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ABSTRACT. Molecular dynamics simulations of barnase have been conducted both in water and in 8 M
urea solution for 500 ps at Z& and for 2000 ps at 85C. The final structure of the aqueous simulation

at room temperature matches closely the structure obtained by NMR and the experimentally observed
protections from isotopic exchange. The comparison of the structures generated by the aqueous simulation
at 85°C reveals a trajectory composed of groups of geometrically related structures separated by narrow
regions of rapid change in structure. The first of these regions displays changes in backbone rmsd to the
crystal structure and solvent-accessible area suggestive of a transition state, while the properties observed
during the final 300 ps of the simulation are consistent with a stable intermediate. These assignments
were confirmed by calculation of the “progress along the reaction coordipatalues using an empirical
equation based on a linear response method. The pathway of unfolding defined in this fashion agrees
well with the experimental results of site-directed mutagenesis in terms of secondary structure content of
the transition state and the intermediate and reproduces the relative stability of the different elements of
secondary structure. The results of the simulations in urea suggest a mechanism at the molecular level
for its well-known enhancement of the denaturation of proteins. The analysis of radial distribution functions
shows that the first solvation shell of the protein is enriched in urea relative to the bulk solvent. The
displacement of water molecules allows greater exposure of hydrophobic side chains, as witnessed
particularly in the analysis of solvent-accessible surface areas at the higher temperature. Almost all urea
molecules in the first shell form at least one hydrogen bond with the protein. They provide a more
favorable environment for accommodation of the remaining water molecules, and they facilitate the
separation of secondary structure elements by acting as a bridge between groups previously forming
intraprotein hydrogen bonds.

Proteins display an exquisitely specific but widely varied of their physical properties have been measured and earned
range of distinct three-dimensional structures and topologiesthem the name of “molten globules” (Ptitsyn, 1987; Kuwa-
based on the repetition of a limited set of components jima, 1989). Intermediates have also been found in kinetic
(Richardson, 1981). Ever since the seminal experiments offolding pathways through CDmeasurements and NMR
Anfinsen showed that ribonuclease A folds to its native experiments (Kim & Baldwin, 1990). In particular, experi-
structurein vitro after denaturation (Anfinsen, 1959), it has ments utilizing hydrogen isotopic exchange in combination
been generally accepted that globular, single domain proteinswith 2-D NMR have located sites protected from exchange
encode in their sequence enough information to fold into during refolding, presumably due to formation of secondary
their native structure (Baldwin, 1989; Jaenicke, 1987). The structure or to inaccessibility to the solvent. Some protected
details and mechanism of this process are not completelysites match the locations of secondary structure in the native
understood, and the many attempts to formulate a model thatforms of several proteins, including apomyoglobin (Hughson
explains this phenomenon have given rise to the “protein et al., 1990), ribonuclease A (Udgaonkar & Baldwin, 1988),
folding problem” (King, 1989). Experimental studies in this cytochromec (Roderet al., 1988),a-lactalbumin (Bauret
area have been challenging since most folding and unfoldingal., 1989), barnase (Bycro#t al., 1990a,b; Matouschedt
transitions are highly cooperative and often fit a simple two- al., 1992), and lysozyme (Miranket al., 1991; Radfordet
state model in which only the native and unfolded forms al., 1992; Lu & Dahlquist, 1992). The capability of
are populated (Tanford, 1968; Privalov, 1979). preparing significant quantities of mutants in which a single

In spite of the patent difficulties, great strides have been residue can be exchanged for another in a controlled fashion
made in the experimental study of the folding pathway of through protein engineering techniques has contributed
proteins. Intermediates have now been detected for thegreatly to the field. The folding pathways of barnase and
unfolding of several proteins under mild conditions, and chymotrypsin inhibitor 2 (CI2) have been extensively studied
although their complete 3-D structures are not known, somethrough a combination of protein engineering with kinetic
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and thermodynamic studies, which allowed characterization guanidinium chloride or urea. Although the fact that addition
of the transition states for both proteins and a folding of urea to protein solutions causes denaturation has been
intermediate of barnase (Fersht, 1993; Oteéal., 1994). known for a long time [see, for instance, Tanford (1968)],
It should be noted that the direct results of these experimentsthne mechanism of action at the molecular level is largely
are obtained as ratios or differences in rate or equilibrium unknown. This is a rather difficult problem to address
constants and therefore characterize the intermediates oexperimentally, since direct probes in a proteitenaturant
transition states in terms of the effects of the mutations on water system are hard to formulate. Model studies on the
their relative free energies. solubility of hydrocarbons and peptides support either a bulk
The theoretical study of protein folding and unfolding can solvent effect by which the chaotropes make water a “more
also be a valuable tool in providing insights on several key hydrophobic” medium or direct interactions between the
issues including the structures of folding intermediates, denaturants and polypeptide, which favor the unfolded state
factors affecting the stability of the folded and unfolded (Roseman & Jencks, 1975). Support for a mechanism
forms, and the pathways followed during their interconver- involving direct interactions has been mounting slowly
sion. Applications of molecular dynamics to the folding through CD (Tiffany & Krimm, 1973), surface tension
problem using atomic representations of both solute and (Breslow & Guo, 1990), and calorimetric measures
solvent were initially concentrated on smaller peptides. Early (Makhatadze & Privalov, 1992) and computational studies
examples include the unfolding of an analog of the S-peptide of model compounds (Duffet al.,, 1993a).
of ribonuclease A at 358 K (Tirado-Rives & Jorgensen, 1991) The current level of knowledge on the mechanism of

and the unfolding of an 18-residue peptide from dhkelix- action of urea is well summarized by the statement that “at
H of myoglobin (Somaret al, 1991). The free energy best, it may be qualitatively concluded that denaturants act
changes on the interconversion betweerothand 3¢-helical by solvating more equally all portions of the unfolded

forms have also been reported for undecaalanine using SPTpolypeptide, increasing the aqueous solubility of the hydro-
and Monte Carlo techniques (Tirado-Rivetsal.,, 1993) and phobic portions while maintaining the hydrogen-bonding
for undecaaminoisobutyric acid by a SPT-MD combination capability of the aqueous solvent” (Creighton, 1985). Given
(Smytheet al., 1993). Two more recent studies of peptides the lack of experimentally decisive probes, the study of
were focused on small fragments corresponding to regionschaotrope-induced denaturation of proteifes MD simula-

of secondary structure of barnase, fhairpin composed  tions could be invaluable in the interpretation of the

of the third and fourth strands of th&sheet (Puglieset experimental results and greatly enhance the understanding
al., 1995) and a fragment containing the makhelix and of this effect. To the best of our knowledge there have not
first loop (Braxenthaleet al., 1995). been any theoretical studies of proteins in the presence of

It is only in the last five years that MD simulations of urea or guanidinium chloride solutions.
unfolding of complete proteins in water have appeared in  The present simulations were undertaken to study the
the literature. Among the reported simulations are the thermal and urea-induced unfolding of barnase using full
unfolding of both the native and reduced forms of bovine atomic representations for both the protein and the solvent
pancreatic trypsin inhibitor at 423 K for 550 ps (Daggett & water under experimentally accessible conditions. Barnase
Levitt, 1992), hen egg white lysozyme at 500 K for 190 ps is a small, extracellular ribonuclease with 110 residues and
(Mark & van Gunsteren, 1992), apomyoglobin at 358 K for M, = 12 382 (Nishimura & Nomura, 1958). It is a single-
500 ps (Tirado-Rives & Jorgensen, 1998)lactamase for  chaina + f protein that contains no disulfide bonds and
200 ps at 600 K (Vijayakumaet al., 1993), barnase at 600 undergoes reversible unfolding by hed (~50 °C) or urea
K for 120 and 230 ps (Caflish & Karplus, 1994), and CI2 (C,~4.2 M). The structure of barnase has been solved both
for 2 ns at 498 K (Li & Daggett, 1994). The latter study in the crystal (Maugueat al., 1982; Baudet & Janin, 1991)
was later followed by three shorter 1 ns simulations that and in solution (Bycrofet al., 1990a,b, 1991). And, very
showed qualitative agreement to the previous results (Li & importantly for this study, the pathway it follows on folding
Daggett, 1996). It is important to note that most of these and unfolding has been experimentally elucidated through a
studies utilized highly elevated temperatures at constantcombination of kinetic and thermodynamic studies of over
volume to decrease the computation time needed to observel20 mutants [for a review see Fersht (1993)]. This wealth
the unfolding, and the rather unnatural conditions employed of experimental data has made barnase a very attractive
may have influenced the unfolding pathways. subject of study in other fields as well. In addition to the

Other techniques have also been used to increase thestudies mentioned above, free energy perturbations have been
probability of observing unfolding transitions in molecular performed to calculate the effect of mutatift§ihto alanine
dynamics studies. A set of three simulations of hen egg (Prevostet al,, 1991; Suret al,, 1996) and to gain insights
white lysozyme for approximately 200 ps each explored the into the causes for the raisedpof H'® (Prevost, 1996).
effect of using elevated pressure (10 kbar) at 342 K, an  The crystal structure, shown as a “ribbon” representation
additional radial force, or a kinetic energy gradient that using the Molscript program (Kraulis, 1991) in Figure 1,
provided additional outward velocity (Henbergeret al., features three-helices (H1, P—H'8, H2, T?6—G3% and H3,
1995). An additional unfolding simulation of barnase, in N*—A%6)  a five-stranded antiparall@-sheet (S1,%—155,
which Asp, Glu, and His side chains were protonated to S2, T7°—176, S3, $5-5°% S4, W4—T9, and S5, fP6—-K108),
simulate the effect of acidic conditions for a total simulation and three hydrophobic cores. The main hydrophobic core
time of 1050 ps, was conducted at a lower temperature, 360(C1) is formed by the packing of the longest helix against
K (Caflish & Karplus, 1995). the f-sheet. The smallest core (C2) comprises the residues

The need to enhance the rate of unfolding is not unique from the second and third helices that form hydrophobic
to theoretical simulations. Experimental studies are often contacts among them, the first and second loops and the
aided by the use of low pH or chaotropic agents such asbottom of theS-sheet, while the third and last core (C3),
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provide a neutral simulation cell. In order to locate these
ions in a relatively objective fashion, the protein was placed
X in the center of a box of water that extended at least 8 A
) beyond the protein in each Cartesian and had a density close
to 1.0 gcm™3. The initial steric clashes were first relieved
by 100 steps of steepest descent minimization followed by
13 ps of constant volume MD, during which only solvent
molecules were allowed to move and the temperature was
raised from 100 to 300 K during the first 4 ps. At the end
of this time a subset of the 30 water molecules within 9 A
of the protein and with the most negative electrostatic
energies was selected, and from this subset four water
molecules near the surface of the protein and far from each
other were graphically selected and replaced by chloride ions.

Ficure 1: Ribbon diagram representation of the crystal structure 1 N€ resulting system was then equilibrated through 30 ps of
of barnase prepared with the Molscript program (Kraulis, 1991). NVT-MD at 300 K in which only the protein atoms were
The color scheme is used to mark the regions of secondary structurekept fixed. The positions and velocities of the solvent and
in the crystal structure and is maintained in all subsequent figures. the counterions and the positions of the protein atoms were
) i . o o taken from this final configuration, while the velocities of
which contains the guamne—specnﬂc b|_nd|ng site, is formed the protein were assigned from a separate 30 ps MD
by the packing of the third loop against the back of the gimylation at constant volume in which both the counterions
p-sheet. and water molecules were kept fixed and the temperature
was raised from 100 to 300 K. The initial setup was then
COMPUTATIONAL METHODS finished by a short, 1 ps NVT-MD run at 300 K to yield the
All simulations were conducted using the AMBER 4.0 initial configuration W1 that contains the protein, four
program (Pearlmaet al, 1991). The protein was repre- chloride ions, and 4706 water molecules in a box of
sented by the OPLS nonbonded parameters (Jorgensen &limensions 59.3« 55.2 x 48.0 A.
Tirado-Rives, 1988) including the all-atom parameters for  This initial configuration was used as the starting point
aromatic side chains (Jorgensen & Severance, 1990) com{or two different simulations in pure water. A control
bined with the angle bending and torsional parameters from simulation at 300 K (CW) was continued for 500 ps at NPT.
the AMBER force field (Weineet al,, 1984), and the solvent A second simulation at 360 K (HW}a. 35 °C above the
was represented by the TIP3P model for water (JorgensenTy, was also started from the same configuration by raising
et al, 1983) and the OPLS parameters for urea (D@fy  the temperature over 30 ps and then continued to achieve a
al., 1993b). The dielectric constant was fixed at 1.0, and total simulation time of 2000 ps at 360 K. Since under
the scaling factors were 8.0 and 2.0 for the 1,4 Lennard- unfolding conditions the shape of the protein can change,
Jones and 1,4 electrostatic interactions, respectively. All the periodic distances were closely monitored during the
bond lengths and the +H distances in water were fixed simulation in order to avoid artifacts caused by proximity
using the SHAKE algorithm (Ryckaeet al., 1977), which of portions of the protein with periodic images of itself. When
allowed a time step of 2 fs. A residue-based cutoff of 9 A the minimum periodic distance fell below 11.0 A, the box
was used to generate the nonbonded list. All the solution was reorganized by removing a small layer of solvent from
calculations utilized periodic boundary conditions to avoid the Cartesian direction in which the periodic distance was
edge effects. The pressure was fixed at 1 bar (0.987 atm)the largest and adding the same number of solvent molecules,
in all NPT simulations. Structures and energies were savedby replication of their periodic images, to the edge of the
every 0.2 ps and were analyzed separately using softwarebox in which the distances were the shortest. The positions
developed in the authors’ laboratories. The secondaryand velocities of the outermost shell of water were then
structure assignments and solvent-accessible areas wereeinitialized from separate 10 ps NVT-MD simulations in
obtained with the DSSP program (Kabsch & Sander, 1983) which only the modified solvent and an additional layer of
from these saved structures. 3.0 A width were allowed to move, and the temperature was
The simulations were initiated by adding the necessary raised from 100 to 360 K over the first 5 ps. The remainder
hydrogen atoms to the crystal structure, entry 1BNJ in the of the system, including the protein, counterions, and all of
Brookhaven Protein Data Bank (Bernstetral, 1977), using  the unmodified solvent maintained their positions and
the EDIT module of AMBER 4.0. Both histidines were velocities. This procedure minimizes the disruption to the
protonated since most of the experiments were conducted atrajectory while it avoids the need to resolvate the system
a pH range of 5.66.3, and the K,'s have been determined and repeat the simulation. For the HW simulation only two
to be 7.9 and 6.3 for H and H?, respectively (Salet al., such reorganizations were needed at 600 and 1860 ps.
1988). The initial steric clashes were then relieved by The simulationsn 8 M urea were started from the same
steepest descent minimizatidgm vacuo using a distance- initial configuration W1 by first creating a box of the same
dependent dielectric ofR. This minimization converged  size containing only urea by replication of a previously
in 510 steps and produced only modest changes in structuregquilibrated box and superimposing the boxes. Next all urea
the backbone rmsd being only 0.215 A, while decreasing molecules that overlapped with the protein or the chlorides
the total energy from an initial value af1200 to—1000 were deleted, and from the remainder the 759 urea molecules
kcal molL. Since in this protonation state the total charge with the most favorable interaction energies with the protein
of barnase wast4, chloride counterions were added to and chlorides were kept. The interaction energy between
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Table 1: Average Properties Calculated over the Last 100 ps of the Simutations

simulation
property X-ray CwW HW CuU HU
temperature (K) 300 360 300 360
[urea] (mol L™Y) 0 0 8 8
time (ps) 500 2000 500 2000
Epot (kcal mol?) —53049 (99) —49001 (133) —65951 (115) —62575 (129)
rmsd (AP 2.11(0.13) 5.45 (0.16) 2.28 (0.18) 6.74 (0.18)
density (g cm®) 1.031 (0.003) 0.968 (0.003) 1.161 (0.003) 1.108 (0.003)
Aye 13.55 13.78 (0.08) 14.60 (0.11) 13.97 (0.07) 15.71 (0.09)
SAA (A2)d 6064 6659 (84) 7508 (144) 6778 (59) 8124 (151)
he"X 1 TB_HlB F7_T16 All_ 15 F7_ 15 F7_Q15
he“X 2 K27_ G34 K27_A30 K27_A30 K27_Q31 528_A32
he"X 3 L42_A46 L42_v45 L42_v45 L42_v45 L42_v45
residues in helices 26 18 13 18 18
sheet 1 1% SPO—F56 SP0—|55 SP0— 56 S0
Sheet 2 \Nﬂ._ D75 W7l_ D75 W71_D75 W71_ D75 W71_ E73
sheet 3 R—S7 R8-S 18851 R87—S%1 L89—-S1
Sheet 4 S|6_T99 |96_T99 L95_Y97 |96_T99 |96_Y97
sheet 5 1:07_K108 K108 K108 T107_K108
residues in sheets 22 22 19 23 9
sec structure 48 40 32 41 27
% sec structure (X-ray) 100 83 67 85 56
protein HI§ 111 109 (5) 108 (6) 108 (4) 96 (4)
solvent HI 347 (10) 344 (12) 376 (11) 398 (11)
SAA charged 2451 2751 2991 2731 3152
SAA polarf 2434 2415 2489 2532 2715
SAA hydrophobic 1139 1493 2028 1516 2233

a Secondary structure assignments were made with the DSSP program (Kabsch & Sandeb,R683jnean-square deviation of the backbone
heavy atoms¢ Radius of gyrationd Solvent-accessible area as calculated by DS$&®drogen bonds were defined as having-aa¢ceptor distance
less than or equal to 2.5 A and a dortt—acceptor angle greater than or equal to°12@artition of the solvent-accessible area for charged, polar,
and hydrophobic residues.

the urea and the water molecules was then evaluated, and Density (g om”)

the 2023 water molecules with the highest nonbonded 18 cu' HU
energies were deleted. This initial box was then equilibrated 12 N
by 141 steps of steepest descent minimization followed by 1.1 l
25 ps of NVT-MD in which the protein was kept fixed and

the temperature raised from 100 to 300 K over the first 4
ps. The positions of the protein atoms were then minimized

(200 steps of steepest descent), and their velocities were 12 R ; i

assigned from a 10 ps NVT-MD run in which only the 1.1

protein was allowed to move and the temperature was raised 0

from 100 to 300 K over the initial 4 ps. The resulting box '

was then subjected to 1 ps of NVT-MD at 300 K in which  °® 57750200300 260 0 500 000 1500 2000
all the atoms were allowed to move. The final system (U1) time (s)

contains the protein, 4 chloride ions, 759 urea molecules,
and 2683 water molecules in a box of dimensions 59.3

55.2x 48.0 A corresponding to an 8.0 M urea concentration cu HU
and a density of 1.124-gm™3.

This configuration was used as the initial point foran NPT

Potential Energy (10° kcal mol™)

simulation in urea at 300 K (CU) for 500 ps. After 200 ps 65 | f
a second NPT run (HU) was started during which the R
temperature was raised to 360 K during 6 ps and then |  cw I

continued at this temperature to yield a total trajectory of v , HW
2000 ps. Monitoring of periodic distances was also done ‘
during the simulation, and reorganizations of the box in the

same manner as described were done at 631 and 1136 ps.

-60

0 100 200 300 400 0 500 1000 1500 2000
RESULTS time (ps)

CW. This simulation, primarily intended as a control, was FIGURE2: Plots of the density and potential energytime followed
. during all four simulations.
run in water at room temperature for 500 ps. As expected,
the structure remained very similar to the crystal structure. 2 it can be seen that convergence has been achieved. The
The average values over the last 100 ps of some of theroot-mean-square deviation of the complete backbone sta-
properties followed during the run are given in Table 1. From bilized after 200 ps at its final value of 2410.1 A as shown
the plots of the potential energify) and density in Figure  in Figure 3. The final radius of gyration is 13.78 A, only
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Solvent Accessible Area (A) indicates that the structure is still evolving. The structural

Ho changes in the last 750 ps of the simulation are not a large-

8 o } L M scale motion, since both the radius of gyration and the

MW solvent-accessible area reached their final values, 14.6 A (8%

7 WW MW T larger than the crystal structure) and 7508 (4% larger

than the crystal structure) respectively, by 1260 ps. Instead,

6 ‘ the structural variations in the last portion of the simulation

. CW HW .

8 v ‘ are due to smaller localized rearrangements. The rmsd

averaged over the last 100 ps reached a final value ot5.5

7 o WH’WW%WWV 0.2 A, indicative of extensive unfolding. This can be seen
A/M\M’MWW“W“ clearly in the final structure of the simulation displayed in

6 5 700 200 300 400 0 500 7000 1500 2000 Figure 4, which shows _th_at the helices and sheet are

shortened from both termini and loops L2 and L4 are bent

away from their positions in the crystal structure.

rms Deviation (A) CU. The first simulationim 8 M aqueous urea was run at

cu HU 300 K for 500 ps. For the most part the trajectory is very
o W similar to the run in pure water (CW), with the exception of
e : : e the transient increase in rmsd at H®D0 ps (Figure 3). The
fﬂmﬂw final value for the rmsd (2.2 0.2 A) was reached by 250
ps, while the radius of gyration and solvent-accessible area
ow HW converged at 300 ps to their final values of 14.0 and 6778
‘ ‘ : A2 slightly higher than the corresponding values in pure
M water. The transient increase in rmsd seems to be correlated
e f,f ‘ ‘ with a temporary separation of loops of L2 and L4 caused
o ‘ | ‘ by a disruption of their interaction by urea molecules.

0 100 200 300 400 0 500 1000 1500 2000 Overall, the protein remained stable in its folded form in
time (ps) the presence of urea at room temperature, at least for the

FIGURE 3: Plots of the solvent-accessible area and rms deviation duration of the 50(_) ps rgn. )
vs time followed during all four simulations. HU. The last simulation was conducted at the higher

temperature (360 Kni8 M urea in order to study the effect
CW., 500ps HW., 2000ps of urea on the unfolding transition. This run was started
: I from the structure at 200 ps from the CU simulation.
f,‘;-\ ( LL__ Analogous to the results of HW, the global propertiEg(
! % ) and density) stabilize, but the structure is still evolving as
~( A evidenced by the rms&y, and SAA. The total rmsd shows
- \ two distinct plateaus from 400 to 800 ps and from 1250 to
,\; Y 1600 ps, after which it increases until the end of the
. : simulation at 2000 ps (Figure 3). Not surprisingly, the largest
deviation from the X-ray structure (6.7 A) is obtained in this
HU, 2000ps simulation. As seen in the values in Table 1 and the final
(Y structure in Figure 4, there is considerable decrease in the
I secondary structure content, most notably indteheet. The
\H ' final values for the radius of gyration and the solvent-

,rf g J__.'r' (),l'[,)“* accessible area are 15.7 and 8124 %6% and 34% larger
/ 5 [ e

cu

time (ps)

(2]

N

N

N A~ O O

_ than the values for the crystal structure. This indicates that

Sy i, considerable disruption of the internal packing of the protein
i ] | ) " .

5 o | has occurred. The decomposition of the accessible area by
) residue type in Table 1 shows that the hydrophobic residues
account for the largest contribution to this increase in
accordance with the accepted role of urea in stabilizing
hydrophobic solutes in aqueous solution.

Ficure 4: Comparison of the final structures of the simulations
with the crystal structure.
2% larger than for the crystal structure, while the solvent-
accessible area is 665% A4 10% increase from the X-ray  ANALYSIS AND DISCUSSION
structure. This increase is mainly caused by the side chains
of the surface residues extending farther into the solvent. CW, the Natie Structure in Solution In order to study
The similarity indicated by these measures can be clearly the unfolding of a protein from simulations, the methodology
seen in the comparisons of the final structures from the employed must be capable of reproducing first the experi-
simulations with the crystal structure given in Figure 4. mentally observed structure under conditions that favor the
HW. the next simulation was also run in water but at a folded state. This also establishes a baseline for comparison
higher temperature, 360 Ka. 35°C above thely, in order of the simulations under more extreme conditions. As
to induce unfolding. From the plots given in Figures 2 and mentioned above, the simulation in water at room temper-
3 it can be seen that although the global propertigs and ature produced a conformation very similar to that of the
density, have converged, the increase in the backbone rmsarystal structure. Even the detailed comparison of each
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X-ray CW: 500ps adequacy of the simulation protocols and the force field and
allows us to discuss the results of the remaining simulations
with confidence.

HW, the Pathway of Thermal UnfoldingThe global
structure of barnase changes in several discrete stages during
the simulation. In the backbone rmsd, an initial sharp
increase from 25 to 130 ps is followed by a more gradual
increase that continues until it reaches a maximum at 750
ps, where a decrease actually ensues until 930 ps. This is
followed by another gradual increase that lasts until 1700
ps followed by a decrease during 50 ps and then increases
until the end of the simulation at 2000 ps. The solvent-
accessible area has a very sharp increase from 0 to 750 ps,
follow by a decrease until 1250 ps, and two different plateaus
from 1250 to 1750 ps and from 1750 to 2000 ps. These
fluctuations seem to be correlated to motions ingrsheet.

{j. A '.ﬁ’?. Some of the structural changes can be followed in the

o <. ye instantaneous structures shown in Figure 6, particularly the

&y 'P{*g'i,a! “Yod ,{i!w, iy separation between L2 and L4 at the left end of each structure
o u,ﬁ‘.t‘ﬂ,. pag : I an-_ N, which starts early in the simulation, near 150 ps. The
L | }{ o § Tyt “;’P unraveling of H1 starts near 200 ps from the C-terminus and
> 1‘5{11 1’{1‘1 300 ps for the N-terminus. The C-terminus re-forms rapidly

A e at 400 ps, while the N-terminus is permanently lost by 600
Rf}q’fj? ) ps. A similar trend is observed for H2 where both the N-

4 and C-termini are seen broken at 400 ps, but the C-terminus

re-forms by 800 ps and remains until 1220 ps. After this
time residues & and L% form stable {— i — 3) hydrogen
B-Sheet B-Sheet bonds to B° and A, respectively, that remain formed until
Ficure 5: Comparison of the main hydrophobic core (top) and the end of the simulation at 2000 ps but their backbone angles
g“nedﬁﬁgkﬁgglesﬁjutgﬁ}zhgfgiﬁﬁﬁﬁ{g% %we(ricrﬁ)tal structure (Ieft) 516 distorted enough that they are not classified as helical
gnt- by the DSSP program. The central residues of the helix
element of secondary structure does not reveal substantia(K?’—A3% remain helical until the end of the simulation. L3,
changes. Two such comparisons, for the major hydrophobicthe loop containing the binding site remains, albeit somewhat
core (C1) and thg-sheet, are shown in Figure 5. The most distorted, wrapped around the edge of fligheet until 1400
notable changes from the crystal structure are the fraying atps when it finally separates, opening up the third core to
the termini of H1, the C-terminal ¥ and H3 showing solvent.
significant population (55% and 10% over the last 100 ps, As seen in Figures 6 and 7, tfesheet shows clear signs
respectively) oft-helix, and the loss of the last two residues of fraying at the ends, particularly in the regions of interaction
at the C-terminus of H2 and the N-terminus of H3. between S3 and S4 and between S4 and S5. By the end of
The comparison of the final state of the simulation with the simulation only the hydrogen bond between th& K
the structure in solution as determined by NMR shows good amide hydrogen and the'® carbonyl is left from the latter.
qualitative agreement. Most importantly, the backbone rmsd The S1-S2 contact is diminished from early in the simula-
is stable from about 200 ps at its final value of 1D.1 A, tion due to the sporadic interaction formed between the first
a value clearly comparable to the 1.8 A deviation obtained two residues of S1 € I5%) with a small portion of non-
between the average NMR and the crystal structures (Bycroftnative3-sheet formed just before the N-terminus of HZ{Y
etal, 1991). The backbone angles are similar to the crystal, 125). This interaction is firmly established by 1600 ps. The
with the largest differences in the loops; the rmsd of the hydrophobic cores also evolve considerably as the simulation
angles of residues in secondary structures fs 24so, just progresses. Figure 7 shows several snapshots of residues
as in the crystal and the NMR structures, residué&s N°g, forming the main hydrophobic core. The left-hand portion
N77, W4, H192 and Y% have positive values of the backbone of C1 lost most of its integrity, with Fand A drifting away
dihedral ¢. Additional support for this structure can be from the rest of the core by 200 ps followed by®\at 800
gathered from the protection to isotopic exchange. Forty- ps. These three residues are either at the N-terminus of the
four of the 45 amide protons whose protection to H/D major a-helix or in its second turn and become exposed to
exchange was measured (Cladteal., 1993; Perretet al., solvent when its N-terminus unfolds. *¥and A return
1995) show high populations (at least 70%) of intramolecular closer to the rest of the core at 1100 ps, while its central
hydrogen bonds. The sole exception beirt§ Which was residues (W&, Y9, 188 and F®) remain in relatively constant
partially inaccessible to solvent during the simulation, its orientations throughout the simulation. This rearrangement
solvent-accessible area is only 37% of the value for an of the major hydrophobic core is the cause for the large rise
extended ATA peptide. The side chain of this residue is in solvent-accessible surface area observed around 750 ps.
commonly hydrogen bonded to the carbonyl oxygen ®f G Figure 8 shows that the residues at the top of hydrophobic
for 50% of the time during the last 100 ps of the simulation core C2 (¥* and PY) drift away from the remainder of the
bringing the N-termini of S1 and H2 together. This core rapidly; their positions stabilized by 125 ps. Early in
agreement with available experimental data confirms the the simulation E3 and W separate from the core synchro-
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Ficure 6: Ribbon representations of some instantaneous structures along the HW simulation.
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Ficure 7: Changes of the first hydrophobic core along the HW simulation.

nously to the unfolding of the N-terminus of H2, and value of ¢*, the “progress along the reaction coordinate”.
although they return to positions closer to the remainder of The different bars for each segment represent its degree of
the core at 800 ps, ¥ maintains considerable exposure to unfolding for the native (N), transition state (TS), intermedi-
solvent. The center of this core, formed by°AL#?, and ate (1), or unfolded (U) states from the back to the front of
V45, seems to stay in a relatively constant position. C3, on the graph. The experiments measure directly the effect of
the other hand, is affected the least in the initial part of the each mutation on the rate and the equilibrium constants of
simulation as seen in Figure 9 and retains most of its integrity folding or unfolding and are converted to the relative changes
until Y193 becomes exposed to solvent at 920 ps, followed in free energies of the transition state or intermediate. The
by L% and R% at 1200 ps. Although the residues at the free energy changes are then combined into¢theralues
center of the core, W7, L8, and Y, remain closely  according to eq 1 (Ferskt al, 1992). In this equation the
associated until the end of the simulation, the movement of
the other residues in the core increases their exposure to the x _AAGY Y  AG" — AGY 1)
solvent. ¢ = AAGF Y o AGT — AGY

The progress of the simulation can be compared to the
experimental results of the site-directed mutagenesis methodsuperscript X refers to either the transition state or the
of Fersht and co-workers [for a review see Fersht (1993)]. intermediate, while F and U designate the folded and
The data of over 120 mutants are represented in the bar charuinfolded states, respectively.
in Figure 10 in which the sequence is separated into the The observed trends fg¥ indicate that, in progressing
different regions of secondary structure along the abscissa,o the transition state, the largest changes occur for the loops
while the height of each bar is proportional to an average L1, L2, and L4, the N-termini of H1 and H2, the edges of
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Ficure 8: Changes of the second hydrophobic core along the HW simulation.
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Ficure 9: Changes of the third hydrophobic core along the HW simulation.

the -sheet, and the edges of the hydrophobic cores. These A more precise location of the transition state was sought
changes continue in approximately the same direction until from the simulation. A simple search along all the structures
the intermediate is reached. The comparison to the simula-prior to the intermediate for a match of the degree of
tion can only be gqualitative as the experimental values unfolding as suggested by the experimental valueg'sf
represent the ratio of the effect of the mutation on the changeshas several drawbacks. This comparison can be only
in free energy in the transition state or the intermediate to qualitative since the experimental values reflect changes in
the change of free energy of the folded structure, while the energy rather than structure. Furthermore, given that the
simulation results directly reflect the structure. The agree- trajectory generated a continuum of structures that span from
ment in patterns nonetheless is quite good, and it suggestghe initial folded state to the intermediate, it seems unlikely
that the final structure in the high temperature, aqueous that a single, unique structure or family of structures would
simulation HW has passed through the transition state andcontain the desired degrees of unfolding. A less ambiguous,
is consistent with the intermediate stage. Even though theand more objective, method of locating the transition state
rmsd is still changing, the solvent-accessible area and othershould be based on its properties. A transition state is
properties seem to have reached a plateau. formally a free energy maximum along the reaction path.
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Ficure 10: Brief summary of the experimentally measured degrees of folding as obtained by Fersht's protein engineering method. The
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Ficure 11: Two-dimensional map for the simulation in water at 360 K, HW. Each structure along the simulation is compared to every
other and its rmsd is represented as a color-coded block.

The energies calculated in the course of the simulation arearea, which increase and reach maxima at this stage, followed
not useful in this regard since they are not free energies andby decreases. Such a rapid change in properties could be
are large numbers with very significant fluctuations domi- expected after a transition state is reached. Following a
nated by the nonbonded solversiblvent interactions. On  similar logic, a stable intermediate should appear in the 2-D
the other hand, being an energy maximum the population rmsd map as a wide area of closely related structures. The
should be the lowest at this state. It would be logical then region between 1680 and 2000 ps in Figure 11 fits these
to expect that its structure differs the most from those around characteristics.

it. A comparison among all the structures from the simula-  Once the transition state and the intermediate have been
tion is shown as a 2-D rmsd map in Figure 11. Several located, quantitative approaches to estimate the obseived
regions in which entire families of structures around the values were sought. Experimentally these are measured as
diagonal are similar, separated by narrow constrictions, canthe effects of the mutations on the different equilibrium or
be distinguished. The first major constriction, and a likely rate constants of folding or unfolding and are related to the
candidate for the transition state, can be found at 750 ps.changes in free energies and degrees of unfolding using eq
Further support for this assignment can be gathered from1l. These free energy differences could, in principle, be
the behavior of the backbone rmsd and the solvent-accessiblealculated through statistical perturbation theory in the
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context of either Monte Carlo or molecular dynamics
simulations. In practice, however, the computational de- 10
mands of such calculations for even a small set of mutations

are very large, and an additional complication is the lack of 08
a precise stable geometry for the transition state. A

simplified approach can be developed on the basis of the e
linear response method first introduced bywist to calculate 06
free energies of binding (@vist et al, 1994). Carlson and

Ocate

Jorgensen (1995) extended the method to compute free 0.4 { ; r:;n::;g:gf;a;
energies of hydration of organic molecules. According to Y —
the latter formulation the difference in free energies of 02 :
hydration for two molecules can be approximated by the
equation: 4
0.0
AG,,,, = aAE ; + BAEg + yASAA 2

0.0 0.2 0.4 0.6 0.8 1.0

whereASAA is the difference in the solvent-accessible area e

between the two species anlE ; and AEg are the Ficure 12: Comparison of experimental and calculated values for
differences in the solutesolvent Lennard-Jones nonbonded ¢- The calculated \tl)elilues were obtained from eq 3 with the adjustable
and electrostatic energies, respectively. The3, andy parameters in Table 2.

coefficients are adjustable parameters that i

on a case by CaSJe basis. pln a strict appli:raetigﬁt%t}nqtlfrl]iidrgble 2. Parameters for Eq 3 Obtained by Fitting to Experimental
equation the energy differences are calculated through

separate MC or MD simulations for both species. In the N/A SIA TIA YIA
present context, a similar equation could be used in place of ¢ 0.480
the free energy change due to a mutation in either the v 8'(1)227
transition state, the intermediate, or the folded state. Com- g, —7.108 1.061 2382 —3.596
bination of egs 1 and 2 suggests eq 3, wherg, andy are G —5.201 7.717 3.812 4.857
X X X
X _ aAE, + AEg + ySAAT + G, A3) folded state were obtained in a similar fashion by averaging

over the last 50 ps of the aqueous simulation at room
temperature (CW). The difference in the conditions of the
still adjustable parameters. The energy differenkEg and simulations is the origin of the need to have different values
AEg are the differences between the corresponding interac-for Go andG; in eq 3, although they are constrained to be
tion energies of the wild-type and mutant forms of the residue constant for mutations of the same residue type.
being examined with the rest of the protein and the solvent, The parametere, 3, y, Go, andG; were then fitted to a
and SAA is the solvent-accessible area of the wild-type form subset of the experimentally measur¢d. All the data
of the same residue. The latter value was utilized instead selected were the result of mutations from polar residues (N,
of the difference in areas since the structures generated inT, S, and Y) into alanines in order to simplify the choice of
the simulations and used in these calculations did not allow geometry for the final states. Mutations with charged groups
relaxation of the solvent and the rest of the protein after were not included since the simplified calculations done here
substituting the mutant form of each residue. would not be able to correctly represent the significant
Most of the numerical values for the different terms needed rearrangements that typically occur upon changes of charge
were evaluated from the structures saved during the highstates. The results of the correlation to the experimental
temperature aqueous simulation (HW) as follows. The values of¢™ and¢'™ for the mutations N5A, N23A, N58A,
transition state was represented by the segment of theN77A, T6A, T16A, S91A, S92A, Y13A, and Y17A
trajectory between 725 and 775 ps while the structures from (Matouschelet al,, 1990; Horovitzet al,, 1991; Matouschek
1950 and 2000 ps were used for the intermediate, as definecet al, 1992) can be seen in Figure 12, and the values obtained
above. For each of the structures the electrostatic andfor the adjustable parameters are listed in Table 2. Although
Lennard-Jones interaction energies between a given residughe results can only be considered qualitative due to the
and the rest of the system were evaluated first in its wild- limited number of points represented, the agreement shown
type and then in the mutant form by substituting the by the rmsd of 0.04 kcal mot supports the assignments of
appropriate nonbonded parametgrs, ande without doing the transition state and intermediate structures done above.
any changes in geometry. That is, the coordinates for thelt should be noted that the parameter$, andy were kept
backbone atoms and’@vere utilized directly to represent the same for all the mutations selected, Bgtand G, are
the mutant structure (alanine in all cases). The remaining unique to each residue type. The statistical significance of
side-chain atoms were kept at their positions but were the Go, G1) pairs obtained in this fashion, particularly those
effectively annihilated since their interactions energies are for mutations of Ser, Thr, and Tyr, is much lower than for
null when the parameters are set to zero. The correspondinghe o, 3, andy parameters which depend on all 20 data
solvent-accessible areas were also evaluated at this time. Theoints.
values thus obtained were averaged over each trajectory CU, Effect of Urea on the Folded StructuréJnfolding
fragment separately. Since barnase is not stable under théoy urea at room temperature was not achieved in this
conditions of the HW simulation, the values needed for the simulation, presumably due to the short total time (500 ps)

aAE], + BAEE, + ySAAT + G,
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Ficure 14: Instantaneous structures along the high temperature
simulation in urea, HU.
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FiURE 13: Instantaneous structures along the room temperature@t 1180 ps. This intermediacy of thgo@onformation was
simulation in urea, CU. also observed in previous simulations of unfolding of the

S-peptide of ribonuclease A and apomyoglobin (Tirado-Rives
of the simulation. From the pseudo-first-order rate constant & Jorgensen, 1991, 1993). The center of H2 is stable for
measured under these conditions (Horovitz & Fersht, 1992), the rest of the simulation, other than for a short period from
a half-life of 1.1 s can be calculated. Although there is not 1325 to 1490 ps where the conformation of the helixiis 3
necessarily a direct correlation of an experimentally measuredrather thano.. The third helix is stable during the entire
rate to the time course of a single MD trajectory, the simulation with the exception of the very first and last residue
computer time needed for simulation of unfolding at this in both termini (N* and A*) not being considered helical
temperature is clearly much longer than presently possible.by DSSP despite having the requisite i — 4) hydrogen
Nevertheless, it is interesting to observe the changes in thebonds.
structure as an indication of the initial stages of unfolding  The behavior of thg-sheet is affected by urea to a much
in urea. The most noticeable effects, evident in Figures 4 larger extent. The N-terminus of S1 starts from the very
and 13, are the transient separation of L2 and L4 and thebeginning of the simulation to form contacts with a non-
deformation of L3 which opens up the binding site to solvent. native short strand g¢f-sheet formed by %and P° preceding
Another effect that is not readily apparent in the ribbon the N-terminus of H2. The (8 — E’®) hydrogen bond
diagrams is the large proportion ofphelical conformation breaks shortly thereafter at 175 ps. The residues at the
in the last 100 ps for H2; three of the four remaining C-terminus follow suit; the (E— D> hydrogen bond starts
hydrogen bonds are betweeandi — 3 residues. oscillating at approximately 410 ps and ultimately breaks at

HU, Thermal Unfolding in the Presence of Uredhe 520 ps. These DSSP assignments do not classify these
behavior of the elements of secondary structure is quite residues ag-sheet at 470 ps, after which time two “bridge”
different in the presence of hot urea and can be followed in residues (% and F®) are all that remain of this strand with
the ribbon diagrams in Figure 14 and the schematic the exception of a short non-native strand formed B F
representations of Figure 15. In the majehelix, H1, the S¥, and N8 that appears sporadically from 1095 to 1270,
terminal residues Tand H?® were not found to be helical 1395 to 1420, and 1620 to 1800 ps. The final hydrogen
by the DSSP program from the very beginning of the bond of this strand (B2 — 15%) disappears at 1950 ps.
simulation, even when the ¥ — T® hydrogen bond was The second and third strands display a very interesting
present. This hydrogen bond was finally lost at 1620 ps, at phenomenon which is better illustrated in Figure 16. The
which point F becomes frayed. At the C-terminus, the first third of the simulation appears not to affect these two
hydrogen bond between'¥and Y!2 disappears earlier at 70  strands except for some slight fraying at the termini of both
ps. At this time T becomes increasingly frayed and after strands. After 700 ps the residue® 13, G, and F? at
900 ps forms part of the helix only occasionally. The the center of the loop connecting these strands (L4) form a
N-terminus of H2 follows a similar unfolding path. The first S-turn. The residues at the arms connecting the turn to the
residue, T, forms a stable hydrogen bond witiF%but is two strands off-sheet start interacting, sporadically at first
distorted enough not to be classified as helical. This and then more frequently at 1080 ps to form rather extended,
hydrogen bond is lost at 375 ps, and at this poiftik not non-native strands S2 and S3. This extenflestheet starts
considered helical by DSSP although it forms a stable weakening at 1315 ps until 1770 ps when the cerfiralrn
hydrogen bond with € until the end of the simulation. The  breaks, followed by a rapid collapse of the extended S2 and
central part of this helix, formed by?% E?°, A0, Q31, and S3 from the turn outward. By the end of the simulation only
A%, undergoes a series of cooperative transitions, first from a single bridge residue (W which interacts with S1) remains
o- to 3;¢-helical at 905 ps. The helix is then broken at 1025 of S2 and the three residues at the C-terminus of 33, L
ps, after which it is re-formed again as a shawi%lix at Y, and S which interact with S4. This behavior is more
1100 ps. It then undergoes a transition to re-formetHeelix logical when considered in the opposite, folding sense, that
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Ficure 15: Schematic representation of secondary structure elements during the high temperature simulations, HW (top) and HU (bottom).
The assignments were made with the DSSP program.
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FIGURE 16: Some instantaneous structures of the-I52—S3 region along the high temperature unfolding in urea, HU.

is, as a mechanism for the formation of two strand§-eheet
separated by a loop. From this perspective the cefitrain
serves as a nucleation site for a long, but unstgbdbeet

Using the same criteria as for the thermal unfolding above,
the transition state for this simulation can be located at
approximately 1300 ps. Interestingly enough, even when it

that acts as a scaffold to hold together two long, unstable appears later in time than in the high temperature aqueous
strands until the more stable contacts at the end farther fromsimulation it contains more secondary structure, 20 residues
the turn are established. The unneeded scaffold then meltsn o-helices and 17 iff-sheets (approximately 77% of the
into a more stable “loop” conformation. crystal structure), as compared to 12 residuea-imelices

The last two strands of th&sheet seem to follow a more ~ @nd 21 residues iff-sheets (70% of the crystal) for the

termini of both strands (W, L%, T2 and Dl in S4 and the reaction coordinate, as could be expected for a perturba-

F1%in S5) are again not detected &sheet by DSSP. The tion that destabilizes the native structure to bring it closer in
hydrogen bonds betweerfTand R’ start to fray at 625 ps ~ €nergy to the transition state. This behavior, in agreement
and finally disappear by 1550 ps. The interaction between With the Hammond postulate, has been experimentally
Y% in S4 and B in S3 is stable except for the period observed in then-values (the slope of the logarithmic plot
between 1870 and 1950 ps. The remaining interaction with of the rate of unfolding lod, vs denaturant concentration)
S3, the single hydrogen bond from®Lto S is well for the urea unfolding of barnase (Matouschek & Fersht,
maintained. The interaction between S4 and S5, comprised1993)-

mostly of the double hydrogen bond betweefi’dnd K, Overall, although the structure obtained at the end of this
disappears between 1100 and 1400 ps. simulation is more unfolded than that obtained in the thermal

The behavior for the hydrophobic cores parallels the unfolding simulation (HW), it still contains appreciable
changes for the secondary structure elements that compris@mounts of structure and cannot be considered to be
them. The main core, C1, is formed by the packing of H1 completely unfolded. It is unclear hoyv long the S|mulat|oq
onto thes-sheet, and although the edges of the sheet unfold, Would have to proceed before reaching such a state. Still,
the residues involved in contacts with the helix are still in much information can be learned from these simulations,
similar positions. The largest changes occur whef L particularly from the comparison with the simulations in the
becomes accessible to the solvent at 780 ps, followedeby | absence of urea. Thesheet is affected by urea to a much
at 930 and finally ¥ at 1600 ps. The central part of this larger extent than the-helices. This is particularly notice-
core remains closely associated in this simulation. C2, @ble in the majoni-helix H1, which is less unfolded in the
formed by the two smaller helices H2 and H3 packing against 8 M urea simulation. Such a differential effect is not
S1, seems to be mostly unfolded. Most of the residues thataltogether unexpected. Experimentally, potg{utamic
comprise it gain accessible area as they fragment into threecid) has been found to be largely helical at this concentration
smaller local associations: $W(in L2) with L (in H2), (Hermans, 1966), and block copolymers of polg(glutamic
L42 with VV*5 (both of them in H3), and®t from S1 with P acid) and polyg-alanine), leucine, or phenylalanine showed
at L1. The hydrophobic core containing the binding site, Only @ moderate decrease of helicity from 92% to 83% upon
C3, is formed by the docking of L3 on the back of fheheet ~ treatment wih 8 M urea (Gratzer & Doty, 1963; Auer &
and also seems to follow these elements. Initialfy in ~ Doty, 1966). More recent NMR studies by Kemp and co-
L3) separates slightly from the rest of the core becoming workers have found that urea in concentrations up to 8 M
accessible to the solvent, followed by the slow drift df3 has only a sme_lll effect on the helical content of alanine-
(in L5) and F% (in S5) that starts at 900 ps and seems to Pased polypeptides (Allen, 1993).

consolidate a separate hydrophobic contact wftat. 1050
ps. At this time L3 separates from the sheet afitihhoves

away and is replaced by>¥& All three of these aromatic

The correlations with experiment for this simulation are
far fewer, since the intermediate state is not stable at high
urea concentrations, but NMR studies of the urea unfolded

residues then drift away from each other as the contactstate showH chemical shift deviations from random coil

between S4 and S5 disappears.

values in the regions from % Y7 (H1), R® to 17 (S2),
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FiIGurRe 17: Protein-water and proteirrurea radial distribution functions for all four barnase simulations. The inset shows thewats
and methanewater rdfs from separate simulations of a single urea or methane molecule in water for comparison.

and R7to I1°6 (S3 and S4) (Arcust al., 1995). As can be  a function of their distance. For a molecule of the size of
seen in Table 1 and Figure 15, all these regions have residuabarnase (in the OPLS representation it contains 1160 atoms)
secondary structure at the end of the simulation. The this is not practical. Instead, a molecular radial distribution
chemical shift deviations were considered to be weak function (rdf) was calculated in which the minimum distance
evidence for structured conformations since the correspond-between any pair of atoms in each molecule pair is used as
ing effects in the'3C and*®*N NMR could not be unequivo-  the basis for counting the interactions. The size of the protein
cally located. The acid unfolded form, on the other hand, also precludes the normalization by the available volume as
seems to contain more structure. In particular, the positive a function of the distance through a spherical shell ap-
deviations in thé3C®* chemical shift for the region from°®5 proximation, so it must be calculated by numerical integra-
to 19 seem to point to non-native-helix. tion. The results of these calculations over the last 100 ps
Evidence from optical spectroscopy is also consistent with of all simulations are given in Figure 17. Note that the values
the results presented here. Using the perturbation of DMSOplotted along the ordinate are the number densities calculated
in the spectra, Pace determined that the solvent-accessibilitydirectly from the simulations and are not normalized by the
of tryptophan and tyrosine residues doubles upon unfolding numbers of urea or water molecules. The equivalent results
in 8 M urea (Pacet al, 1992). The average of the sum of from simulations of a single urea or methane molecule in
the solvent-accessible areas of these residues over the laswater are also shown for comparison. A united-atom model

100 ps of the simulations yields a result of 821 f&r HU was used for methane as for the aliphatic,@irbups of the
as compared to 394 %or CW, a value very close to the protein.
384 A of the crystal structure. The first thing to be noticed is that the curves obtained in

The Mode of Action of UreaThe comparison of all four ~ pure water show a sharp maximum at ab@ud followed
simulations can shed light on the mechanism of protein by a broad, wide second peak at 340 A, while the
denaturation by urea. In agreement with conventional methane-water rdf has a single broad peak at 3.5 A. The
wisdom, the results of the simulations indicate that urea solvation of the protein by water follows the pattern
stabilizes hydrophobic residues that become exposed tocharacteristic of a polar species, which is expected given
solvent upon unfolding. The partition of solvent-accessible the distribution of charged groups on the surface. The short
areas into contributions from charged, polar, and hydrophobic (1.5-2.5 A) contacts reflect proteirwater hydrogen bonds.
residues for the crystal structure and the averages over theThe first solvation shell, as defined by adding the number
last 100 ps of each simulation is given in Table 1. This of solvent molecules up to 3 A, a common point close to
shows that the simulations in urea have noticeably more the first minimum in all of the curves, contains 338 water
solvent-exposed hydrophobic area than their agueous counmolecules in the aqueous simulation at room temperature,
terparts. CW, and 347 in the higher temperature run, HW. In the

More insight into the role of the solvent can be obtained urea runs, the first solvation shell contains 91 urea and 220
by examining the distribution of solvent molecules around water molecules for CU, while in the higher temperature run,
the solute protein. This is normally done in simulations HU, it contains 120 ureas and 223 waters. The number of
through the use of radial distribution functiorgr), which urea molecules in direct contact with the protein is larger
represent the distribution of atom pairs, normalized for the than could be statistically expected from the composition of
available volume of the spherical shell around the atoms, asthe system. The entire box contains 759 urea molecules and
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FiGURE 18: Solvation spheres around™n the final structures of all four simulations. Different representations have been used for the
protein residue (dark ball and stick), urea (lighter ball and stick), and water (depth-cued wire frame).

2683 waters, to give a ratio of urea:water of 0.28, while the studied, show that amide protons undergo the largest changes
corresponding ratio in the first shell is 0.41 at room in H chemical shifts in going from Oot8 M urea. The
temperature and 0.54 at 360 K. The mode of interaction is effect also decreases on raising the temperature up t€36
made clear by analysis of the hydrogen bonding. A hydrogen (Liepinsh & Otting, 1994).
bond was defined by any XH-+Y distance below 2.5 A Urea has additional advantages as a cosolvent for proteins
for X, Y =N or O. For the simulation at room temperature, due to its structure. Like water, it is both a hydrogen bond
47 urea molecules have at least one hydrogen bond with thedonor and acceptor. Once an association with the polar
protein and 86 more have lower frequencies. After correcting groups of the exposed protein surface is established, urea
for the frequencies, a total of 87 urea molecules are on can provide anchoring for water molecules. The solvation
average hydrogen bonded to barnase. A slightly larger spheres around and K\°®in Figures 18 and 19 show that
number of urea molecules, 56, have at least one hydrogenin the aqueous simulations the water molecules arrange
bond with the protein at 360 K, but a marked increase to around the solute in a very specific manner by forming
103 in the number of ureas fractionally bound is observed. hydrogen bonds to the polar groups of the solute and
Under these conditions a total of 108 molecules are hydrogenmaximizing hydrogen bonds among themselves. In the urea
bonded on average to the protein after correcting for the simulations, the cosolvent displaces some of the waters
frequencies. Thus, 87 of the 91 first-shell ureas are hydrogenmolecules forming hydrogen bonds to the solute; the remain-
bonded to the protein at 298 K, and these numbers increasang water molecules then interact with the urea. Furthermore,
to 108 of the 120 ureas at 360 K. Overall, these results the urea molecule is larger than water. This allows it to
clearly indicate that (1) the first solvation shell of the protein form longer bridges between portions of the protein that were
is substantially enriched in urea and (2) almost all of the interacting directly and hence to pry apart contacts between
first-shell ureas form at least one hydrogen bond with the regions of secondary structure. Figure 20 shows two urea
protein. Of course, the enrichment of urea in the first shell molecules in the active site which bridge between L3 and
allows reduction in the number of water molecules in theg-sheetin the CU simulation at room temperature. The
proximity to hydrophobic side chains and an increase in the effect is even more pronounced in the high temperature
exposed hydrophobic surface area, as observed (Table 1)simulation HU. Figure 21 shows urea molecules between
This pattern does not decrease at the higher temperature, buthe N-terminus and L1, the C-terminus of H1 and fheheet,
the average frequency of proteinrea hydrogen bonds and the N-terminus of H2 and thesheet.
decreases somewhat. Overall, the results of these simulations show encouraging
Although it is difficult to measure experimentally these agreement with available experimental data. This is espe-
types of effects, there are some observations that supportially important since each of the simulations described here
them. It has been reported that the fluorescence of 1-anilino-follows a single molecule along a unique path or a single
8-naphthalenesulfonic acid (ANS) binding to cardiotoxin Ill unfolding event, while experimental results are produced by
is greatly diminished by urea. Since this protein is not the average of innumerable molecules following individual
unfolded by urea, the implication is that urea binds to the trajectories. The level of agreement obtained supports the
surface of the protein and displaces ANS (Kunedral., adequacy of the methods and models utilized in these studies
1996). Also, NMR experiments with the small proteins BPTI to represent the actual structures and the processes followed
and PEC-60, which are not unfolded under the conditions by their interconversion. The structure obtained from the



7328 Biochemistry, Vol. 36, No. 24, 1997

Water, 300K
.'IL,.- - -
L o
b%} ¥
} —
<, 'i

Tirado-Rives et al.

: ol > 8M Urea, 360K

FiIGURE 19: Solvation spheres around®in the final structures of the simulations. The same representations as in Figure 17 were used.

Ficure 20: Ribbon representation of the final structures of the room
temperature CW and CU simulations with a few urea molecules.
The point of view is approximately orthogonal to previous
illustrations, rotated toward the top of tifesheet.

Ficure 21: Ribbon representation of the final structures of the high
temperature HW and HU simulations. The point of view is
approximately orthogonal to previous illustrations, rotated toward
the N-terminus of the majam-helix.

simulation under native conditions agrees well with NMR

data and matches the pattern of protection from isotopic
exchange, and the unfolding pathway obtained in water at

85 °C follows closely the energetic trends observed by

protein engineering. The results of simulations both at room

temperature and at 83C in 8 M urea also match the
experimental data, of which there is far less available. More

effect of urea in protein denaturation. Urea molecules
accumulate in excess near the protein surface and form
normal hydrogen bonds with the surface-exposed polar
groups. The displacement of water molecules from the first
solvation shell leads to greater exposure of nonpolar side
chains. The urea molecules also act both as a scaffold for
the remaining water molecules, thereby further minimizing
their contact with the hydrophobic groups, and as a wedge
to separate groups previously forming intramolecular hy-
drogen bonds. This mode of interaction is consistent with a
model in which urea promotes protein unfolding through the
stabilization of the unfolded form rather than destabilizing
the native state.
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