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ABSTRACT: Recent work suggests that some native conformations of proteins can vary with temperature.
To obtain an atomic-level description of this structural and conformational variation, we have performed
all-atom, explicit-solvent molecular dynamics simulations of bovine pancreatic ribonuclease A (RNase
A) up to its melting temperature (Tm ≈ 337 K). RNase A has a thermal pretransition near 320 K [Stelea,
S. D., Pancoska, P., Benight, A. S., and Keiderling, T. A. (2001)Protein Sci. 10, 970-978]. Our simulations
identify a conformational change that coincides with this pretransition. Between 310 and 320 K, there is
a small but significant decrease in the number of native contacts,â-sheet hydrogen bonding, and deviation
of backbone conformation from the starting structure, and an increase in the number of nonnative contacts.
Native contacts are lost inâ-sheet regions and inR1, partially due to movement ofR1 away from the
â-sheet core. At 330 and 340 K, a nonnative helical segment of residues 15-20 forms, corresponding to
a helix observed in the N-terminal domain-swapped dimer [Liu, Y. S., Hart, P. J., Schulnegger, M. P.,
and Eisenberg, D. (1998)Proc. Natl. Acad. Sci. U.S.A. 95, 3437-3432]. The conformations observed at
the higher temperatures possess nativelike topology and overall conformation, with many native contacts,
but they have a disrupted active site. We propose that these conformations may represent the native state
at elevated temperature, or the N′ state. These simulations show that subtle, functionally important changes
in protein conformation can occur below theTm.

A typical free-energy diagram for protein folding shows
stable macrostates (native, denatured, and intermediates, if
any) as approximately harmonic energy wells along a global
reaction coordinate. A more complete picture considers
macrostates composed of ensembles of microstates with
similar, but not identical, energies and conformations.
Expressed differently, the energy landscape is rugged.
Simulation studies, alternative conformations in crystal and
solution structures, the inactivation of enzymes under folded
conditions, and single-molecule enzymology (1) demonstrate
that the native state is heterogeneous. Microstates are
populated according to the Boltzmann distribution. Changing
the temperature changes the relative population of confor-
mational microstates with the macrostate. If the average
molecular conformation varies with temperature, the observ-
able properties of the native state will also vary with
temperature. This is one possible explanation for the sloping
baselines frequently observed by many spectroscopic probes
of protein folding (2).

Recent experimental (3) and simulation (4) studies support
the existence of a distinct native state at elevated temperature,
or the N′ state. The N′ state retains highly nativelike topology
and tertiary contacts, although it is expanded and less tightly
packed than the native state (4). More subtle structural

features, such as those necessary for biological activity, may
be lost. The nature of the N′ state can be described in two
fundamentally different ways using the energy landscape
model of protein folding. First, the N′ state may simply be
the population profile of conformational microstates that
exists at elevated temperature, as described above. Second,
instead of a shift in the populations of microstates, the
position of the native basin (macrostate) in conformational
space may shift. The N′ state would arise as the position of
the native state minimum on the free energy landscape
changes with temperature. Leeson et al. (3) used this
description of the N′ state to model the nonexponential
folding kinetics of cold shock protein A in temperature-jump
experiments.

To probe the variation in structural properties within the
native state, we have performed molecular dynamics (MD)1

simulations of bovine pancreatic ribonuclease A (RNase A).
RNase A is one of the best studied of all proteins, and it has
served as a model for protein folding and enzyme function
for decades. Its three-dimensional structure has been deter-
mined by neutron diffraction (5), NMR (6), and X-ray
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crystallography (e.g., ref7; there are more than 70 structures
of RNase A in the Protein Data Bank). RNase A is a 124-
amino acid monomeric protein containing four disulfide
bonds. The structure consists of two lobes, each containing
aâ-sheet and a helix that packs against it, with the N-terminal
helix (R1) partially filling the cleft between the two lobes
(Figure 1A). This cleft contains the active site.

The thermal unfolding of RNase A has been studied by
differential scanning calorimetry (8-12), nonspecific pho-
tochemical surface labeling (13), circular dichroism (14) (and
references in ref15), Fourier transform infrared (FTIR) (9,
15-19), Raman (20), and UV spectroscopy (14, 21), NMR
(22, 23), and limited proteolysis (14, 15, 21). All of these
techniques identify the major unfolding transition of RNase
A to be in the range of 334-337 K near neutral pH. The
folding of RNase A is not strictly two-state; a minor thermal
transition, termed the pretransition, occurs at∼320 K (9,
16-19). The spectroscopic evidence for the pretransition is
subtle, and not all spectroscopic probes identify the pretran-
sition. For example, Stelea et al. (9) did not detect the
pretransition by single-wavelength monitoring of the IR
amide I′ band or by CD in the near- or far-UV region.
However, principal component analysis of their FTIR and
far-UV CD data can detect it (9). Similarly, 2D FTIR
correlation techniques (16-19) also detect the pretransition.

The pretransition temperature coincides with the onset of
the loss of enzymatic activity (21).

These studies have led to several structural models of the
pretransition. The model of Burgess and Scheraga, later
modified by Matheson and Scheraga (13, 15), proposed six
partially overlapping stages of unfolding: a change in the
environment of Tyr 92 (stage 1, 308-323 K), pulling away
of the R1-R2 loop (stage 2, 303-313 K), unfolding ofR2
and theâ3-â4 loop (stage 3, 313-323 K), unfolding ofR3
and C-terminal strands 6 and 7 (stage 4, 323-333 K),
unwinding of R1 (stage 5, 328-338 K), and, finally,
unfolding or partial unfolding of the remainder of the
structure, including theâ-strands and the surrounding loops
(stage 6, 333-343 K) (13). Stages 1-4 are the most relevant
to the pretransition. On the basis of their CD and FTIR data,
and previous hydrogen exchange studies that identified the
â-sheet andR3 as the most stable regions (12, 24), Stelea et
al. (9) proposed that the C-terminal portion ofR2 begins to
unfold just above 298 K. This unfolding, in turn, is proposed
to destabilize the adjacentâ1, which might then begin to
unfold around 308 K. Recent studies have used FTIR and
various 2D correlation techniques (18, 19) to study RNase
A unfolding, with the consensus that the first secondary
structure element to unfold as the temperature is increased
is strongly hydrogen-bondedâ-sheet, followed by helix,

FIGURE 1: Deviation of RNase A during MD simulations. (A) Structure of RNase A (Protein Data Bank entry 1kf5) in ribbon representation,
colored from red at the N-terminus to blue at the C-terminus. Secondary structure elements are labeled, and active site residues Gln 11, His
12, Lys 41, His 119, and Phe 120 are shown in ball-and-stick representation. (B) CR rmsd as a function of time: cyan, 278 K; blue, 298
K; green, 310 K; magenta, 320 K; yellow, 330 K; and red, 340 K. For clarity, the data have been smoothed over a 100 ps sliding window.
(C) Average CR rmsd from the starting structure. (D) Average CONGENEAL dissimilarity scores (42) with respect to the starting structure.
For panels C and D, the values shown are averages of data over 20-41 ns. The temperature values are averages over the same time period.
Horizontal error bars represent one standard deviation in temperature.
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followed by more weakly hydrogen-bondedâ-sheet. In
general agreement with Stelea et al. (9), Zhang et al. (18)
concluded that changes in the N-terminal region during the
pretransition expose the core to solvent and lead to further
unfolding. The authors of another 2D FTIR study (17)
concluded that two populations ofâ-sheet unfold sequentially
in the narrow temperature range of the pretransition. Thus,
the pretransition itself is also a non-two-state process. This
idea is in accord with the early scheme of Burgess and
Scheraga in describing the unfolding of RNase A as a series
of partially overlapping structural changes.

The MD simulations described here at six temperatures
from 278 to 340 K provide an opportunity to model the
structural changes that occur below and near theTm. RNase
A and its domain-swapped dimers have been the subject of
previous MD simulations (25-34). These simulations have
provided important insights into several aspects of RNase
A structure and function, such as the relationship between
correlated motion and the various ligand- and pH-dependent
conformations observed in experimental structures (26, 29)
and the role of these correlated motions in the domain-
swapped dimers (25, 27), solvation (30, 31), changes in
dynamics and conformation upon ligand binding (29, 32, 33),
and unfolding (34). However, this work is the first attempt
to simulate RNase A across temperatures up to theTm and
on the time scale of tens of nanoseconds. By analyzing
secondary structure, intramolecular contacts, and a variety
of other structural properties, we are able to detect a
significant conformational change between 310 and 320 K.
This change is largely localized toR1, â1, andâ7, but the
buried faces of the other two helices,â-strands 2, 3, and 6,
and loop regions also participate. Since the native topology
and contacts are largely preserved, and since the pretransition
is a gradual change rather than a two-state process, these
altered conformations may represent the native state of
RNase A at elevated temperature (N′).

METHODS

Molecular Dynamics Simulations and Analysis.The start-
ing model for MD simulations was the 1.15 Å resolution
crystal structure of phosphate-free bovine pancreatic ribo-
nuclease A at pH 7.1 [PDB entry 1KF5 (7)]. We performed
six simulations, one each at 278, 298, 310, 320, 330, and
340 K. All of these simulations were conducted at neutral
pH (Asp, Glu, Arg, and Lys ionized). His 12 and 48 were
protonated at ND1, and His 105 and 119 were protonated at
NE2. His tautomers were assigned on the basis of examina-
tion of electron density maps and electrostatic and hydrogen
bonding interactions (7, 35). For residue 12, the electron
density as a function of pH shows that the proton at NE2 is
labile, whereas the ND1 proton is stable (35). His 105 was
assigned to the NE2 tautomer by default. These tautomer
assignments are the same as those used previously in our
simulation studies of RNase A at neutral pH (34) and those
used by Merlino et al. (26).

MD simulations were performed using thein lucem
molecular mechanics program (ilmm) (36) with the flexible
three-center water model (F3C) (37). The potential energy
function and simulation protocols have been described
previously (36, 38). A force-shifted nonbonded cutoff of 10
Å was used, and the nonbonded list was updated every three
steps.

The starting structure was minimized for 1000 steps of
steepest descent minimization in vacuo. The protein was then
solvated in a box of F3C waters pre-equilibrated to a
temperature at which the solvent density was near the desired
density for the target temperature (Table 1). The solvent
density was calculated by subtracting the volume of the
protein from the volume of the simulation box. Protein
volume was calculated by the Voronoi procedure (39) for
the average protein volume from a 2 nssimulation at each
temperature. Finally, the system density was set to achieve
the experimental density of water for each desired temper-
ature (40, 41). System and water densities are given in Table
1. The solvent was then minimized (1000 steps), followed
by 1 ps of water-only dynamics and then another 500 steps
of minimization of water only. Finally, the entire system was
minimized for 500 steps. Following this solvation protocol,
we heated the system to the desired temperature by assigning
equal and opposite initial velocities to randomly selected
pairs of atoms until the velocities of the system satisfied the
Maxwell distribution for that temperature. Simulations were
performed for 41 ns.

Analysis of MD simulations was also carried out with
ilmm, with averages taken over 20-41 ns of each simulation.
The root-mean-square deviation of CR atoms from the starting
structure (CR rmsd) and rms fluctuations of CR atoms from
the average structure over 20-41 ns (CR rmsf) were
calculated. The CR rmsf values for crystal structures were
estimated from the crystallographicB-factors, as rmsf)
(3B/8π2)1/2. The CONGENEAL dissimilarity score of Yee
and Dill was used to compare structures to the starting
conformation (42). For two proteins,R andS, the dissimilar-
ity scored(R,S) is given by

where rij and sij are the distances between CR atoms of
residuesi and j in proteinsR andS, respectively.

Interatomic heavy-atom contacts were counted according
to the following definition: carbon atomse5.4 Å apart and
any other pair of non-hydrogen atomse4.6 Å apart. Residues
were considered to be in contact if any interresidue pair of
atoms was in contact. Contacts were additionally classified
as salt bridges (Glu or Asp and Arg, Lys), hydrogen bonds
(donor-acceptor angle greater than 135° and a hydrogen-
acceptor distance ofe2.6 Å), hydrophobic contacts (C-C
distance between CHn groups ofe5.4 Å), or “other” contacts
(not fitting any other definition). When a contact fit both

Table 1: Target Simulation Temperatures, Experimentally Derived
Water Densities (40, 41), and the Simulation System Densities

T (K) water density (g/cm3) system density (g/cm3)

278 0.999965 1.045866551
298 0.997000 1.043032900
310 0.993000 1.039210100
320 0.989400 1.035769580
330 0.984700 1.031277790
340 0.979500 1.026308150
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the salt bridge and the hydrogen bond criteria, it was counted
as a salt bridge.

To compare the number of native contacts between
simulations on a per-residue basis, we calculated a quantity
that we call the contact density. In a static structure, the
contact density for residuei is the number of residues that
contact that residue. The same calculation can be done for a
simulation-averaged contact map, with each contact’s con-
tribution weighted by the percentage of time it is present.
The difference native contact density is the difference
between the contact density in the starting structure and the
simulation-averaged value. This quantity is equivalent to the
average number of native residue-residue contacts lost
during the simulation.

The simulations were compared to the solution NMR data
(6). NOE-derived distance restraints were considered satisfied
if they met the following criterion:

whereri is the distance between a given pair of protons at
time ti in the simulation,N is the number of time points,
and rUB is the experimental upper bound restraint distance
or 5 Å, whichever is greater. Two sets of NOEs have been
presented, with different conformations for His 105 and His
119 (6). To calculate the percentage of satisfied NOE
restraints, the first set was used unless it was violated, in
which case the second set was considered. In calculating
NOE restraint satisfaction, we considered structures from 20
to 41 ns.

Side chain dihedral angle order parametersOø were
calculated from the simulations as described by Wong and
Daggett (43). We calculatedOø1 for all residues having aø1

angle except Ala (the rotation of the methyl side chain is
essentially unrestricted). For calculatingOø2, we additionally
excluded valine for similar reasons and cysteine due to
disulfide bonds. Secondary structure assignments were done
with the algorithm of Kabsch and Sander (44) with additional
definitions from Scouras and Daggett (65), implemented in
ilmm. Solvent-accessible surface areas (SASAs) were cal-
culated by the method of Lee and Richards (45). Protein
structure graphics were prepared with the Chimera software
package from the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco
(supported by NIH Grant P41 RR-01081) (46).

RESULTS AND DISCUSSION

Global Conformational Properties of RNase A as a
Function of Temperature. (i) Comparison with Experimental
NOE Restraints.We have compared the simulations to the
experimental NOE restraints (6). The fractions of total NOE
restraints satisfied for the six simulations were as follows:
91% at 278 K, 93% at 298 K, 94% at 310 K, 86% at 320 K,
85% at 330 K, and 83% at 340 K. At 278 K, the NOE
violations are localized toâ-strands 2 and 7 and some resi-
dues inâ-strands 4 and 5. The simulations at 298 and 310
K are similar, but with fewer violations inâ7 and fewer
overall. At the three highest temperatures, where structural
perturbations may be expected, NOE restraints are violated
largely in the same regions but to a greater extent. The mean

violation distance for the three lowest temperatures was
∼1 Å.

The minimized starting structure satisfies 96.1% of the
experimental restraints. The NOE analysis illustrates that the
native topology and contacts of the protein are well-preserved
in all of the simulations, even at high temperatures. The NMR
experiments were conducted at 308 K and pH 4 in the
presence of saturating concentrations of phosphate ion (6).
Interestingly, the best agreement between simulation and
experiment is for the 310 K simulation, the simulation closest
to the experimental temperature. For comparison, we con-
ducted simulations of RNase A with a phosphate ion bound
in the active site (phosphate ion coordinates were taken from
ref 47, PDB entry 5RSA) at neutral pH (11 ns) and low pH
(5.9 ns). These simulations satisfied 93 and 92% of the
experimental restraints, respectively. Structures from the
NMR ensemble satisfy an average of 97.9( 0.3% of the
restraints; the 1KF5 crystal structure satisfies 97%. Therefore,
pH- and ligand-induced differences in RNase A conformation
are small, but more extensive sampling (longer and more
simulations) is needed for improved comparison with the
experimental NOEs.

(ii) Conformational Properties.Figure 1B shows the CR
rmsd from the starting structure over time for the six 41 ns
simulations of apo RNase A up to itsTm. The asymptotes at
long times suggest that all the trajectories equilibrate within
∼20 ns. Figure 1C shows the average CR rmsd for each
temperature (averaged over 20-41 ns of each simulation).
These data indicate that the six simulations fall into two
groups, low temperature and high temperature, with the
transition occurring between 310 and 320 K. For the first
group (278, 298, and 310 K), the highest observed CR rmsd
is ∼2.7 Å. These deviations are slightly higher than those
seen in some other MD studies of RNase A, possibly due to
the∼10-fold shorter time scale of some of these studies (26,
28, 29); our CR deviations at the lower temperatures are
similar to those seen in the longer simulation of Sanjeev and
Vishveshwara (30). The 278 K simulation experiences a large
change initially, reaching∼2.7 Å from the starting structure,
and then returns to conformations∼2 Å from the starting
structure by 10 ns. The simulations in the second group (320,
330, and 340 K) reach higher maximum CR rmsd values
(∼3-5 Å). These higher-temperature conformations are not
globally unfolded, and very nativelike topology is preserved.
For comparison, conformations from previous high-temper-
ature (498 K) MD simulations of RNase A reached a CR

rmsd of 15-20 Å (34).
Measurements of some key active site distances in our

simulations show preservation of the His 12 ND1‚‚‚Thr 45
backbone oxygen hydrogen bond and loss of the hydrogen
bond between His 119 and Asp 121, in keeping with the
simulation study of Merlino et al. (26). Also as in their study,
at 278 and 298 K, we see rare formation of a hydrogen bond
between the Thr 45 and Asp 83 side chain (data not shown),
which is present in crystal structures only when a uridine
base is bound to the active site (26, 48; see also references
in ref 49).

We have also calculated the average CONGENEAL
dissimilarity score (42) for each simulation relative to the
starting structure (Figure 1D). This score, which is sensitive
to local arrangements of secondary structure elements,
measures the dissimilarity between two structures by com-

(1

N
∑

i
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e rUB
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paring their weighted distance matrices. The higher the score,
the more dissimilar the structures. Like the CR rmsd, the
CONGENEAL score identifies an abrupt increase in dis-
similarity to the starting structure between 310 and 320 K.

The average solvent-accessible surface area [SASA (Figure
2A)] of RNase A increases from∼7040 Å2 at 278 K to
∼7280 Å2 at 320 K, a change of∼3.5%, and it is approx-
imately constant from 320 to 330 K. As with CR rmsd and
the CONGENEAL score, the greatest change occurs around
310 K. However, the fluctuations in SASA (∼1-4%) are
similar in magnitude to the variation in SASA with temper-
ature, and a linear trend is sufficient to describe the data.
The average nonpolar SASA (Figure 2B) also increases with
temperature and has large fluctuations. Given that RNase A
does not globally unfold in our simulations, these small
changes in total and nonpolar SASA seem reasonable.

(iii) Contact Analysis.To examine intramolecular interac-
tions, we calculated the numbers of salt bridges, hydrogen
bonds, nonpolar contacts, and “other” contacts. The number
of intraprotein hydrogen bonds is approximately constant
within the uncertainty, dropping off only slightly with an
increase in temperature (Figure 3A). The number of intra-
protein hydrophobic contacts drops slightly, between 310 and
320 K (Figure 3B). The number of other intraprotein con-
tacts is stable at lower temperatures but starts to drop off at

320 K (Figure 3C). The number of salt bridges increases
approximately linearly with temperature (Figure 3G). The
large error bars in Figure 3A-C,G mean that these trends
are not statistically significant. Still, the observed changes
occur at the same temperature as statistically significant
changes in other properties (see above). When the intrapro-
tein residue contacts are classified as native or nonnative, a
clearer picture emerges. In the pretransition temperature
range, the number of native contacts decreases by 12.5%
and the number of nonnative contacts increases by 70%
(Figure 3D,F). The opposite trends in the number of native
and nonnative contacts lead to a very small change (∼3.5%)
in the total number of contacts.

(iV) Global LeVels of Secondary Structure.Overall, the
secondary structure elements of RNase A are stable at the

FIGURE 2: Solvent-accessible surface areas (SASAs) of RNase A
during MD: (A) total SASA and (B) nonpolar SASA. Vertical error
bars represent one standard deviation. Horizontal error bars represent
one standard deviation in temperature, averaged over the same time
period.

FIGURE 3: Contact analysis of RNase A during MD. (A) Number
of hydrogen bonds. (B) Number of hydrophobic contacts. (C)
Number of contacts that are not hydrogen bonds or hydrophobic
contacts. Panels A-C show contacts on an atom-atom basis. (D)
Total contacts. (E) Native contacts. (F) Nonnative contacts. (G)
Salt bridges. Panels D-F show contacts calculated on a residue
basis. Note the obvious discontinuity in panels D-F between 310
and 320 K. All values are averages over 20-41 ns. Error bars
represent one standard deviation.
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lower temperatures (Figures 4 and 5). The content ofR-helix
remains essentially constant up to 340 K. However, almost
half of the â-sheet structure is lost in the 320-340 K
simulations. The Kabsch and Sander algorithm (44) used for
these calculations identifies secondary structure by hydrogen
bond patterns. An analysis based onφ and æ angles (not
shown) does not detect the drop inâ-sheet content because
the sheet residues largely remain in theâ Ramachandran bin.

The results above for CR rmsd, CONGENEAL dissimilar-
ity score,â-sheet hydrogen bonding patterns, and native and
nonnative intraprotein contacts suggest a conformational
change between 310 and 320 K. The changes in these
structural properties are distinct, but not large. Similar
suggestive, but not statistically significant, trends are seen
in SASA and the number of hydrogen bonds, hydrophobic
contacts, and other (polar-nonpolar) contacts. The temper-
ature range of this structural change coincides with the
experimental pretransition temperature. We now turn to a
description of the conformational changes that lead to these
observed changes in structural properties.

Temperature-Induced Conformational Changes of RNase
A. Secondary Structure. (i) Dynamics of Secondary Structure
Elements.To examine the conformational changes that occur
in the temperature range of the thermal pretransition, we first
explore the stability of the secondary structure elements. We
then analyze the same conformational change in terms of
interresidue contacts. The time-averaged global analysis
shown in Figure 4 hides both the dynamic nature of the
secondary structure and the differences between individual
secondary structure elements. To obtain a more detailed
picture, we assigned secondary structure as a function of time
and residue number (Figure 5). In the simulations at 278,
298, and 310 K,R1 remains well-formed and stable and
intermittently gains an additional residue at the C-terminus.
R2 is also stable and gains two additional residues ofπ-helix
at the C-terminus. InR3, the four C-terminal residues (Ala
56-Ser 59) fluctuate betweenR-helical and 310-helical

conformations. These fluctuations are minor rearrangements
of hydrogen bonds within the helix, and the occasional
involvement of Gln 60 inR-helical structure does not appear
to perturb the adjacentâ2.

The â-sheet structure is also stable at the three lowest
temperatures, although there are local deviations from regu-
lar structure. For instance, the N-terminus ofâ1 (residues
42-44) loses its hydrogen bonds toâ4 (residues 83 and 84),
and the two strands pull apart. Residues 83-85 onâ4 also
lose hydrogen bonds toâ5 (residues 98-100). The loss of
native hydrogen bonds near the presumably stabilizing
disulfide bond is surprising. However, this disulfide promotes
local disruption of theâ-sheet by coupling its fluctuations
to those ofR2 and theR1-R2 loop.â4 andâ5 do not pull
apart, possibly because the Cys 26-Cys 84 disulfide linkage
serves to holdâ4 in place in the absence of regularâ-sheet
hydrogen bonding, or possibly because of other well-
maintained hydrogen bonds between the strands. The role
of the Cys 26-Cys 84 disulfide in the dynamics of the
â-sheet warrants further investigation, ideally via comparison
with simulations of the reduced protein. Interestingly, the
â-sheet is better formed at 310 K than at 278 or 298 K.

At the higher temperatures, the stability of the secondary
structure elements changes (Figure 5). At 320 K, the native
helical structure is stable. Theâ-sheets are significantly more
disrupted than at lower temperatures, with hydrogen bonding
betweenâ1 andâ4 and betweenâ2 andâ3 almost com-
pletely absent. Hydrogen bonding betweenâ3 andâ4 is lost
by ∼26 ns. Even though hydrogen bonds are lost, the strands
generally maintain betaφ andæ angles. We speculate that
at high temperature, the Cys 26-Cys 84 and Cys 40-Cys
95 disulfide bonds restrict the position ofâ-stands 1, 4, and
5 and contribute to the preservation of native topology in
spite of the loss of regular hydrogen bonding. At 330 and
340 K, theâ-sheets are even more extensively disrupted,
especiallyâ6 andâ7. However, at these temperatures,â2
andâ3 maintain their native hydrogen bonds, in keeping with
hydrogen exchange data (12). The C-terminus ofR3 is frayed
at 330 K, and at 340 K, the helical hydrogen bonding pattern
is almost completely disrupted.

Although several experimental studies suggest that there
is some loss of helical structure during the pretransition
(∼320 K), we do not see significant loss of helical structure
until 340 K. It is possible that this finding is due to the short
time scale of our simulations. However, we do observe loss
of â-structure, particularly in the first and last strands of the
â-sheet, in agreement with the general conclusions of recent
FTIR studies (9, 18, 19) that someâ-structure is lost during
the pretransition. Our simulation results allow us to propose
that these changes are localized primarily toâ1 and â7.
Changes inR2 followed by â1 in the pretransition were
proposed by Stelea et al. (9), and unfolding ofâ6 andâ7,
as well asR3, is in keeping with stage IV (323-333 K) of
the Burgess-Scheraga model (15).

(ii) Formation of a NonnatiVe Helix.In the simulations at
330 and 340 K, a nonnative helix (designated helix NN) is
formed between residues 15 and 20, which correspond to
theR1-R2 loop in the native structure (Figure 5). Helix NN
is formed earlier and is more stable at 340 K than at 330 K.
The new helix packs againstR1 andâ1, â4, andâ5, with
extensive repacking of side chains (Figure 6). The native
Asp 14‚‚‚Tyr 25 hydorgen bond is broken intermittently in

FIGURE 4: Secondary structure assignments for RNase A MD. The
data shown are the average percentages of residues in the indicated
type of secondary structure from 20 to 41 ns.

Thermal Pretransition of RNase A Biochemistry, Vol. 47, No. 3, 2008885



the simulations (lower left of Figure S1 of the Supporting
Information). The Tyr 25 side chain becomes more exposed
to solvent at the four highest temperatures (not shown). The
formation of helix NN shortens the loop joiningR1 andR2,
which is related to the movement ofR1 away from the core
(Figure 8) and the change in the angle ofR2 (Figure 6),
which may, in turn, lead to further changes in theâ-sheet.
AGADIR (50-54) predicts low (∼1%) helical propensity
in this region, suggesting that tertiary interactions are largely
responsible for forming helix NN. Flickering residual helical
structure was observed in this region in high-temperature
unfolding simulations (34). More importantly, this helix is
present in one of the monomers of the N-terminal domain-
swapped dimer (55), which is formed under conditions of
low pH, high temperature, or organic solvents (56). Align-
ment of the final structure from the 340 K simulation with

one of the functional units of the domain-swapped dimer
shows the relationship of the two conformations of helix NN
(Figure 6).

Observation of a nonnative helix in a high-temperature
MD simulation of RNase A does not mean that conforma-
tions with this nonnative helix make up a large proportion
of the experimental ensembles. However, simulation and
experiment agree that this region is capable of forming helix
under certain conditions. It appears that our simulations
capture some of the forces at work under the experimental
conditions where the nonnative helix is observed (56). In
fact, the simulated conformations containing nonnative helix
might provide an indication of the pathway to the N-terminal
domain-swapped dimer. In earlier MD simulations (34), R1
became completely detached from the main core of the
protein at both neutral and low pH, leading to conformations

FIGURE 5: Secondary structure assignments for RNase A MD. The horizontal axis of each plot gives the residue number and the vertical
axis time, and the color indicates secondary structure assignment at the given time point: blue,R-helix; red,â-sheet; cyan,π-helix; magenta,
310-helix; brown, mixedR- andâ-sheet; and green,R-bridge (44, 65). The negative time axis indicates the starting conformation.
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similar to the N-terminal domain-swapped dimer with the
same transient nonnative helix (residues 15-22). At neutral
pH, nonnative helix formation was linked to a further
movement of the N-terminus away from the core. In this
work, R1 also moves away from theâ-sheet, but not as far.
The conformations in our simulations at 330 and 340 K seem
poised for a further dissociation or “undocking” ofR1 from
theâ-sheet, which might allow straightening of theR1-helix
NN turn and extension of the nonnative helical structure,

leading to a closer match with the domain-swapped dimer
(Figure 6).

The importance of the NN helix and dissociation and/or
fluctuation of R1 along the pathway to the N-terminal
domain-swapped dimer has been challenged, however. The
highly homologous bovine seminal ribonuclease also forms
a domain-swapped dimer by exchangingR1 (57, 58), and
no helical structure is present in the hinge region of this dimer
(residue 19 is a proline). Further, although the hinge peptide

FIGURE 6: Structure of the nonnative helix formed during MD at 340 K. (A) Structure of the N-terminal domain-swapped dimer, 1A2W
(55). The monomer (in gray) exhibiting a nonnative helix (residues 15-20 colored red) with the other monomer colored blue. (B) Final
structure from the 340 K MD simulation colored yellow with residues 15-20 colored red. (C) Superposition of the N-terminal domain-
swapped dimer and the final, 340 K MD snapshot. The coloring is the same as in panels A and B. The MD structure was aligned by CR
atoms to the upper right functional unit.

FIGURE 7: Difference contact density plotted onto the RNase A structure. Difference contact density for a given residue is equivalent to the
average number of native contacts lost by that residue during the simulation. The color scale spans the range from 0 (gray) to 4 (red). The
eight residues with a difference contact density of>4 (4.13-6.39) are also colored red.
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region of the domain-swapped dimer of a variant of the
human pancreatic enzyme adopts a 310-helical conformation
(59), there is no evidence of partial unfolding (such as
dissociation ofR1) under conditions where domain swapping
occurs (60).

Temperature-Induced Conformational Changes of RNase
A. Contact Analysis. (i) Contact Density.The difference
contact density for the RNase A simulations is given in
Figure 7. This quantity is equivalent to the average number
of native contacts that a given residue loses during the
simulation (see Methods). Some aspects of the pattern of
loss of native contacts are similar at all temperatures. The
C-terminus ofR1, the buried face and C-terminus ofR2,
the buried face ofR3, â1, and theR1-R2 andR2-â1 loops

show slight changes at the three lowest temperatures. At the
higher temperatures, native contacts are lost in the same
regions, but the loss is more pronounced. For instance, the
locations of lost native contacts inâ4 (residues 80, 81, 83,
and 85) andâ5 (residue 101) are identical at all temperatures.
Other changes appear only at the higher temperatures. In
R1, in addition to a greater loss of native contacts at its
C-terminus, the changes extend toward the N-terminus,
especially Ala 5 and Phe 8.â2, â3, andâ6 (which, withâ7,
make up the V1 arm of the V-shapedâ-sheet structure) also
show large losses in the number of native contacts only at
the three highest temperatures.

Some of the high-temperature changes directly involve the
active site, which is located in a groove formed by the two

FIGURE 8: Motion of R1 disrupting the active site. (A and C) Distances between CR atoms of His 12 and Lys 41 and (B and D) distances
between CR atoms of His 12 and His 119: cyan, 278 K; blue, 298 K; green, 310 K; magenta, 320 K; yellow, 330 K; and red, 340 K. For
clarity, the data in panels A and C have been smoothed over a 100 ps sliding window. The histograms in panels B and D were calculated
using the data from 20 to 41 ns of each simulation. (E) Structure of RNase A indicating the distances shown in panels A and C (black lines
between gray spheres at the CR positions). (F) Superposition of the starting structure and snapshots from simulations at 330 K, showing the
motion ofR1. The alignment was over all CR atoms in the regular secondary structure in the crystal structure, excludingR1. (G) Superposition
of the starting structure and snapshots from simulations at 340 K, showing the motion ofR1.

888 Biochemistry, Vol. 47, No. 3, 2008 Merkley et al.



arms of the V-shapedâ-sheet structure (see Figure 1A).R1
sits at one end of the groove. The catalytic His residues are
contributed byR1 (His 12) andâ7 (His 119). Sinceâ7 loses
many of its hydrogen bonds toâ6 at high temperature, it
becomes more disordered. The large loss of native contacts
to Ala 5 and Phe 8 is due to both changes in the conformation
of residues 117-120 in â7 and a change in the relative
orientation ofR1 andâ7. Changes are reflected in the time
course and distribution of distances across the active site
(Figure 8A-D). The motion ofR1 is illustrated in Figure
8E-G. Its position relative toâ1 andâ7 fluctuates: at times
it swings further out into solution, and at times it is pulled
in the opposite direction to partially obstruct the active site
groove. This motion changes the register of interactions such
that Val 118, which interacts with Ala 5 in the crystal
structure, moves to interact with Phe 8 (this change is most
pronounced at 320 and 330 K). Phe 8, in turn, loses its native
interactions with His 119 and Phe 120, although fluctuating
contacts with these residues in nonnative conformations do
occur. Further changes in the backbone ofâ7 lead to more
disruption in the active site groove. Side chain motions also
contribute. The Phe 120 side chain occasionally rotates
upward to a position that partially fills the groove and blocks
hydrogen bonding of substrate by its own backbone N atom.
At 320 and 330 K, His 119 rotates rapidly, seldom maintain-
ing its native interaction with Asp 121, its partner in the
catalytic diad. At 340 K, His 119 rotates away from the active
site to interact with residues in theâ6-â7 loop, visiting an
alternate conformation seen in the NMR structure and some
crystal structures (6, 35), as well as other conformations.

A recent study of global and local thermal unfolding in
RNase A using Trp-containing mutants found that local
unfolding (by Trp fluorescence) occurred 6-11 K lower than
global unfolding (far-UV CD) for the F8W, Y92W, K104W,
and Y115W mutants (14). Significant changes near Phe8 are
seen in our 310, 320, and 330 K simulations. Smaller changes
are seen at Lys 104, but the neighboring His 105 shows a
significant loss of native contacts. Tyr 92 and Tyr 115 do
not lose large numbers of native contacts in our simulation
(Figure 7). These results suggest that at least some of the
key features of local unfolding are reflected in our simula-
tions.

Effect of Temperature on Dynamics. (i) Backbone Fluctua-
tions. A similar pattern of flexibility is observed at all
temperatures. As expected, the CR rmsf (Figure 9A) indicates
greater mobility in loop regions and greater stability of
regular secondary structure elements. The pairwise correla-
tion coefficientsR for CR rmsf data between simulations at
different temperatures range from 0.81 to 0.95. The correla-
tion between simulation CR rmsf and experimental CR rmsf
is 0.69-0.71 for the three lowest temperatures and 0.62-
0.68 for the three highest. The greatest deviation from the
crystallographic rmsf values is inâ2 and â3 and the
intervening loop (residues 61-78). In simulation, this loop
is very dynamic, but in the crystal structure, the dynamics
of this loop may be inhibited by crystal packing contacts
(7). To further compare the flexibility in simulation to
experimentalB-factors, we calculated the CR rmsf from the
B-factors of 18 different unliganded crystal structures of
RNase A. The one-standard-deviation limits of this set are
shown in Figure 9A (dotted gray lines). Our simulation
values generally fall within this range except for the termini

and residues 61-74 (â2, â3, and the intervening loop).
Merlino et al. (26) also noted large fluctuations in this region
in their simulation study.

The average CR rmsf varies approximately linearly with
an increase in temperature (linear regression slope, 0.0043
Å/K, R ) 0.988), with greater slopes for loops and ter-
mini. Converted toB-factor units, this value becomes 0.14
Å2/K, which agrees reasonably well with the value of 0.064
Å2/K determined by crystallography (61). The slope of
individual rmsf values varies about the mean value given
above. More than half of the residues have a strongly linear
trend (R g 0.9). Interestingly, residues inR1 show a sharp,
discontinuous increase in CR rmsf (0.17-0.27 Å) between
310 and 320 K.

(ii) Side Chain Dynamics.To measure side chain dynam-
ics, we used the side chain dihedral order parameterOø. This
parameter is a measure of the persistence of the orientation
of the bond vector, with a value of 1 meaning completely
ordered and a value of zero meaning completely disordered.
The Oø values from the simulations (averaged over all
residues) decrease linearly with temperature, indicating that
side chains become more dynamic as the temperature
increases, as expected. On average,Oø1 was higher thanOø2,
indicating that CR-Câ bonds are more rigid than Câ-Cγ

bonds. The average side chain order parameter varies
approximately linearly with temperature (Figure 9B). There
is no evidence for a global dynamic transition analogous to
the conformational transition discussed above.

FIGURE 9: Dynamics of RNase A in simulation. (A) CR rmsfs
calculated from 20 to 41 ns: cyan, 278 K; blue, 298 K; green, 310
K; magenta, 320 K; orange, 330 K; red, 340 K; and solid black,
B-factors calculated from the 1KF5 crystal structure. Dashed lines
are plus or minus one standard deviation from the average rmsf
values of a set of 18 ligand-free crystal structures of RNase A. (B)
Side chain dihedral angle order parametersOø for ø1 (CR-Câ) and
ø2 (Câ-Cγ) angles.
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The observed trends in dynamic properties relating to
backbone (CR rmsf) and side chain (Oø) motions are linear
when averaged over all residues. Per-residue CR rmsf shows
a clear transition only for a few residues inR1. These
findings suggest that the thermal pretransition of RNase A
may be mainly a conformational change, not a dynamic one.
The mobility of R1 can be seen as either a consequence or
a cause of its altered conformation.

Temperature-Dependent NatiVe States.A recent simulation
study of chymotrypsin inhibitor 2 (CI2) suggests that the
CI2 N′ state is nativelike but expanded (4). The CI2 N′ state
preserves the overall native topology and many native
contacts, although some contact distances are increased.
Many nonnative contacts are also present. The putative CI2
N′ state is the native state in the sense that it is folded and
it is the stable conformation in the simulation. However, in
the strict sense of biological activity, the CI2 N′ state may
be nonnative, since the active site loop is distorted.

Similar properties are also found in the high-temperature
RNase A simulations in this work. As in Figure 1, the
conformations of RNase A in our simulations at high
temperature, especially at 320 and 330 K, are nativelike, with
the CR rmsd from the starting structure being<5 Å. The
conformations seen at high temperatures maintain∼90% of
the native contacts (Figure 3E). As with CI2, if the contact
definition distance is extended to 8 Å, even more of the
native contacts are preserved (not shown). Similarly, the
native secondary structural elements are largely maintained
at high temperature (Figure 5). The exceptions occur at 340
K, which is at or near theTm, or in elements (such asâ1)
that may be involved in the pretransition. Where secondary
structure is disrupted, the conformation is typically main-
tained even though hydrogen bonding is lost (see above).

In the putative N′ state of CI2, the active site loop is
disrupted compared with the native, biologically active
conformation. Similarly, the active site of RNase A is
perturbed in our simulations, largely by the motions ofR1,
â1, andâ7. This agrees with the observed decline in RNase
A activity toward 2′,3′-cyclic cytidine monophosphate above
320 K (21), and with the general conception that enzyme
active sites are disrupted at denaturant concentrations lower
than those required for global unfolding events (62).

The N′ state may be considered an ensemble in which
many higher-energy microstates are populated relative to the
native (N) ensemble, which could lead to a shift in the
distribution of conformational properties with an increase
in temperature. Such a scenario was observed for alternative
conformations of cytochromeb5 by both simulation and
experiment (63). In this view, the underlying energy land-
scape could be independent of temperature. A temperature-
independent energy landscape is supported by our simulation
studies of CI2 at a variety of temperatures (64). That is,
unfolding accelerates with an increase in temperature, but
the pathway of unfolding is independent of temperature.
Alternatively, the N′ state may arise from a shift in the energy
minimum with an increase in temperature. In other words,
the N′ is the N state at elevated temperature, and the
landscape itself changes. This idea was put forward by
Leeson et al. (3) to explain the nonexponential unfolding
kinetics of cold shock protein A at high temperature. It will
be difficult to distinguish between these models experimen-
tally, because the spectroscopic signals of the N′ state may

closely resemble that of the N state. For example, the
fluorescent probe Trp 5 of CI2 is buried in its N′ state as it
is in N.

CONCLUSIONS

The existence of a thermal “pretransition” around 320 K
in RNase A unfolding is well-documented in the literature,
but the exact nature of the structural changes that occur
during this pretransition is the subject of active study.
Structural properties from our six simulations of RNase A
at temperatures up to theTm also indicate the presence of a
conformational transition between 310 and 320 K. Our
simulation results suggest that the largest structural changes
occur in theâ-sheet, particularly strands 1 and 7.R1 does
not unfold, but it does begin to pull away from theâ-sheet
core. This result, together with the observation of a nonnative
helix (residues 15-20) at 330-340 K, echoes the conclu-
sions of prior MD work (34) in suggesting a pathway for
the formation of the N-terminal domain-swapped dimer. The
extent and nature of the conformational changes observed
in our simulations are in agreement with those expected for
the high-temperature nativelike N′ state.

In contrast with the sharp change in conformational
properties, global dynamic properties of RNase A vary
linearly with temperature. If this finding is general, it has
important implications for theories relating protein flexibility
to enzyme function. If putative functionally important
dynamic changes are subtle and local, as are the changes in
RNase AR1 in this work, an understanding of such motions
requires techniques capable of atomic resolution.
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