures of (top) Thermus thermophilus NADH oxidase
(NOX) and Escherichia coli NfsB nitroreductase (NTR), with secondary
structure elements labeled. Flavin mononucleotide cofactors are shown in
sphere representation. A color version of this figure is available as
supplementary data at PEDS online.
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(Zoldak et al., 2003). The T, for NTR has not been reported,
but the optimal enzymatic activity occurs between 42 and
47°C. We have used the optimal growth temperatures as our
point of comparison.

We apply several measures of flexibility, including Ca
RMSDs, Ca RMSFs, Ca and all-atom flexibility analysis
(Teodoro et al., 2003; Benson and Daggett, 2008), and side-
chain dihedral angle analysis. We separately analyzed back-
bone, side chain, active site and buried/exposed residues in
an attempt to evaluate the corresponding-states hypothesis in
more detail for these proteins than has been done previously.
We find that no one of these analyses strongly supports the
corresponding-states idea. Rather, the most important differ-
ence between NOX and NTR is that the native conformation
of NOX is more resistant to high temperature than NTR. We
also identify interactions that are important for the observed
stability of NOX and are absent in NTR.

Methods

Starting structures

The starting structure for simulations of the T.thermophilus
NADH oxidase (NOX) was the 1.59 A resolution crystal
structure determined by Schmid and coworkers (Erdmann
et al., 1993; Hecht er al., 1995) (Protein Data Bank code
INOX). This structure includes residues 6-205 of each
monomeric unit of the homodimer and two bound flavin
mononucleotide (FMN) cofactor molecules. Each subunit
contains four histidine residues, which were represented as
the ND2 tautomers, based on the proximity of hydrogen-
bonding partners in the crystal structure. The output of the
WHAT IF web server (http:/swift.cmbi.ru.nl, Vriend et al.,
1996) was also consulted. A test simulation of NOX at 37°C
with His75 represented by the NE2 tautomer had a higher
Ca RMSD and more perturbed protein—FMN contacts than
the original simulation, and the putative hydrogen bond from
His75 NE2 to GIn73 was not preserved (not shown). The
starting structure for the E.coli minor FMN-dependent nitror-
eductase (NTR) was the 2.06 A resolution structure deter-
mined by Parkinson et al. (2000) (Protein Data Bank code
1DS7), which contains all 217 residues of each monomer
and two bound FMN cofactor molecules. Of the seven histi-
dines per monomer, Hisl1 and His47 were assigned to the
NEI tautomer, and the others were assigned to the ND2 tau-
tomer. Test simulations of NTR with His133 and His193 rep-
resented as the NE2 tautomer gave similar results to those
presented below (not shown). The backbone and side-chain
angles of Metl (chain B) in the NTR crystal structure
deviate from the expected values, leading to incorrect stereo-
chemistry at Ca in the minimized structure. A test run at
37°C with corrected stereochemistry also gave similar results
to those presented below (not shown), but with increased Co
RMSF in flexible regions.

Sequence alignment

To facilitate a more direct comparison between the two pro-
teins simulated in this study, we performed a combined
sequence/structure alignment using the Matchmaker and
Match — Align tools in the UCSF Chimera software
package (Pettersen er al., 2004; Meng et al., 2006). This
method first uses both sequence and computed secondary



structure to superimpose the two structures, then creates a
sequence alignment from the structural superposition.

MD simulations

MD simulations of the holodimers were performed with our
in-house simulation software, in [ucem molecular mechanics
(ilmm) (Beck et al., 2000—-2009), using the potential function
of Levitt et al. (1995), and the explicit flexible three-center
(F3C) water model (Levitt et al., 1997). Nonbonded inter-
actions were treated by the force-shifted cutoff procedure
with a cutoff radius of 10A (Levitt et al., 1995).
Electrostatic interaction energies between groups of atoms
separated by three inter-group bonds are scaled by a factor of
0.4 (Armen et al., 2005). Detailed protocols for preparation
and equilibration are given elsewhere (Beck and Daggett,
2004). Briefly, after the addition of hydrogen atoms, the start-
ing structure was minimized in vacuo (steepest descent, 1000
steps). The minimized structure was solvated with a box of
F3C water extending at least 10 A from the protein. Water
molecules within 1.8 A of any protein atom were removed.
The density of the system was adjusted to the experimental
density of water at the desired temperature (Kell, 1967) by
slightly varying the box dimensions. Water molecules were
then minimized for 1000 steps with protein atoms fixed, fol-
lowed by 1 ps of water-only dynamics, an additional 500
steps of water-only minimization, and finally 500 steps of
minimization of the protein only. The system was then
brought to temperature by assigning equal and opposite
momenta to randomly selected pairs of atoms until the entire
system obeyed the Maxwell—Boltzmann velocity distribution.
Independent replicate simulations were generated by chan-
ging the random number seed used in the heating protocol.
Because our simulations were run in the microcanonical
(NVE) ensemble, the temperature was only approximately
constant. Numerical error in integrating the equations of
motion leads to temperature drift, which we corrected by
rescaling the atomic velocities as needed. For a typical
~20ns simulation, velocities were rescaled twice.
Neglecting an initial 2 ns equilibration and heating period,
the standard deviation about the average temperature was
approximately 1.2—1.6 K, and the deviation between the set
temperature and the calculated average temperature was
approximately 0.3-0.6 K.

Generation of MD parameters for FMN

Flavin mononucleotide has not previously been simulated in
our force field. Atomic charges for the isoalloxazine ring
were generated by a quantum mechanical (QM) geometry
optimization calculation on the model compound lumiflavin
(second-order Mgller—Plesset level of theory, 6—-31G* basis
set). All QM calculations were performed with Spartan
(Wavefunction, Inc., Irvine, CA, USA). Lumiflavin
(10-methyl-isoalloxazine) was used instead of FMN because
the smaller number of atoms (27 atoms compared with 50
for FMN) simplified the calculation. Atomic charges for the
isoalloxazine ring were determined from a fit to the electro-
static potential of the final QM-minimized structure, and
were scaled by a factor of 0.7 to bring them in line with the
charges in our force field (Levitt ef al., 1995). Additional
small adjustments were made to give the isoalloxazine ring a
net neutral charge. Atomic charges of the ribityl portion of
FMN are those of the Levitt et al. potential function (Levitt

Flexibility of mesophilic and thermophilic flavoenzymes

et al., 1995). Charges for O5’ and the phosphate group were
chosen to give this group a —2 total charge. Bond, angle and
dihedral force constants for the phosphate group were either
taken from or assigned by analogy to similar groups in our
force field. Some torsional force constants for the ring
system were assigned empirically by performing simulations
with various values of the parameters and choosing the
values that best reproduced the experimental Co B-factors
and that best enforced planarity. The complete FMN par-
ameter set is given in Table S1, Supplementary data are
available at PEDS online.

RMSD, RMSF and flexibility analyses

All analysis was performed with i/mm or other in-house soft-
ware. Atomic root-mean square fluctuations about the mean
structure (RMSF) and deviations from the energy-minimized
crystal structure (RMSD) were calculated in the standard way
after rotational and translational alignment to the reference
structure (Kearsley, 1989). Atomic flexibility was calculated
by the method of Teodoro et al. (2003) as implemented by
Benson and Daggett (2008). Cao RMSD is used to judge the
degree of change from the starting conformation, and Ca
RMSF is used as a metric of the motion of the protein about
its mean.

For both flexibility and Ca RMSF, the values for the two
monomers in each simulation were averaged, giving six
values per residue for the three dimer simulations at each
temperature. Uncertainties were estimated by the standard
deviations of these values. The flexibility and RMSF analysis
included data only from the last 2 ns of each simulation, to
ensure that the systems had equilibrated.

Contact analysis

We used a distance cutoff for defining heavy atom contacts.
Two aliphatic carbon atoms were considered to be in contact
if the distance between them was <5.4 A. For pairs of polar
atoms (N or O) or a polar/carbon pair, the cutoff distance
was 4.6 A. Two residues were considered to be in contact if
any inter-residue pair of atoms was in contact. These defi-
nitions apply to both inter- and intramolecular interactions.
Protein—FMN contacts were additionally divided into si and
re face contacts as follows: the two protein monomers in the
holoenzyme were assigned numbers O and 1, respectively,
and the flavins were given numbers 2 and 3. Contacts
between molecules 0 and 2, or between molecules 1 and 3,
were designated as si face contacts. Contacts between mol-
ecules O and 3, or molecules 1 and 2, were re face contacts
(see Fig. 1). Contacts between molecules 0 and 1 were dimer
interface contacts. Native contacts were defined as those
present in the minimized starting structure, and all other con-
tacts were designated nonnative.

Side-chain dihedral angle order parameter analysis

The side-chain dihedral angle order parameters O, were
calculated accordmg to Hyberts et al. (1992) as
0y, =(1/N )N, Xz‘ where N is the number of structures in
the ensemble, and Y; is a two-dimensional unit vector in the
direction of dihedral angle y in structure i. For calculating
average O, values, dihedral angles starting or ending in a
hydrogen atom were excluded. Thus, Gly, Ala and Pro resi-
dues were excluded for O,;; and Val, Ser, Thr, and Cys resi-
dues were additionally excluded for O,,. Only x; and x»
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Fig. 2. Crystal structures of NOX (thermophile, top) and NTR (mesophile, bottom) and snapshots from MD simulations of NOX and NTR. FMN cofactors are
shown in sphere representation, colored by element. Each MD structure is from the indicated time point of a simulation at the indicated temperature. The Ca
RMSD to the respective starting structure is also given. Black boxes indicate the optimal growth temperatures. Note that the structure of NTR becomes more
distorted than that of NOX. See also Fig. 3. A color version of this figure is available as supplementary data at PEDS online.

were analyzed because only a few residues from each protein
have side chains long enough to have y3, x4 and ys, making
the analysis more local than global. The Oy data were also
separated by burial or exposure of the individual residues. A
residue was defined as exposed if its side-chain
solvent-accessible surface area (SASA; Lee and Richards,
1971) was greater than 10% of the side-chain SASA for a
model pentapeptide (Gly-Gly-X-Gly-Gly) simulated at 25°C
(Beck et al., 2008).

Active site conformation analysis

To monitor changes in active site conformation, we selected
a set of 18 interatomic cofactor-to-protein distances in the
NOX and NTR active sites (Table S2, Supplementary data
are available at PEDS online). These atom pairs were care-
fully chosen (after alignment of the NOX and NTR struc-
tures) to represent a set of corresponding contacts between
NOX and NTR. This selection of distances allowed us to
define a common 18-dimensional coordinate space for NOX
and NTR. The RMSD from the crystal structure in this space

2
was calculated as Rijg = \/ Z}El (ri - ri,crystal) /18, where r;

is the distance between the ith atom pair and 7, ysa is the
distance between the same atom pair in the crystal structure.
The symmetry of the dimer gives two active sites per mol-
ecule. For NOX, the reference distances r; ys are identical
for both active sites due to imposition of noncrystallographic
symmetry (NCS) during refinement of the structural model
(Hecht et al., 1995). For NTR, NCS was not used in the
refinement (Parkinson et al., 2000), SO 7 crystal Was taken as
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the average of the values for the two active sites. Histograms
of R,g were calculated for each monomer in each simulation.

Molecular graphics

Molecular graphics images were created using the Chimera
software package (Pettersen et al., 2004).

Results

Sequence alignment

By the structure-based sequence alignment procedure
described in the Methods section, NOX (thermoophilic) and
NTR (mesophilic) have a Coa RMSD of 1.03 A over 101
atom pairs used in the structural alignment. The sequence
alignment encompassed 196 residue pairs and yielded a
22.5% sequence identity (Figure S1, Supplementary data are
available at PEDS online). The most notable feature of the
alignment is that NTR has several 1-4 residue gaps relative
to NOX, particularly in the region from residues 99 to 114,
which corresponds to helices F and G and the intervening
loop.

Stability of the overall native conformation

We simulated NOX and NTR in explicit water at eight temp-
eratures from 5 to 100°C. Three simulations of at least 20 ns
each were run at each temperature (except that only two
simulations were run for NTR at 25°C). The NOX confor-
mations were stable and native-like at all temperatures simu-
lated (Figs 2 and 3a and c). The Ca RMSD for the NOX
simulations was ~1.5 to ~3.5 A for temperatures up to, and
including, 100°C, except for one simulation at 100°C in
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Fig. 3. Evolution of NOX and NTR conformations in MD simulations. (a)
and (b) Time course of Cae RMSD during simulations of (a) NOX and (b)
NTR. Line color indicates simulation temperature as shown in the key.
There are three simulations at each temperature. (c—e) Average quantities
calculated from simulations. Points are the average of data at 1ps
granularity from all simulations of the indicated protein at the indicated
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which it reached 4.5A Ca RMSD. NTR also remained
folded, but it became more distorted at higher temperatures.
Up to 62°C, NTR simulations gave Ca RMSD values below
4.5 A. At the higher temperatures, the Ca RMSD values
reached a plateau of 5—-6 A (Figs 2 and 3b and c). For the
majority of NTR simulations, the Cae RMSD traces stabilized
by the end of the simulation. The Cac RMSF calculated from
the simulations correlates well with the crystallographic
B-factors (Pearson’s correlation coefficient R = 0.79-0.88
and 0.83-0.90 for NTR and NOX, respectively).

Both enzymes, but especially NOX, preserved native
dimer interface contacts to a high degree across the tempera-
ture range studied, although both enzymes lost more native
dimer interface contacts at higher temperatures (Fig. 3D).
The average number of total dimer contacts was also high.
Thus, the dimers remained intact in simulation, with some
rearrangement of the interface.

We also tracked the fraction of total intermolecular
protein—FMN residue contacts (Fig. 2e). Up to 75°C, both
proteins maintained ~70—80% of the starting contacts to the
si face of FMN. For NTR at 75°C and above, the number of
si face contacts dropped to 62—66% of the starting value.
Total contacts on the re (exposed) face were >100% for
NOX and ~78-95% for NTR. In the NOX simulations,
many nonnative cofactor contacts occurred (not shown),
especially for the si face, with decreasing native contacts as
the temperature increased. Native residue contacts to both
faces were significantly lower than total contacts in the NTR
simulations, especially at higher temperatures.

Stability of the native active site conformation

To examine the kinetic stability of the active-site confor-
mation, we used a set of 18 protein—cofactor distances to
define a multidimensional space describing the active-site
conformation of the two proteins (Table S2, Supplementary
data are available at PEDS online, and Fig. 4a). We have
defined the measure R;g as the RMSD between the crystal
conformations and those observed in our simulations in this
18-dimensional space. Distributions of R;g at every tempera-
ture are given, where a value of zero indicates the crystal con-
formation (Fig. 4b and c). The distributions show that the
NOX active site is closer to its crystal conformation than
NTR at 5°C, and remains so as the temperature is increased.
Even at 100°C, one of the NOX simulations has a substantial
population that overlaps the NOX 5 and 25°C distributions.
In contrast, the NTR active site becomes highly distorted
above 62°C. Even at low temperatures, the NTR distributions
are broader than those for NOX. At the corresponding growth
temperatures (i.e. NOX at 75°C and NTR at 37°C), the
overall widths of the two distributions are similar, but the
peak of the NOX distribution is located at smaller Rg values.

Backbone mobility by Coo RMSF

The patterns of Coo RMSF along the backbone are similar for
NOX and NTR, reflecting their shared topology. As

temperatures. Vertical error bars represent standard deviations. (c) Average
Ca RMSD as a function of simulation temperature. (d) Number of
dimer-interface residue contacts as a function of temperature. Contact
definitions are given in Methods. (¢) Number of total protein—cofactor
residue contacts as a function of temperature. Contact definitions are found in
Methods. Note that the si face of FMN is buried in both NOX and NTR. A
color version of this figure is available as supplementary data at PEDS online.
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Fig. 4. Active-site conformational changes of NOX and NTR evaluated by
interatomic distances. (a) Aligned active sites of NOX (red) and NTR (blue),
showing the distances used in the active-site distance analysis. The atoms
involved and the crystal structure values are given in Table S2,
Supplementary data are available at PEDS online. Note that all distances are
strictly homologous between NOX and NTR, allowing the definition of a
common multidimensional space. (b) and (¢) Histograms of R;g (the RMSD
from the crystal structure in the 18-dimensional space defined by the
distances in (a) and Table S2, Supplementary data are available at PEDS
online, see Methods) of (b) NTR and (c) NOX. For clarity, an arbitrary
vertical shift of 0.1 has been applied to the data for simulations at each
successive temperature. A color version of this figure is available as
supplementary data at PEDS online.

expected, the lowest Cae RMSF values occur in regions of
regular secondary structure, and higher values occur in loops
and termini (Fig. 5a). However, several helices are also flex-
ible, notably D, E, F, G, H (at its N-terminus) and I/J. For
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some helices—such as E and F in NOX, and E and J in
NTR—this increase in flexibility may be due to partial unra-
veling of the helix (not shown). The range of Ca RMSF
magnitudes is also similar for the two proteins. The increase
in Ca RMSF with temperature is small, with average
regression slope for a single residue of 0.0048 + 0.0018 A/K
for NTR and 0.0036 + 0.0018 A/K for NOX. This trend is
approximately linear: 94% of the residues in both proteins
have R* > 0.8 for this regression. Regions with high RMSF,
such as NTR helices C, E, I and H, the loop between helix F
and B-strand 2 (residues 87-93) and the N-terminus of helix
H (residues 134-136), were the most sensitive to tempera-
ture increases. Histograms of Ca RMSF for NTR have
slightly larger high-temperature tails than the NOX distri-
butions and are shifted to higher values at higher tempera-
tures (Figure S2, Supplementary data are available at PEDS
online), but these differences are small.

To compare the Ca RMSF profiles more closely at the
organisms’ respective growth temperatures, the average
values for NTR at 37°C and from NOX at 37 and 75°C are
plotted together in Fig. 5b after aligning the two sequences.
The Ca RMSF of NOX changes little between 37 and 75°C
(the average absolute difference between the Co RMSF
values for each residue is only OOSA compared with an
average combined uncertainty of 0.16 A). The difference in
Ca RMSF between NOX at 75°C and NTR at 37°C (their
respective optimal growth temperatures) is similarly small
(0.07 A, with an average combined uncertainty of 0.16 A).

To conveniently compare a pair of NOX and NTR Ca
RMSF profiles, we expressed the absolute difference in the Co
RMSF values of aligned residues as a fraction of its combined
standard deviation, then calculated the average of this quantity
over the entire sequence. We used the resulting average absol-
ute normalized difference in Ca RMSF profiles to compare
every NOX/NTR pair of temperatures (Fig. 5c). The absolute
average normalized difference at the respective growth temp-
eratures (Fig. 5c, black box) is less than the combined standard
deviation. However, Fig. 5S¢ shows that the Cao RMSF profiles
of NOX and NTR are also not significantly different at many
other pairs of similar temperatures (white areas).

All of the analyses performed for Cae RMSF were repeated
with Ca flexibility (Figure S3, Supplementary data are avail-
able at PEDS online). In principle, the flexibility analysis
could separate functionally important directional motions
from random vibrations because it uses only the first princi-
pal component of an atom’s positional fluctuations, whereas
Ca RMSF tracks all motions (Benson and Daggett, 2008).
However, for our simulations, the mean Pearson’s correlation
coefficient R between the average Cao RMSF and the average
Ca flexibility for the same protein at the same temperature
was 0.99, and the backbone flexibility analysis leads to the
same conclusions as the Cae RMSF analysis above.

Global and local mobility by all-atom flexibility analysis

Distributions of the flexibility of all non-hydrogen atoms for
NOX and NTR at equivalent temperatures are similar, but
with the NTR curve shifted to slightly higher values of flexi-
bility at temperatures above ~37°C (Figure S4A,
Supplementary data are available at PEDS online). The NOX
75°C distribution matches the NTR 37°C distribution very
closely, but again, the difference between NOX at 37 and
75°C also is very slight, with only ~0. 1A between the peaks
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two proteins are aligned as described in Methods. (¢) Average absolute differences (normalized by combined standard deviation) in Cae RMSF vs. as a function
of the temperatures of the two sets of simulations. Note the strong diagonal feature, indicating that at similar temperatures, NOX and NTR have similar Ca
RMSF. Black box shows the optimal growth temperatures for the two proteins’ host organisms. A color version of this figure is available as supplementary

data at PEDS online.

(Figure S4A, Supplementary data are available at PEDS
online). Similar results were obtained for residues in the
active site (Figure S4B, Supplementary data are available at
PEDS online) and when buried and exposed residues were
analyzed separately (not shown).

Global mobility by side-chain order parameters

We calculated the side-chain order parameters O, for all resi-
dues in NOX and NTR (Fig. 6). The order parameter O,

quantifies the width of the distribution of y, and is therefore
a measure of the magnitude of the dihedral angle fluctu-
ations. 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 uniformly
distributed dihedral angles (Hyberts et al., 1992). Because
the distributions of O, across the sequence were highly
skewed, we have presented the median and quartile values as
box-and-whisker plots (see Fig. 6 legend). Distributions of
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Fig. 6. Global mobility of NOX (red) and NTR (black) by O, side-chain
dihedral order parameters, shown as box-and-whisker plots. The horizontal
line inside each box indicates the median; and the upper and lower edges of
the box indicate the upper and lower quartiles, respectively. The dotted line
(‘whisker’) extends to 1.5 times the interquartile distance, and the circles
show outliers. O, is unitless and varies from O to 1, with 1 indicating no
variation in y and O indicating a completely uniform distribution. The
calculation of O is described in Methods. (a) O,,. (b) O,,. A color version
of this figure is available as supplementary data at PEDS online.

O, (Fig. 6a) are similar for NOX and NTR at all equivalent
temperatures. This is also true if the data are separated into
buried and exposed residues (not shown). For O,,, the
median values (Fig. 6b) are lower than for O,,, reflecting the
increase in side-chain rotations further from the backbone.
Median O,, values for NTR are lower than the NOX median
values. There is a close agreement between the distributions
for NTR at 37°C and NOX at 75°C, but there is significant
overlap at other temperatures as well. Most of the greater
sensitivity of NTR to increasing temperature is due to
surface residues.

Stabilizing interactions at high temperature

We examined the preservation of native contacts during our
simulations. We found that NTR lost more native contacts
than NOX primarily between the helix F-helix G ‘arm’ and
the rest of the protein (Fig. 7). Helices F and G form a

334

—_
2]
~—
1
v

NOX native —®&—
NTR native —@—

Change in native residue contacts

Fig. 7. Interactions between the helix F—helix G domain and the main body
of the protein for NOX and NTR. (a) Salt-bridge networks involving NOX
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G. Note that the ionic interactions in NOX connect helix F to other regions
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contacts (residue contacts) to the helix F-helix G arm as a function of
temperature. There are 72 residue contacts to this region in the starting
structure of NTR and 44 in the NOX starting structure. A color version of
this figure is available as supplementary data at PEDS online.



quasi-independent domain that is relatively free to move with
respect to the rest of the protein. Helix F of NOX is con-
siderably shorter than the corresponding helix in NTR
(Figs 1, 7a and b, and S1, Supplementary data are available
at PEDS online), and is docked to the main body of the
protein by two extended salt-bridge networks (Fig. 7a). The
first network involves Asp88, Argl74, Glu90 and Argl28.
The second is an intermolecular salt-bridge network, com-
prised of Arg53, Asp91, Glu98 and Arg200 on the opposite
monomer. These interactions are all well preserved in the
NOX simulations up to 100°C, with the exception of that
between Glu90 and Argl28 (Table SIII, Supplementary data
are available at PEDS online). In addition, in a few simu-
lations, Arg53 and Asp88 form a nonnative salt bridge 20—
50% of the time, joining the two networks. If the salt-bridge
definition is extended from 4.6 to 5 A, then in 8 out of 48
instances the Arg53—Asp88 interaction is present more than
20% of the time (Table S3, Supplementary data are available
at PEDS online). The helix F—helix G arm of NTR has only
one ionic interaction linking it to the rest of the protein,
Lys87 to Asp91. This interaction is also preserved up to high
temperature in the simulations, but it is short-range (Fig. 6b).
Hydrophobic interactions in this region, involving residues
Met90, Trp94, Phel24, Ser43 and Pro45, among others, are
also lost in NTR.

Discussion

Both NOX, a thermophile, and NTR, a mesophile, remained
folded in MD simulations at temperatures from 5 to 100°C.
In addition to low Ca RMSD values (Fig. 2a and b), both
enzymes preserved dimer interface (Fig. 3d) and cofactor
(Fig. 3e) contacts, indicating that our simulations are well
behaved and suitable for further analysis. As expected for a
thermophilic protein, NOX preserved its native conformation
at high temperatures. In contrast, NTR became highly dis-
torted, although not globally unfolded (Figs 2 and 3). This
finding holds for the active site conformation as well
(Fig. 4).

NOX and NTR have a sequence identity of only 22.5%.
However, previous work from our group has shown that
families of proteins with similar or even lower sequence
identity can share patterns of flexibility (Benson and
Daggett, 2008), as do NOX and NTR (Figs 4 and S4,
Supplementary data are available at PEDS online). Given
this finding, and the close structural and functional similarity
between the two proteins (1.03 A Coa RMSD), NOX and
NTR constitute a good model system for evaluating the
‘corresponding-states’ hypothesis.

Most MD studies comparing mesophilic and thermophilic
proteins have used some form of RMSD or RMSF as a
metric of mobility. To perform a more detailed analysis, we
have used Ca RMSF, Ca and all-atom flexibility, and side-
chain dihedral order parameters to evaluate the flexibility of
NOX and NTR. We have also explicitly examined backbone
and side-chain atoms, the active site alone, and buried and
exposed residues in an attempt to shed light on the corre-
sponding states hypothesis. The Ca RMSF and flexibility
analyses showed that at their respective optimal growth
temperatures, NOX and NTR do have a similar degree of
mobility. However, the agreement between Ca RMSF values
for NTR at 37°C and NOX at 75°C is not significantly

Flexibility of mesophilic and thermophilic flavoenzymes

greater than that between NOX at 37°C and 75°C. This
finding also holds for all-atom flexibility, active-site flexi-
bility and the flexibility of atoms in buried and exposed resi-
dues. The distributions of side-chain dihedral angle order
parameters for y; are essentially identical for the two pro-
teins. For y», the O, distributions at the respective growth
temperatures are very similar, but as in the Coo RMSF analy-
sis, the overall temperature trend could simply reflect the
increased sensitivity to high temperature for the mesophile.
Thus, this detailed analysis leads to the conclusion that NOX
is not significantly more ‘rigid’ than NTR, if ‘rigidity’ is
defined as the magnitude of fluctuations about the average
conformation at a given temperature. However, if ‘rigidity’ is
defined as persistence of the crystallographic conformation at
high temperature, NOX is considerably more °‘rigid’ than
NTR. Our aim was to examine the persistence and dynamics
of the native conformation, not global unfolding. Our find-
ings agree with several MD studies which found, unsurpris-
ingly, that thermophilic proteins maintain their native
conformations at high temperatures better than their meso-
philic counterparts (Huang and Zhou, 2006; Lazaridis et al.,
1997), and that thermophilic enzymes had fluctuations
similar to or even greater than the corresponding mesophilic
enzymes (Colombo and Merz, 1999; Wintrode et al., 2003;
Motono et al., 2008). But, it is important to note that while
we do not see differences in the flexibility and mobility on
the nanosecond time scale, it does not preclude the possi-
bility of differences on longer timescales.

Given our findings, we then searched for protein regions
that lose native contacts in NTR but not in NOX, we ident-
ified a salt-bridge network linking the helix F/helix G arm of
NOX to the remainder of the protein. The Cae RMSF values
in regions flanking the helix F/helix G arm (the helix F/
B-strand 2 loop, residues 87—-93 and the N-terminus of helix
H, residues 134—136) of NTR are highly sensitive to temp-
erature, suggesting that these residues may act as hinges. The
role of salt bridges in the stability of thermophilic proteins is
well known, both in simulation and experiment (Merz et al.,
1999; Vieille and Zeikus, 2001; Zhou, 2002; Wong et al.,
2003; Yano and Poulos, 2003; Bae and Phillips, 2005; Lee
et al., 2005; Liu et al., 2008). Our results suggest a hypoth-
esis that should be testable by experiment. The helix F—helix
G region interacts with helix C, which contains cofactor-
binding residues. Thus, the lability of helix F—helix G may
influence active-site stability and enzymatic activity. If this is
the case, then introducing salt-bridge interactions in NTR
that mimic those in NOX should increase the thermal stab-
ility of NTR.
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