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Abstract: The effects of temperature and urea denaturation (6M urea) on the dominant structures
of the 20-residue Trp-cage mini-protein TC5b are investigated by molecular dynamics simulations
of the protein at different temperatures in aqueous and in 6M urea solution using explicit solvent
degrees of freedom and the GROMOS force-field parameter set 45A3. In aqueous solution at 278
K, TC5b is stable throughout the 20 ns of MD simulation and the trajectory structures largely agree
with the NMR-NOE atom-atom distance data available. Raising the temperature to 360 K and to
400 K, the protein denatures within 22 ns and 3 ns, showing that the denaturation temperature is
well below 360 K using the GROMOS force field. This is 40-90 K lower than the denaturation
temperatures observed in simulations using other much used protein force fields. As the
experimental denaturation temperature is about 315 K, the GROMOS force field appears not to
overstabilize TC5b, as other force fields and the use of continuum solvation models seem to do.
This feature may directly stem from the GROMOS force-field parameter calibration protocol, which
primarily involves reproduction of condensed phase thermodynamic quantities such as energies,
densities, and solvation free energies of small compounds representative for protein fragments. By
adding 6M urea to the solution, the onset of denaturation is observed in the simulation, but is too
slow to observe a particular side-chain side-chain contact (Trp6-lle4) that was experimentally
observed to be characteristic for the denatured state. Interestingly, using temperature
denaturation, the process is accelerated and the experimental data are reproduced.
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Introduction
Prediction of the most stable spatial structure of a pro-
tein is still one of the most difficult but practically rel-
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evant challenges in molecular biology. Although pro-
gress has been reported® regarding prediction of
protein backbone folds, understanding of the physical
interactions between atoms that determine the prefer-
ence for one or the other fold is still poor. The basic
problem is that of a nonhomogeneous system contain-
ing many (10%-10%) degrees of freedom while showing
small free energy differences (of the order of a few
kgT) between many different possible spatial struc-
tures. Solving this problem computationally requires a
very accurate (energetic accuracy < kgT) atomic inter-
action function and powerful sampling methods to
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scan the vast conformational space for low-energy
conformations and to obtain sufficient statistics to
grasp the entropic contributions to fold stabilization.
In view of the latter, attempts to reproduce or predict
the folding equilibrium of polypeptides using computer
simulation techniques based on molecular dynamics
(MD) and Monte-Carlo (MC) sampling have been
restricted to relatively short chain lengths of up to 20
o-amino acid residues or even fewer (-amino acid
residues.3™°

The so-called Trp-cage mini protein (See Fig. 1) is
such a small, 20 a-amino acid residue protein, which
has been studied experimentally reasonably well, and
shows a stable fold in aqueous solution.” Using various
spectroscopic experimental probes (NMR, CD, fluores-
cence, and UV-Raman), its denaturation or unfolding
temperature, which may vary with the observable that
is measured, has been estimated as 315 K.7*° Its fold-
ing time at room temperature was estimated at about
4 ],LS.H’IZ

A number of computational research groups have
taken up the challenge to reproduce the experimentally
inferred folding properties of Trp-cage.'>”*' Only a few
studies’”° present a comparison with the measured
experimental NOE interactions in the form of atom—
atom distance bounds to validate the simulated con-
formational ensemble. Different simulation techniques,
such as stochastic dynamics," molecular dynam-
ics,'31872°0  or replica-exchange molecular dynam-
ics'7*! were applied. Various protein force fields
such as AMBER,'*'5'8202 CHARMM,'® ECEPP,"
OPLS," or modifications of these'® were applied. The
solvent, water, was either modeled as a continuum
using simple electrostatics’®*® or with generalized-
Born models'371518:2° o1 explicitly as separate degrees
of freedom.'"*' Three studies’>'”"*' use extensive tem-
perature replica-exchange simulations (aggregated
simulation times of 92 ns,'”® 250 ns,"” and 400 ns*'
per molecule) to determine the melting temperature of
TCsb in water. As far as can be inferred from the
reported protein trajectory data, the denaturation tem-
peratures are all rather high, 400 K,'® 440 K,"7 450
K,?* while the experimentally derived one lies at about
315 K. This indicates that the balance between the free
energy of the folded versus unfolded parts of phase
space is wrong using these force fields.® This is not very
surprising because the mentioned force fields were not
thermodynamically calibrated. The first goal of our
study is to investigate whether the GROMOS force field,
which was thermodynamically calibrated,®*~** reprodu-
ces the experimental denaturation temperature of about
315 K for the Trp-cage miniprotein in water.

Recently, an experimental NMR study of urea-
denatured Trp-cage was published.*® It used photo-
CIDNP, to hyperpolarize Tyr and Trp protons and
transfer nuclear magnetization via NOEs to neighbor-
ing atoms before refolding takes place induced by
rapid homogeneous mixing of the solution. Contacts
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between aromatic hydrogens of the (central) Trp6 side
chain and protons of the side chains of Ile4, Leuy,
Pro12, and Argi6 were observed to be present in the
urea-denatured state. The Trp6-Ile4 contact is not
present in the folded state in aqueous solution and a
urea-denatured state structure different from the
folded one was proposed. The second goal of our study
is to investigate whether the GROMOS force field,
which includes a protein and water compatible urea
model, is able to reproduce the experimental data
regarding the denatured state.

We have performed simulations of TCsb in pure
water at three different temperatures: 278, 360, and
400 K, and in 6 urea also at three different tempera-
tures: 278, 298, and 360 K. We compare the MD tra-
jectories to primary, that is, directly observable, exper-
imental data such as distances derived from NOE’s
and proton crosspolarization, and not to secondary ex-
perimental data, that is, properties derived from pri-
mary experimental data, such as NMR model struc-
tures of the protein, because the latter may reflect
more the force field and approximations used in the
structure refinement than the values of the measured
observable quantities.?® In this regard, we note that
the NMR model structures for TC5b deposited in the
protein data bank (code 1L2Y) were obtained using the
refinement program CNS,?” the protocol described in
Ref. 28, and AMBER force-field parameters.*®

Results and Discussion

Structural analysis and estimation of the
melting point

In Figure 2, the root-mean-square deviations (rmsd)
of the six simulation trajectory structures from the
starting (NMR model) structure of the TC5b in aque-
ous solution (upper panel) and in 6M urea solution
(bottom panel) are displayed as a function of time. We
chose to present only the rmsd values of the o-helical
part (residues 2—8) because we connect the unfolding
process primarily with loss of helicity in the a-helical
part of the Trp-cage. The movement of the loop part is
thus excluded. There is a difference in the stability of
the structure of the ao-helical region of TC5b between
the water and urea simulations at 360 K (black dotted
line in both panels). In water at 360 K, the o-helix of
the TCsb stays longer in the folded state than in 6M
urea solution. While the o-helix of the TCsb in 6M
urea does not refold to the native state, in water it
shows three refolding events within 20 ns of simula-
tion after which it loses the o-helical fold completely.
At 278 K neither simulation showed large deviations
from the starting structure (black line in both panels).
For TCsb in aqueous solution, we performed one sim-
ulation at 400 K (gray line in the upper panel) to test
whether the GROMOS 45A3 force field would produce
agreement with the experimental melting temperature
of about 315 K, because published simulations based
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NMR model structure in aqueous solution

Dominant MD structure in aqueous solution

Figure 1. Cartoon representations of the first structure of
the set of 38 NMR model structures’ (top structure) and of
the central member structure of the first, most populated
cluster of structures from the simulation of TC5b in
aqueous solution at 278 K (bottom structure). Clustering
was performed on all trajectory structures with an atom-
positional rmsd criterion of 0.1 nm for backbone atoms of
the a-helix (residues 2-8) and of the PPII-helix (residues 17—
19). The four largest (>0.1 nm) NOE distance bound
violations (NOE sequence numbers: 66, 118, 135, and 140)
are denoted with dashed lines on both structures.

on other force fields could not reproduce it.">'7** The
rapid increase in the rmsd value calculated for the tra-
jectory structures of the simulation at 400 K proves
that we are already well above the melting temperature
of TCsb in the GROMOS force field. From our few
and limited simulations, we cannot derive a precise
value for the simulated melting temperature of TCsb,
but we can estimate that it lies below 360 K which is
40 to 90 K lower than the melting temperatures
reported or inferred from other simulations.'>'7-**
Because in the presented rmsd analysis other struc-
tural features than the o-helical region of TC5b were
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not considered, we performed a distance analysis of
the nine long-range NOE atom-atom distances of
TCsb in aqueous solution of which five are long-range
NOE distances which describe the Trp-cage structural
motif (Fig. 3 and Supporting Information Fig. S1). The
horizontal line in each panel of both figures corre-
sponds to the NOE upper-bound distance in water at
298 K. The atom-pair distance analysis confirms our
conclusion drawn from the rmsd analysis concerning
the simulated melting temperature of TCsb.

The secondary structure assignment and the
atom-positional root-mean-square fluctuations (rmsf’s)
calculated for all C, atoms are presented in Figure 4
for the simulations at 278 and 360 K. The amounts of
the secondary structure elements calculated for the
trajectory structures of all performed simulations are
presented in comparison to the values calculated for
38 structures from the set of NMR model structures
derived using single-structure refinement techniques®
in Supporting Information Table S1. At 278 K the sys-
tems do not show a big loss of secondary structure.
The non o-helical part of the molecule shows sizeable
atomic fluctuations (right panels). At 360 K (second
and bottom panels) the a-helix unfolds. In 6M urea it
unfolds already within the first 4 ns and the folded
structure does not recur within the simulated 24 ns,
whereas in the aqueous simulation we observe several
recurrences of the folded structure. As a consequence,
at 360 K the 6M urea simulation shows more atomic
fluctuation for the whole molecule than the water sim-
ulation. If we compare the secondary structure content
calculated for the trajectory structures with the values
calculated for the 38 structures from the set of NMR
model structures (Supporting Information Table S1)

without urea

atom-positional rmsd [nm]

with 6M urea

30

time [ns]

Figure 2. Backbone atom-positional root-mean-square
difference (rmsd) (backbone atoms N, C, and C,, of
residues 2-8) of MD trajectory structures of TC5b with
respect to an energy minimized NMR model structure with
lowest energy as a function of time for simulations without
urea (upper panel) and simulations with 6M urea (bottom
panel) simulated at 278 K (black solid line), at 298 K (gray
dotted line), at 360 K (black dotted line), and at 400 K (gray
solid line).

Denaturation of the TRP-cage Mini Protein TCbb
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Figure 3. Time series of the nine long-range NOE atom-
atom distances (in nm) of TC5b in water simulations. Black
dots: simulation at 278 K; red dots: simulation at 360 K;
green dots: simulation at 400 K. Horizontal lines represent
the upper distance bounds derived from NMR NOE data in
aqueous solution at 278 K.

we see that none of the simulations shows the short
310-helical part (residues 11—14) present in the NMR
model structures. In Figure 1, the top picture repre-
sents the NMR model structure of TCsb,” whereas the
bottom picture represents the first conformational
cluster of trajectory structures of the water simulation
at 278 K. The absence of the 3,,-helical part in MD
simulations was earlier reported by Zhou,"” whereas
Paschek et al.*' found a mixture of 3,, and o-helix like
structures. We note that the primary NMR data, the
NOE’s, do not indicate 3,, helical structure for resi-
dues 11—14. There is only one i to i+3 NOE distance
bound involving these residues (see Supporting Infor-
mation Table S2), NOE 136 between 12HA and 15 HN
with a bound of 0.4 nm, which is satisfied in the MD
simulations. Thus, the 3,, helical part in the NMR
model structures may be an artifact of the single-struc-
ture refinement procedure used. The atom-positional
rms fluctuations and the varying degree of secondary
structure conservation in the simulations indicate that
the Trp-cage protein shows a larger structural mobility
when solvated in 6M urea than in pure water.

Comparison to NMR data obtained in

aqueous solution at 278 K

The ensembles of structures from all six performed
simulations (three aqueous solution and three with 6M
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urea) were analyzed regarding the level of agreement
with the NMR-derived data in terms of 168 NOE
atom—atom distances obtained at 278 K in aqueous
solution.” The interproton distance bounds derived
from experimentally measured NOE intensities are
compared to the corresponding interproton distance
averages (((r °))""®) obtained from the simulations.
In Figure 5 and Supporting Information Figure S2 the
average effective violations of the upper-bound distan-
ces from all recorded structures in all six performed
simulations are displayed. The upper-bound nature of
NOE-derived distances implies that only violations
with positive values are true violations. Of the 168
experimentally observed NOEs, 140 NOE’s correspond
to intraresidual, sequential, and intermediate-range (i
/ i+n, n < 4) distances, while only 28 NOE distances
are long-range NOEs (i / i+n, n > 5). These comprise
nine pairs of residues, see Figure 5 and Supporting In-
formation Figure S2. The vertical dashed lines denote
the range of nine long-range NOE residue pairs in the
NOE sequence. For the simulations at 278 K, all
experimentally observed NOEs are satisfied within 0.1
nm, the uncertainty assumed to be inherent to upper
bound determination, except for four NOE distances
(NOE 66, 118, 135, and 140) for the water simulation
and two NOE distances (NOE 118 and 140) for the 6M
urea simulation. NOE 66 (HZ2-HA) is one of the four
long-range NOEs connecting residues Trp6 and Proi2.
NOE 118 (HB1-HB2) is the only long-range NOE con-
necting residues Aspg and Seri4. NOE 135 (HA-HN)
connects residues 12 and 14 and NOE 140 (HA-HN)
residues 13 and 15. The latter two are indicative of a
helical conformation and the former two regard the
positioning of residues 12 and 14 (of the 3,,-helical
part of the NMR model structures) with respect to the
a-helix (residues 2-8), see Figure 1. These violations
are, with a maximum of 0.19 nm, rather small. Water
simulations at higher temperatures, 360 and 400 K,
result in more NOE distance-bound violations indicat-
ing increasing denaturation from 360 to 400 K.
Increase of the long-range NOE distance violations
characteristic for the Trp-cage motif (NOEs 6—
12,16,17,18,19) confirms the loss of this characteristic
structural element of Trp-cage miniproteins. The 6M
urea simulations at 298 and 360 K did show a smaller
increase in the NOE distance-bound violations com-
pared to the aqueous solution simulations (Supporting
Information Fig. S2). Yet the radius of gyration at
both temperatures was higher than for the correspond-
ing water simulations, see Figure 6. These two obser-
vations indicate that the size and the shape of TCsb in
6M urea is different, less native like, than in aqueous
solution.

Comparison with NMR data obtained

in 6M urea at 278 K

Recently, using photo-CIDNP experiments, eight pro-
ton—proton crosspolarization (contact) distances were
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Figure 4. Secondary structure assignment (dssp) calculated according to Ref. 42 for TC5b simulated without urea (upper two
left panels) and with 6M urea (bottom two left panels) at 278 K (upper panels) and at 360 K (lower panels). A black line
represents a 34o-helix, a red line an a-helix, a green line a n-helix, a blue line a bend, magenta a beta-bridge, maroon a beta-
strand, and a yellow line a turn. Atom-positional root-mean-square fluctuations (rmsf’s) of the C, atoms of TC5b obtained
using translational superposition of centers of mass and rotational fitting of only the backbone atoms of the a-helix calculated
for the simulations without urea (upper two right panels) and with 6M urea (bottom two right panels).

detected in the unfolded state obtained by denatura-
tion with 6M urea at 278 K.?®> These contact distan-
ces involved contacts between Trp6 on the one hand
and Ile4, Leuy, Pro12, and Argi6 on the other hand.
All except one were shorter than the corresponding
distances in the set of NMR model structures repre-
senting the compact native state. The hydrodynamic
radius in the denatured state, obtained from diffusion
NMR experiments, was slightly bigger than that of
the native state (0.8 nm and 0.74 nm for urea-dena-
tured and native states, respectively), but not as large
as expected for a fully unfolded, random coil struc-
ture.”>3° The simulations at 278 K in aqueous solu-
tion and in 6M urea also show only a slight increase
of the radius of gyration, calculated over all N, CA,
and C backbone atoms, going from water, 0.67 nm,
to 6M urea, 0.8 nm, see Figure 6. We note, however,
that with 0.02 nm (water) and 0.01 nm (6M urea),
the root-mean-square fluctuations of the radius of
gyration at 278 K are sizable. To compare our six
simulations with the reported proton—proton contact
distances, we performed a distance analysis for the
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eight proton—proton pairs given in Table 1 of Ref. 25
shown in Supporting Information Figure S3 and Fig-
ure 7 for the water and 6M urea simulations, respec-
tively. The distance bounds for the contacts between
Trp6 and Leuy, Pro12 and Argi6 are satisfied in the
6M urea simulation at 278 K. The three bounds
between Trp6 and Ile4 are not satisfied at low tem-
perature, only occasionally at 360 K (Fig. 7). We note
that the same observation holds for the water simula-
tion (Supporting Information Fig. S3). This indicates
that urea denaturation at lower temperatures is a
slower process than temperature denaturation. In the
native fold the side chain of Ileq is oriented away
from the Trp6 side chain resulting in a distance of
about 0.8 nm and which is not within the NOE range
of detection, whereas in the urea-denatured state the
photo-CIDNP experiment showed that the Trp6-Ileg
distance, at 0.45 nm, is rather short. This seems to
indicate that in the denatured state the o-helix is dis-
rupted and that the N-terminal part of the molecule
is closer to the center of the molecule (Trp side
chain).

Denaturation of the TRP-cage Mini Protein TCbb



T [ | |
F i \ \ !” i ui i A
% 0 W 'Ilu[” | ” [‘[ ||IT III'HIHM}J |',| “ || ( ’(["”T“ I ’!' ” rllll p'| ‘|] |'|’ Fl’ l” um

NOE sequence number

Figure 5. Averaged (r ©

-averaging) distances minus the NMR NOE upper-bound (determined at 278 K) distances” calculated

over all recorded structures of simulations of TC5b in aqueous solution at 278 K (black bars), at 360 K (red bars), and 400 K
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Effect of urea on the protein structure

and hydration

Although urea is a denaturant, we did not see large
conformational differences between the urea and water
simulations at 278 K and 360 K. The reason for this
may reside with the mechanism of urea denaturation3'
in which urea replaces water in the first solvation
shell, shields the protein from water, and replaces the
native hydrogen-bonding network, which is likely to
be a slow process. In Figure 8, the radial distribution
functions (rdf) for the water oxygens (OW) or for urea
carbon atoms (CU) on the one hand and the side-
chain atoms NE1 of Trp6, NE of Arg16, and CD of Ile4
on the other are presented. They were calculated for
the first and the last 4.5 ns of the urea simulations at
278 K. During the simulation, urea is replacing water
in the first solvation shell of those atoms. This is
confirmed by comparing the average number of sol-
ute-water and solute-urea hydrogen bonds, (Nyp), see
Figure 9. A larger average number of protein-urea
(NH-CO) hydrogen bonds than protein-water hydro-
gen bonds is observed for a number of residues.

Computational methods

Molecular Model

The simulations of the Trp-cage mini-protein (Fig. 1)
were carried out in explicit-solvent using the GRO-
MOSo5 biomolecular simulation software3> and force
field parameter set 45A3.°*33 The initial coordinates
were taken from the NMR structure of TCsb (PDB
entry: 1L2Y7). The simple-point-charge (SPC) water
model®* was used to describe the solvent molecules.
Aliphatic CH,, groups were treated as united atoms.**

Gattin et al.

The protein was protonated at the N- and deproto-
nated at the C-terminus. All basic residues (Argi6 and
Lys8) were protonated, whereas the acidic residue
Asp9g was deprotonated, giving +1 e as the total charge
of the investigated system. No counter-ions were used.

Simulation setup

The first structure from the set of NMR model struc-
tures was taken as the starting configuration for all
simulations and it was placed at the center of a

L o e A N ey L By B B B B B
— 278K

r < 360 K
278 K with 6M urea
360 K with 6M urea

|
8 10 12 14 16 18
time / ns

20 22 24 20 28 30

Figure 6. Radius of gyration (ry,,) of TC5b calculated using
the backbone atoms (C, N, and C,) as a function of time.
Black solid and dotted lines correspond to the water
simulations at 278 K and 360 K, respectively, and gray
solid and gray dotted lines correspond to the 6M, urea
simulations at 278 K and 360 K, respectively. The horizontal
line represents the average rg,, calculated for all backbone
atoms (C, N, and C,) of the 38 NMR model structures
representing the fold in aqueous solution at 278 K.
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Figure 7. Distance analysis for the eight pairs of cross-
polarized nuclei in TC5b (Trp6 to lle4, Leu?, Prol12, and
Argl6, Table 1 of Ref. 25 for the 6M urea simulations at
different temperatures: black at 278 K, red at 360 K, and
blue at 298 K. The green horizontal line in each panel
corresponds to the specific distance assigned to the cross-
polarized nuclei in the native state (i.e., taken from the set
of NMR model structures in aqueous solution at 278 K’
and the magenta horizontal line corresponds to the NOE
contact distance between the cross-polarized nuclei

in the M urea-denatured state of TC5b derived from
photo-CIDNP experiments at 278 K.

rectangular box enforcing a minimum distance of 2.0
nm between any protein atom and the closest box
wall. The minimum distance was chosen such that
upon unfolding of this tightly packed protein the peri-
odic replicas will not interact with each other at any
time in the simulations. This box was filled with water
molecules such that the distance between (nonhydro-
gen) solvent and solute atoms was bigger than 0.23
nm. The resulting number of water solvent molecules
was 8632. To relax the system before starting the MD
simulations, a steepest descent energy minimization
was performed. The 6M urea-water mixture was com-
posed of 970 urea and 6415 water molecules in a cubic
box with periodic boundary conditions. The force-field
parameters for urea were taken from a 53A6 force field
urea model®® implemented in the used 45A3 force
field. After an initial equilibration period of 300 ps the
simulations were continued for 20—30 ns. The analy-
ses were based on configurations saved every 5 ps.
Simulations of the aqueous and urea systems were
performed at 278 K (the temperature of the experi-
ment) and 360 K (to test its instability). Two addi-
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tional simulations were performed, one for the aque-
ous system at 400 K (to test the instability at a higher
temperature) and one for the urea system at 298 K (to
test the stability at room temperature). Solute and
water temperatures were maintained independently by
weak coupling to two temperature baths with relaxa-
tion times of 0.1 ps.3® The pressure was calculated
using a molecular virial and maintained by weak cou-
pling to a pressure bath (isotropic coordinate scaling)
with a relaxation time of 0.5 ps, using an isothermal
compressibility of 4.575 x 10 % (kJ mol™* nm 3)".
Bond lengths were constrained by application of the
SHAKE algorithm3” with a relative geometric tolerance
of 1074 The equations of motion were integrated
using the leap-frog algorithm based on a timestep of 2
fs. Long-range interactions were handled using a tri-
ple-range cutoff scheme333® with cutoff radii of 0.8
nm (interactions updated every timestep) and 1.4 nm
(interactions updated every five timesteps). The mean
effect of omitted electrostatic interactions beyond the
long-range cutoff distance (1.4 nm) was accounted for

L — 278 K start OW
278 K start CU —
F -- 278 Kend OW -
278 K end CU —

rdf
3
[

PUA
I wh o
7 AR —

i smna,
A

A
S,

0 0.5 1 1.5 2 2.5
r/nm

Figure 8. Radial distribution function (rdf) between the
water oxygen atoms (OW) and urea carbon atoms (CU) on
the one hand and the NE1 atom of Trp6, NE atom of Arg16,
and CD atom of lle4 on the other hand (panels A-C,
respectively) for the 6M urea simulations at 278 K. The rdf
was in all cases calculated for the first (full line) and last
(dashed line) 4.5 ns of the simulation.
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Figure 9. The average number of protein—protein (black), protein-water (gray), and protein-urea (light gray) hydrogen bonds
((Npg)) calculated for the protein backbone NH— donor group (upper panels) or backbone CO— acceptor group (bottom
panels) of each residue of TC5b, for the water simulations (left two panels) and for the urea simulations (right two panels) at

278 K (solid lines) and 360 K (dashed lines).

by the inclusion of a Barker-Watts reaction-field
force3>4° based on a permittivity of 61 for water.**

Analysis

The atom-positional root-mean-square deviations
(rmsd) from the energy-minimized NMR structure
were evaluated based on all backbone atoms (N, C,,
and C) of all residues.

The secondary structure assignment was done
using the program dssp, based on the Kabsch-Sander
rules.**

Interproton distance bounds derived from the
NOE crosspeak intensities at 278 K for TCsb in aque-
ous solution were compared to the corresponding av-
erage effective interproton distances in the simula-
tions, (r® V% as appropriate for small rapidly
tumbling molecules.*>#* 168 NOE upper bounds were
available from the pdb data bank (PDB code 1L2Y”
containing 169 NOE upper bound distances of which
NOE 41 and 42 were identical so only one was
retained) and were used for the NOE interproton dis-
tance analysis.

The eight NOE contact distances of the urea-dena-
tured state of (6M urea, 278 K) TCsb, which were
obtained from photo-CIDNP experiments,*® were cal-
culated from the trajectory structures using aliphatic
hydrogen atoms corresponding virtual (CH,) or prochi-
ral (stereospecific CH,) atomic positions.3338
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A conformational clustering analysis, performed
as described in previous studies,*® was carried out on
the trajectory structures of the TCsb using 1 to 1.5 X
10° trajectory structures. An atom-positional rmsd
similarity criterion of 0.1 nm for atoms N, C, and C,
of the TCsb (all residues) was used as previously
described in Ref. 45. For each trajectory structure, the
number of structures that are similar to it are deter-
mined. The structure with the largest number of struc-
tural neighbors is taken as the central member of the
first cluster, and structures similar to it are then no
longer considered. This process is repeated until all
structures are assigned to a cluster.

Conclusion

The MD simulations of TCsb in aqueous solution at
three different temperatures show that its melting
temperature with the GROMOS 45A3 force field is
lower than 360 K, which is much closer to the experi-
mental value of about 315 K than the values of 400-
450 K reported for other much used force fields. The
NMR NOE analysis of atom—atom distances for the
trajectory structures of TC5b in water shows that the
proton—proton distances as inferred from experiment
are largely satisfied in the simulations at 278 K. At
360 K and at 400 K, the onset of unfolding is
observed even on the simulated time scale of tens of
nanoseconds. Through photo-CIDNP experiments it
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had previously been shown experimentally®® that a
close, 0.4 nm, Trp6-Ile4 proton—proton contact exists
in the 6M urea-denatured state, which is not observed
for the native state. At 278 K, the simulation in 6M
urea starting from the native structure did not repro-
duce this contact. At 360 K, it was however observed.
This illustrates that in computer simulation denatura-
tion is more quickly achieved by raising the tempera-
ture than by adding a denaturant such as urea. This
can be explained by the time required for the urea
molecules to replace water molecules at the surface of
the protein.

In the 6M urea simulation, the radius of gyration
calculated (0.8 nm) is slightly larger than in the water
simulation (0.7 nm) in agreement with experimental
observations. However, the eight side-chain side-chain
interactions observed with photo-CIDNP experiments
for the urea-denatured state are too low in number to
derive a dominant conformation for the TC5b protein
in 6M urea. We note, however, that the structures
simulated by temperature denaturation of the native
structure do show the eight side-chain side-chain
interactions observed experimentally for the urea-
denatured state.
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