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Herein we tlwcvdw  the  results of’ rnolwular~ tlynarnics  sirnuhtions of the bovine pan(*reat k
t rvpsi1~  iihiM  or ( fW1‘1) in solution at a \-a&t\-  of’ temperat,ures  both with and without
di’sulfidc  bonds. The reduc,ed  form of the protein unfolded at high temperature to an
ensemble of’ confi,rrnations  with all the properties of the molten globule state. Tn  this
account  we  out line  t he structural details of the act,ual  unfolding process between the nat ivtA
and molten globule states. The first!  steps of unfolding involved expansion of the protein?
which disrupted packing interactions. The solvent-accessible surface area also quickh
increased. The unfolding was localized mostlv  to the turn and loop regions of the molecull.
while leaving the secondary structure intacCThen,  there was more gradual unfolding of the
secondary struct,ure  and non-na#tive  t,urns  became prevalent. This same trajectory was
continued and more drastic unfolding occurred that resulted in a relatively compact state
devoid of st)able  secondary structure.
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1. Introduction

Prot!ein  f’olding  remains one of the most impor-
tant unsolved problems in molecular biology.
Although mu&  is known of the structural details of’
the native. folded conf’ormation  of proteins. very
little is known about the a,ctual  folding process. or
how the linear polvpeptlide  chain acquires its bio-.
logicall\-  active three-dimensional conformation.
Characterization of the unfolding process is a,lso
equally important. both from the perspective of
fully  understanding a fundamental biochemical
pheLomenon.  as argued persuasively bv  Fersht’ et al.
(1990). and because of the probable li’nk  to protein
degradation in Go  (Daggett,  1987). In addition, the
transition state for folding appears to occur lat)e  in
folding and is thought to be a distorted form of the
native state ( G o l d e n b e r g  Br  Clreighton.  1985:
Ma,t  ouschek cjt cxl.. 1989: Sancho 4f  rrl.,  1991).
l-C1ucidatJion  of  thth  early steps in unfolding can
provide mu&  needed insbht  into this crucial step in
fielding.

The rapidit \-  of’ folding in &W and the possibilit\-
that a diso&red  polypeptide  chain can assume ‘a

large number of conformations with almost equal
energies make it likely that folding occurs ‘1~1:~  a
l i m i t e d  n u m b e r  o f  kinetlic  pathn:a\rs  (Kim Kr
Baldwin. 1982. 1990: Goldberg, 1985:  Baldwin 6:
Risen k>erg  , 1987). Intermediate states can direct
folding and accelerate t,he  t$ransition  to the na,tivtJ
st$ate  kyv  restricting the conformational spa’ce  ava,il-
able for the unfolded stat’e.  I)eterrnina.tion of t,htA
strucWra1 cha’racteristics  o f  i n t e r m e d i a t e  state:5
during folding are crucia,l  for  underst,anding  t,htA
mechanism of these processes. Unfortunately, t,hiA
cooperative nature of folding/unfolding results in
only minute amounts of partially folded inter-
mediates at equilibrium. Even using kinetic means,
intermediates are populated only transiently and
must be t]rapped  in some way. Fortunately. such
approaches have provided some structural informa-
t ion (r,‘dga,onkar  &  Baldwin, 1988: Roder et ttl..
1 9 8 8 ;  St&es  et CL, 1987; Bvcrofi  4L al. ,  1990:

’Mat,thews  ct cnl.,  1983).
ISecernt  117.  the so-called molt/en  globule state ha-;

received ‘much attention;
,

molten globules  arip
compact. mok)ile  struct’ures  wit,h  large amounts of
secondary st’ructure b u t  d i m i n i s h e d  tertiarl;
contacts relative t,o  the native state. This st,at,e  A
interesting because it may be a common early inter-
mediate during folding (Pt,itsyn et  al.. 1990),  and it
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is an equilibrium int,ermedia,te  under a variet,v  of
unf’oldin~ cwdit i o n s  (e.g. high t cm pwat  urf’  .
ext(remes  o f  pH.high concentrations of organic
solvents) or upon the removal of a stabilizing ion
(all reviewed by Ptitsyn. 1987 and Kuwajima,
1989). Recently, a molten globule was detected
under folding conditions. In this case, it appears
that the molten globule state is under kinet,ic
control and is not an equilibrium intermediat$e
(Baker et al., 1992). However, the molecular details
of even these relatively stable folding/unfolding
intermediates remain difficult to characterize
experimentally (Amir & Haas,  1988; Baum et al,
1989; Dobson, 1992; Harding et a,!.,  1991; Hughson
et al., 1990). The difficulties  are principally due to
the increased motion and lack of fixed structure
throughout the molecules. Characterization of both
the kinetic and equilibrium intermediates is also
limited because the currentlv emploved t,echniques
can detect the presence of native-like structure but
are unable to provide information about the forma-
tion of non-native conformations. Therefore, this is
an area where experiment actually needs theory, as
it is unlikely that experimental studies will ever
yield structural information about protein folding in
detail comparable with that available for native
proteins.

For these reasons, we have performed molecular
dynamics simulations of temperature-induced pro-
tein unfolding. The approach of studying unfolding
in lieu of folding has an important ‘computational
advantage; namely, the -simulations proceed from a
well-defined starting structure. In principle, this
approach can delineate the details of intermediate
structures and dynamic transitions that occur
during the unfolding process. In addition, both
native and non-native interactions can be observed
during the simulation.

The studies presented here focus on bovine
pancreatic t!rvpsin  inhibitor (BPTIT; Fig. 1 ),
because it is a small, well-characterized protein. The
technique of molecular dynamics has already been
shown to be useful for realistic simulations of native
states of proteins (Daggett & Levitt, 1991, 1993 and
references therein), including BPTT (Levitt &
Sharon, 1988; Levitt, 1989; Daggett & Levitt,
1992a). Molecular dynamics (MD) simulations have
also proved to be instructive in delineating the
structures adopted by conformationally mobile
peptides (Daggett et al., 1991a;  DiCapua et al., 1990;

t Abbreviations used: BPTT, bovine pancreatic
trypsin inhibitor: MD, molecular dynamics; IV,  native
state; MG. molten globule state: U. unfolded state;
r.m.s. root-mean-square; r.m.s.d..  r.m.s. displacement;
N298, MD of oxidized, native BPTI at 298 K; N423:
oxidized. native BPTI at 423 K: R423. reduced BPTT
at 423 K; R498. reduced BPTI at 498 K: 1423 refers to
two separate simulations at 423 K, that of the isolated
p-sheet  and the isolated C-terminal a-helix at 423 K;
1498, these same isolated fragments at 498 K. The
secondary structure was broken down as follows al,
residues 3 to 6:  Ll. 7 to 15; /?l, 16 to 25; tl, 26 and 27;
p2,  28 to 36; L2. 37 to 46; and a2,  47 to 56.

Figure 1. The main-chain trace of the BPTI crystal
structure. The Cys residues are colored yellow with the
native disulfide bonds shown (CysSO-Cys5 1,  CysS-Cys5s
and Cysl4-Cys38).  The different secondary structure
boundaries are distinguished by color: al, residues 3 to 6
ma.genta; Ll, 7 to 15 blue; /?l, 16 to 25 cyan; tl, 26 to 2’7
green; p2, 28 to 36 cyan; L2, 37 to 46 blue; a2, 47 to 56
magenta.

Tirado-Rives & Jorgensen, 1991))  the transitions
that thev undergo (Daggett et aZ.,  1991b),  and the
denaturation process of peptides (Soman  et al.,  1991;
Tirado-Rives & Jorgensen, 1991; Daggett & Levitt,
19923). Furthermore, various other theoretical1
approaches have now been used to study protein
folding (Skolnick & Kolinski, 1989; Cove11 &
Jernigan, 1990; Moult & Unger, 199 1; Hinds &
Levitt, 1992). Although these strategies necessarily
employ many simplifying approximations, they d:n
provide insight into the problem. In any case, these
past studies suggest that it should be possible to
simulate the detailed conformational transitions
experienced by a protein during the process of
unfolding using molecular dynamics.

The major hindrance to using molecular dynamic:s
for studying protein unfolding is the time-scale
accessible during realistic solution simulations
(presently picosecond to nanosecond) compared to
the time-scale of folding/unfolding. While it is notI
known how fast proteins unfold, it is usually
thought to be in the millisecond range: or faster,
under denaturing conditions. This time-scale is not
accessible by MD simulations; the simulations
presented here require approximately one to two
central processor unit hours per picosecond.
Confronted with this problem, we chose to use high
temperature as a means of accelerating the process.
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Raising the temperature has a small effect on the
velocities (a.toms atI 498 K move approx. 3Oyb faster
than at 298 K) but,  activated processes involving
traversing energy barriers will be greatly acceler-
ated. This acceleration depends on the enthalpy of
activation and can give increases in speed of lo3
(A@ = 10 kcal/mol) i,o 1 O9 (AHf = 32 kcal/mol) at
498 K.

Various MT) simulations lasting up to 550 ps were
performed: native BPTT  (with the 3 disulfide bonds
intact, Fig. 1) at 298 K, N298,  and at 423 K, N423;
fully reduced BPTI (all disulfide bonds broken) at
423 and 498 K. R423 and R498. respectively; and
isolated fragments of the protein (the central
P-sheet and the C-terminal a-helix were simulated
separatelv, Fig. 1) at 423 and 498 K, 1423 and 1498,
respectiv&  (Table 1). All simulatjions  were carried
out in a bath of water molecules with mobile
counterions.

The simulations begin from t’he native state, and
at the highest! tJemperature,  reduced BPTT  (R498)
unfolds in tiwo phases. The first transition yields an
ensemble of conformations with all of the properties
of the molten globule state (e.g. E+MG), which is
stable for approximately 250 ps (Daggett & Levitt,
1992a). To use Matthew’s (1991) terminology this
degree of unfolding corresponds to middle and late
folding events. The second phase of unfolding
results in more complete disruption of the structure.
e.g. MG-C. 0 ur fecus in this paper is to character-
ize the early stages of the unfolding pathway,
N-,MG.  A description of the resulting partiallv
unfolded state (MG)  has been presented (Daggett &
Levitt, 1992cr). Since botih end points of these simu-
lations appear to be experimentallv reasonable, it is
appropriate to follow the pathway’between them by
further analvsis of these same trajectories. m7e have
tried to avoid duplication of our earlier account but
some is necessary tlo clarify points dealing with the
unfolding process. The remainder of the folding
pathway from MG + U and structural character-
ization b of t]he  unfolded state will be presented
elsewhere.

2. Methods
The starting point for the calculations was the X-ra\

crystal structure of BPTI (Deisenhofer  & Kteigemann.
1975). Details covering the simulations of BPTI and the
BPTI fragments at different temperatures have been
described (Daggett & Levitt. 1992a).  All atoms were
explicitly present) during the simulations. The protein and
fragments were immersed in a box of water molecules and
counterions were present to yield an electrically neutral
system. The parameters. water model and details of the
potential function are given elsewhere (Daggett el  al..
1993).

3. Results and Discussion

The results of the unfolding simulations (N+MG)
are presented according to the structural level con-
sidered, moving from the global t,o  the semi-local
and local level. We chose to follow the time-depen-
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Figure 2. The average r.m.s. a-carbon displacements
from the X-ray crvstal  structure for all residues in the
BPTI models a’s a function of time. Values were computjled
after optimum superposition of the coordinates to remove
translational and rotational motion using the approach
outlined bv Kabsch  (1976).

dencies of those properties that show characteristic
differences between the starting (X-ray) and final
(molten globule) states. Description of the unfolding
of the moltlen  globule state and characterization of
the unfolded state will be presented elsewhere (e.g.
the 300 to 550 ps interval of the R498 simulation).

(a) Global structure

We define global structure at the level of the
entire protein. This structure is probed. however. buy
both global and local means.

(i) DezGaiions  from the crystal structure
1Most  large-scale changes in the overall root-mean-

square (r.m.s.) a-carbon displacement from the
crystal structure occurred within 50 ps (Fig. 2).
From this point, there was a. slower drift away from
the crvstal structure. The value for the control
simulaiion (N298) was low, and the coordinate
averaged r.m.s.d. (the average structure between 50
and 550 ps compared t/o  the crystal structure) was
1-4  A.

The average cc-carbon r.m.s. displacements after
50 ps were high in reduced BPTI and increased with
tempera,ture  (Fig. 2 and Table 2). The increase in

Table  1
Summary of the different simulations performed

Models

Temperat  we  (K)
Oxidized

BPTI
Reduced

1UPTI
Isolated
BPTI

298 N298 It298
423 N423 R423 1423
498 13498 1498

X.  oxidized; R. reduced; I, isolated, e.g. separate simulations of
the excised /?-sheet and C-terminal a-helix.
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Table 2
owra11 pl’operfi4f~ o f  HPTI (IIy fx  ,fwwtion  qf  temperature md  oxidation atate  of the

disu@de  6ondcy

Proper? y
Crystal

struck ure x298 N423 R423 R498

Simulation time (ps)
<Y r.m.s.d.  > (A)t
<vu  flw>  (A)j-
d(C30-(51)  (A)$
d(CEx55)  (A)$
d(Vl4-C38)  (A)$
t Iverall  yoa$
(Ivera  y&/T@
No. ring flips11

550
2.7  & 0.5
1.1 kO.4
2*0*0*1
2*0&0*1
2.0  kO.1
28-&-4
42-&3

4

550
3.9  *  03
2.1  kO.8

13*0  & 3.4
11.1  k3.2

5.8  & 1.7
27&4
34&6
1 6

284
5*1*  1.0
2.4  & 0.7

14.4  &- 3.6
10.4  & 3.2
7.9k2.8
22&4
45&3
1 5

t The average Ca r.m .s.  displacement from the crystal structure after equilibration (50 to 550 ps) and
the  average ( Ia r.m.s.  fluctuations about the mean structure during the last 150 ps of the simulation.
except in the CYIW  of R498.  where the  averaging period was 134 to  284 ps.  representing the molten
globule state. Values are computed after opt&urn  superposition of the coordinates (Kabsch, 1976) to
remove translational and rotat,ional  motion. The Ca fluctuation for the crystal structure was estima,ted
f’rom  tlke  experiment al B factors using the following relationship: Ca flue = (3B/8~~)~.

1 These are the  distances between the sulfur atoms of the residues designated and represent the
native  disulfide  bonds in BPTI.

5 These are the overall percentages of and /I  structure averaged during the simulation. The
structure  is defined by (C/L+)  angles as described in the text.

11  The total number of ring flips during the simulation where a fiip is defined as a 180° rotation about
x2  of the Phe  or Tyr  residues.

the Ca displacement in reduced BPTI was due to
both unfolding and the increase in temperature in
the absence of large-scale unfolding (compare .N298,
N423 and R423,  Table 2 and Fig. 2). The simula-
tions at high temperature also showed large fluctua-
tions in the a-carbon positions in short periods of
time, unlike the native protein, indicating increased
mobility (Fig. 2). Two phases are clearly visible in
the plot for the R498  simulation in Figure 2.
Following t,he  initial increase, the r.m.s. deviation
stabilizes at approximately 5 & although there are
large departures from this value; the region between
50 and 300 ps displays the properties of the molten
globule statle  (Daggett & Levitt. 1992a).  At approxi-
mately 300 ps there is another transition. to devia-
t!ions of approximatelv  9 A: this region represents
t/he  unfolded state. ‘Since our gcal here is to
characterize the N +lMG process, the average values
reported throughout this manuscript are taken only
during the MG  region of the R498  simula+tion and do
not represent the second unfolding phase.

The deviation from the crystal structure observed
during MD simulations ” was not distributed
uniformly along the sequence (Fig. 3). Instead, the
largest changes occurred in the loop and turn
regions of the structure. Interestingly, the regions
that deviated most from the crystal structure at
room temperature serve as indicators of where the
structure is likely to unfold at higher temperature
( N  298s i~7ers?4  s R498s. Fig. 3). These regions are
also tlhe  most, variable among the different BPTI
crystal structures (Kossiakoff et aZ.,  1992). Not only
did the loops experience the greatest movement in
the structure but they also did so quickly. In
comparing snapshots of reduced BPTI at 498 K
early in the simulation to the crystal structure, it

can be seen that the loops moved out away from the
core of the structure and adopted slightly different
conformations (Fig. 4). Later in the simulation the
structure of the loops was even more distorted
(Fig. 5). In contrast, the averaged structure over
the last 50 ps of the N298  simulation looked very
similar to the crystal structure (Fig. 5(a)). Reduced
BPTI at high temperature shows that the 1.00~s
have moved awav from the core of the molecule
with the segment: of secondary structure separated

25 4 -
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Figure 3. The average r.m.s. a-carbon displacements in
the BPTI models from the X-ray crystal structure as a
function of residue number, N298s and R498s, and the
fluctuation about the mean structure during the lasl:
150 ps of the simulation, N298m,  and the last 150 ps of
the MG region of the R498 simulation ( 150 to 300 ps).
R498m.  The experimental values derived from the
crystallographic B factors are also given, XTAL.
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Figure 4. Main-chain traces of snapshots early in the
simulation of reduced BPTI  at 498 K (in green) compared
t’o t#he  crystal structure (in red).

Figure 5. Main-chain traces of the average strtictures
(over the last 50  ps of each simulation, in green7  except
for R498, which was from 250  to 3OO  ps) compared to the
X-raJ7  crystal structure (in red): (a) native BPTI at
298 k; (bj reduced BPTI at 423 K; (c) reduced BPTI at
498 K.

R e s i d u e  N u m b e r

Figure 6. Combination contact map for native BPTI  in
the upper-left and reduced BPTI  at 498 K after 175  ps of’
molecular dynamics in the lower-right diagonal.  T’he
darkest blocks represent Ca-Ca distances ~5 A, the next
lightest shade is for 5 A <Q! < 7 A. and the lightest shade is

-for 7 A<&10 A.

in space and hence less well packed (Fig. 5(c)).
Interestingly, at 498 K the twist of the /?-sheet was
lost and. in fact, the sheet became extended.
compared to the control.

The a-carbon contact maps for structures at
different temperatures differ considerably (Fig. 6?
where the shading represents the distance of
approach). In the crvstal structure (top of Fig. (6),
various tertiary coAtacts  (off-diagonal contacts)
between different portions of secondary structure
are evident. In contrast, very few of these contacts
were maintained in the partially unfolded structure
of reduced BPTI at 498 K (bottom of Fig. 6). Most
striking@. the contacts between residues in the
loops were essentiallv  absent. Only t,wo types of
non-native contacts &were made in this particul.ar
structure at 498 K: the N terminus came into
contact with & and the C terminus (last 2 residues)
bent back to interact with Us. The central /?-sheet’
was clearly maintained at 498 K, as shown by the
opposing diagonal near the center of the Figure
emanating from the main diagonal (Fig. 6). The
extension of the diagonal representing the /?-sheet  in
the crystal structure shows interactions between the
main chain of Ll with /I2 and with L2. Traces of the
main chain in Figure 5 also elucidate the changes
that took place upon unfolding.

(ii) Conformational  sampling
Just viewing a single average structure of the

partially unfolded state can be misleading. Even
after the large-scale changes occurred and the
a-carbon r.m.s. deviation from the crystal structure
had stabilized (Fig. 2)?  the reduced models at high
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Figure 7. Main-chain traces of snapshots late in the
simulation of reduced BPTT at 498 K (in green) compared
to the crystal structure (in red).

temperature were very mobile and exhibited large
fluctuations about their mean conformations. The
fluctuations of the a-carbon atoms a?Jout t)heir mean
positions increased dramatically upon unfolding,
from 0.6 ,!\ for N298 to 2.4 ,& &r R498. although
some of this increase is due to increasing the
temperature (compare N298. N423 and R423,
Table 2). The degree of motion observed in the
N298m  run is in good agreement with those values
derived from the crvstallographic  R-factors (C”
Auc = (3B/8n2)*,  Table -2). In fact, the profiles of how
these fluctuations are distributed along the sequence
are also similar (compare the XTAL  curve with
N298m,  Fig. 3). The cc-carbon fluct,uations  at high
temperature indicate that the partially unfolded
state was very heterogeneous and it can be seen that
many distinct) conformations were sampled (Fig. 7),
even while the overa,ll  a-carbon r.m.s. deviations for
the displayed structures were verv similar (Fig. 2).I

(iii) Size
The radius of gyration serves as another measure

of the global structure. At low temperature (N298),
the radius of gyration of native BPTI was native-
like throughout the simulation (Fig. 8). The value
increased a,t high temperature, and. in fact, large
changes occurred early in the simulation with
further gradual increases with time. At 423 K the
radius of gvration stabilized at approximately
12.3 8. At 498 K, however, the value both fluc-
tuated substantially over short increments of time
and continued to increase throughout the simula-
tion (Fig. 8). This radius of gyration was 9 yi,
greater in the R498 simulation (0 to 300 ps) than in
N298; this difference translates to a volume change
of 25O/b  if we assume that the protein is spherical.
This effect is not due to tlhe  increase in temperature,
N423 did noti  experience a volume increase relative
to N298 (the average values were 11.6 a and 11.7 Lt
for N298 and N423, respectivelv).  while R423
expanded by 11 O/d. The increase in the radius of
gyration may actually underestimate the volume
increase because of the shape change involved in
unfolding from the pear-shaped native molecule

II s
L
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110.  ' ' ' ' ' ' ' ' ' ' a
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Figure 8. The radius of gvration as a function of time
for the different BPTI mod&. The value for the starting
structure was 11.7 A before MD simulation.

(Fig. 5(a)) to the more spherical reduced form at
high temperature (Fig. 5(b) and (c)).

(iv) Packing interactions
Since the protein volume increased, the packing

density decreased, or in other words, the packing oi’
side-chains became disrupted and looser compared
to the control. Many residue-residue contacts were
lost within 10 to 25 ps (Fig. 9(a)). In addition, the,
tertiary structure was very dynamic at high
temperature with the packing fluctuating dramati-
cally with time even after reaching a stable value
(Fig. 9(a)). The percentage of native contacts that
remained intact during the simulations dropped to
between 35 and 5076 in the unfolded models and to
8Oo/o in the control simulations, where an inter--
action was defined as occurring when two atoms;
were within 4.5 a of one another (Fig. 9(b)). The
total number of tertiary contacts did not!  drop as
drasticallv. however, because of the formation o-f
non-nativk contacts: 13% of the total contacts were
non-native in N298 and N423,  while 3Oo/o were non-
native in the reduced models.

Figure 10 shows the actual residue-residue
contacts present in the BPTI crystal structure, and
during the last 150 ps of the N298 run, and between
134 and 284 ps of the R498 simulation to further
investigate the specific nature of the native and
non-native interactions present during the MI)
simulations. These maps differ from the contact
maps presented above, because, instead of taking an
average structure and determining changes in the
distances between the main-chain atoms, here we
chose a fixed residue-residue distance and deter-
mined the time that each pair of residues was in
contact ( 54.5  a separation). The degree of shading
indicates the extent of time that the residues were in
contact (darkest, longest time). Both native (top
diagonal) and non-native (bottom diagona.1)
contacts are given for the simulations.

The interactions between the residues in the
central P-sheet persisted in N298 and R498 (shown
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Figure 9. (a) The total number of t)ertiary contacts
intact as a function of time. (b) The percentage of native
tertiary contasts  as a function of time. Residues are
considered to be in contact if any atoms within the
residues of interest1  were within 4-5  AA and when the
residues are not neighbors.

as the cross-diagonal emanat,ing  from the main
diagonal, Fig. 10). The interactions between
residues in Ll and b and LZ, shown as the extension
of the /?-sheet diagonal, were present in N298  but
lost in R498. The C-terminal a-helix was maintained
during MD simulations, as shown bv broadening of
the main diagonal. The other off-diagonal contacts
in Figure 10 represent tertiary int#eractions  bet#ween
the secondary structure segments and loops.
Essentiallv a l l o f  t h e  tertiarv interactions
present in” the crvstal structure were maintained in
the NZ98  simulation, although some residue-residue
contacts were shifted by one to three residues (90?&
of the non-native interactions were within 1 to 3
residues of being native interactions: compare the
upper and lower diagonals of Fig. 10(a) and (b)).

Tn contrast. in reduced BPTI at 498 K most of
the native tertiarv interactions were lost during the
MI) simulations. uThe interactions t’hat did remain
were not highly populated (Fig. 10(c)).  The number
of non-native contacts increased appreciably,
though, compared to N298:  30yo of the total

Table  3
The percentage oj’  tinte  that interactiWL5  betwee~~,  tk
aromatic rings were intact  during the last 150  p$  oj
the &mulations  and the MG portion of the R498

simulation

Residues
involved

Crystal
structure x298 N423 R423 Rj49  8

F4/F22 0 0 26 39
F4/F33 0 0 0 39
F4/F45 5 26 40 2 9

YlO/F33 1 0 0 7 4

TlO/T35 X 1 0 0 7 16 0
Y2l/Y23 84 6 9 99 88
l-2  1 /F33 X 100 100 7s %i

Y2l/F45 X 1 0 0 1 0 0 4 4 0

F22/F33 X 1 0 0 1 0 0 1 0 0 99

F22/F45 X 8 4 9 4 98 2 9

Y23/F45 X 5 2 7 0 42 0

F33/Y  35 X 1 0 0 1 0 0 1 0 0 1 0 0

F 3 3  /F4c5 0 0 68 15

Y35IF45 0 86 6s I 13

Residues were considered to be in contact if any atoms within
the residues were within 4.5  A.

number of contacts were non-native at 498 K ver&us
13 o/O in the simulation of nat,ive BPTI. tJnlike
NZ98,  only 50yo of the non-native contacts were
conservative interactions similar to those found in
the crystal structure. Most of the non-native
contacts were short-lived and were quickly replac:ed
by other non-native interactions.

As can be seen in Figure 10(c),  many non-native
contacts in R498 involved new interactions with tlhe
N-terminal region of the molecule (residues 1 to lo,
comprising al and Ll). as a result of the change in
position of the loop. Interestingly, the non-native
contacts between Phe4 and Phe22 and Phe33 were
populated 40 yb of the time (Table 3), while many
Tvr and Phe interactions were lost upon unfolding
(2 of the 5 original Phe/Tyr  interactions were main-
tained and one is between i+i+ 2 neighbors in the
/?-strand, Table 3). A non-native contact involving
Tyr21 and Tvr23 was prevalent, however. Also,
because of the change in position of 1~2, Ala25 now
interacts with many’ residues in ~2 (Cys51,  MetS2,
Cvs55  and Ala56) up to 72yo of the time. A new
turn formed around Gly37 of R498 putting this
residue, which previously was not interacting with
any other residue, in contact with residues nearby, in
LZ (Arg39, Ala40 and Lys41) 95y0 of the time.

(v) Hydrophobk  core

The changes in the Tvr interactions are best
illustrated graphically (Fig. 11). The distribution of
the Phe and Tvr residues changed dramatica,llv
upon unfolding Gith the Tyr residues partitioned at
or near the surface of the molecule to interact with
water. Partially unfolded BPTI did maintain some
features of the native hydrophobic core, however.
Phe22 and Phe33 were most important in stabilizing
the hvdrophobic  core and they were always in
conta& (Table 3 and Fig. 11). Phe4 and Phe45 also
interacted with these central residues some percent-
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age of time and the non-native Phe4/PheZ2  and
Phe4/Phe33 interactions contributed to the stabilitv
of the hydrophobic core. These differences in the Tyr
and Phe interactions highlight how the internal
packing changed in the unfolded structures. As a
result of these changes and expansion of the models.
the occurrence of ring flips ( HO0 rotation about x2)
increased dramatically from 0 at 298 K to 15  to 16
in the reduced protein at, high temperature
(Table 2). Th is phenomenon is not just a result of
the increase in temperature; the number of’ ring flips
is much larger in the absence of the disulfide bridges
(N423, 4 flips; R423,  16 flips).

Elydrophobic  clusters remained during unfolding
and within the partially unfolded conformations
generated. These hydrophobic clusters contained a
subset of the interactions of the native protein but,
were very dynamic. In addition, some non-native
interactions were quite persistent and contributed
to the stability of the hydrophobic core. This
behavior is consistent with Lesk & Roses’ (1981)
hierarchic condensation model for folding, in which
neighboring hydrophobic residues interact{  to form
folding clusters. Such interactions ca’n then aid
collapse of secondary structure elements, thereby
accelerating folding. Garvey et al. (1989) lent
support to this model experimentally by showing
that a hydrophobic cluster forms early in the folding
of dihydrofolate reductase. Heringa &!  Argos  (1991)
also came to the conclusion that side-chain clusters
are important in folding by identifying such clusters
in crystal structures. They found that Tyr and Phe
were highly preferred as clustering residues, as were
many polar and charged residues; however, their
work finds clusters in the native state and may not
be indicative of their importance during the folding
process.

In our simulations, the sources of stabilization of
the hydrophobic core were predominantly the aro-
matic groups and Met52.  In particular, the Phe/Phe
interactions helped to hold together the C-terminal
a-helix and the central b-sheet, even though the
interactions were dynamic and not fixed in time.
The Phe/Phe  interactions were more important in
stabilizing t,he  partially unfolded form than were
the Tyr/Tyr  interactions. Serrano et aZ.  (1991) have
shown that the two interactions make identical
contributions to prot,ein  stability but that Tyr is
preferred to Phe at the surface. The Tyr residues did

Figure 10. Residue-residue contact maps. (a) Tertiary
contacts within the crystal structure. (b) Tertiary contait
map for the last  150  ps of  the simulation of  NZ98.
(c) Tertiary  contact map for the last 150  ps of the molten
globule r&ion of the R498 simulation.  The upper
diagonals represent native contacts and the lower regions
contain non-native interactions. The positions are shaded
according to the percentage of time that the residues were
in contact: there are 4 levels of shading for interactions
present >lOyo of the time: 80yo  s& 10076; 60yo St<
80%; 40% <t< WY& and 10%  s!
< 400/o.
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Fig .  11 .

indeed partition t’hemselves  at the surface of the
molecules in the high-temperature simulations.

Furt(hermore,  it appears that hvdrophobic clus-
tering is not only important during folding and
stabilization of folding intermediates but also
within the denatured state. The temperature-
denatured form of lysozyme provides an exampie of
this phenomenon (Evans et aZ..  1991). Interestingly,
for this protein there is a residual hydrophobic
effect giving rise to non-specific clusters involving
particular larger hvdrophobic alkvl and aromatic
groups (Evans ei!  *,i., 1991). We also observed such
non-specific hydrophobic clustering in the unfolded
state. which will be addressed elsewhere (unpub-
lished results) .

The distances between the sulfur atoms involved
in disulfide bonds in native BPTI yield another
measure of the overall structure. These distances
increased dramatically in reduced BPTI at high

temperature, especially for the disul6de bonds in
the interior of the molecule, Cy&O-Cys51  and
Cys5-CvsX5  (Fig. 1, Table 2); in addition, all of the
non-naLve  pairings of the thiol groups were long
(data not presented). The average values for the
different runs are quite similar prior to complete
unfolding of R498; however, they do show different
profiles with time (Fig. 12). These disulfide bonds
are important in stabilizing BPTI while the 14--38
bond on the surface (Fig. 1) can be selectively
reduced without seriously affecting the protein s
integrity (Marks et aZ., 1987; Goldenberg, 1988). The
Cl4-C38  distance also became long in the unfolded
forms but, surprisingly, remained -iloser  than those
in the core, showing how much the bottom of the
molecules (as depicted in Fig. 1) has opened upon
unfolding.

(vii) Secondary structure
Even with the changes in the tertiarv structure

upon unfolding, the overall amount of secondary
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Figure 11. Distribution of the aromatic residues in (a) the crystal structu
Tyr  residues are shown in cyan and the Phe residues are giv en in magenta.

structure remained native-like, on a,verage,  with
between 61 and 7176  of the residues in either the
a-helical or b-region of conformational space over
time (Table 2). Secondary structure assignments are
based on the backbone dihedral angles, 4 and $.
The residues are considered to reside in the helical
region of conformational space when the values are
within approximately 40’ of the most) commonly
observed values in helical regions of various crystal
structures (- 100’ 545 -3OO; -8O’<+< -5O,
where the canonical values are -63*8(  *6*6O)  and
-4l*O(  + 7*2)“  for 4 and $I, respectively: Presta &
Rose, l&88) .‘The actual boundaries wereC  determined
from the cluster of (+,$I) values observed in our
previous simulations of polvalanine helices  (Daggett
& Levitt, 1992a).  The &egion was bounded as
follows: - 170’ 5 4 5 - 50°,  80’ s $ < 190’. This
range is sufficiently broad to account for both

re and (b) the R498 average structure, ’The

parallel and antiparallel /?-conformations and was
determined by the clustering of (4,$)  values in
simulations of native BPTI at 298 K and in simula-
tions of isolated b-sheets  composed entirely of
alanine  residues (data not presented). Justification
for the use of dihedral angles for quantifying
secondary structure contents has been given by
Daggett et a2.  (199lb).

Although the overall amounts of secondary struc-
ture remained large in reduced BPTI,  the parti-
tioning between u and p-structure shifted compared
to native BPTI.  The /? content of reduced BPTI at
423 K dropped (Table 2). Upon raising the tempera-
ture further to 498 K, the amount of p-structure
increased and slightly exceeded that of native
BPTI,  although the a-helix content decreased.
Hydrogen bonds were not absolutely necessary to
maintain the secondary structure but they were
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Figure 12. The sulfur distances between Cys30 and
~“~~51. which form an interior disulfide bond in native
IG’TT. as 21  function of time: (a) Rd.23  and (b) R498.

prevalent ( D a g g e t t  & L e v i t t .  1992a).  Furt’her
discussion of details of the secondarv structure isc
presented below.

Some of tlhe  global properties monit)ored  during
the simulations c h a n g e d  dramaticallv u p o n
unfolding while others were essentially naiive-like.
Clearlv. the main-chain positions changed, and
many’ of the a-carbon atoms had average r.m.s.
displacements of over 8 A with maximum displace-
ments as great as - 19 A for the MG state. The
magnitude and position of the observed displace-
ment’s indicatles  that the structures became only
partiallv unfolded. It is difficult to estimate numeri-
cally the deviation that one would expect for a
molten globule or other partially unfolded inter-
mediate;. although we do obtain values for t,his
stat/e that are intermediat)e  bet/ween  N298  and the
unfolded region of R498 (e.g. NZ98,  l-7 A: R498
(MG,  50 to 300 ps),  51 A; R498 (U, 300 to 550 ps),
85 A). The unfolded state reached in the simulation
remained collapsed (see Fig. 8) instead of displaying
true random coil behavior and there is now evidence
that) even denatured proteins under a variety of

conditions are collapsed with some  dwrw  of st  ru(+-
ture (Evans et aZ.? 1991; Dobson. 1991. 1992: Dill  &
Chortle, 1991). Nevertheless, our values seem
reasonable for a molten globule. which is native-like
in many respects, and is not expected t’o deviate
considerably from the native state. Our results
especially seem reasonable given that the magnitude
of the change in the radius of gyration, volume and
accessible surface area in the reduced forms of BIPTI
at high temperature are comparable with those
observed experimentally for a wide variet,y  of
molten globules (Daggett & Levitt: 1992a:  Daggett,
1993).

In any case, there was a large change in the
a-carbon atom positions early in the simulations
( < 10 ps) followed by a more gradual drift from the
crystal structure occurring throughout the
remainder of the simulations. The radius of
gyration, which also reflects the volume of the
models, also changed very quickly with time. wj.thin
a few picoseconds. The volume and contact maps
are sensitive indicators of the changes in tertiary
contacts, which were clearlv disrupted upon
unfolding. The t’ertiary  struct’ure  began to fall apa,rt
quickly in the simulations, although some tertiary
contacts persisted. The tertiary packing of 14298
was essentially identical with that of the cr;ystal
structure. Native contacts that were lost .were
replaced by conservative interactions that involved
shifting of one to three residues, thus maintaining
the core and overall fold of the molecule. In
contrast, many of the native tertiary contacts .were
lost in reduced BPTX  at high temperature and those
that were present were not highlv populated. Also,
many new non-native contacts Gere formed in the
unfolded models, some of which preserved inter-
actions similar to those found in the crystal strut-
ture while others represented new and different
pairings. In contrast to the changes in the tertiary
packing, the overall amount of the secondarv strui-
ture changed very little, with any changes o&ring
graduallv.b

(b) Ser.&local and ZocaZ  structure

This section describes interactions between parti-
cular segments of secondary structure and within
secondary structure elements. Thus, most of tlhese
descriptions st’ill  represent tertiary interactions but
we are not concerned here with the statle  of’ the
entire protein.

(i) Secondary structure
The extent, of structure within the a2, fil and b2

segments in BPTI (Fig. 1) was determined in
the protein models and in isolated fragments of’ the
protein to determine the inherent stabilitv of’ the
secondary structure in different environments. The
secondary structure contents in particular regions of
the structure were calculated as described above,
based on ($,@ values, with the added requirement
that at least three successive residues fulfil the
angular criterion at any one time. It should be
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noted that the absolute stability of the secondary
structure may be overestimated because of the short
simulation times (only 200 ps for the fragments).
Nevertheless. the various simulations can be
compared to determine the elects  of the protein
scaffolding in stabilizing the secondary structure
elements.

The C-terminal a-helix (Q)  was stable in all of the
protein models during the first 200 ps of MD simula-
tion (Table 4). The isolat)ed  helix was stable at
423 K: however, it melted out at 498 K. The helix
was substantially more stable in the presence of the
protein at both 423 and 498 IX. BPTI is usually
considered to have another helix at the X terminus
@I~ residues 3 to 6). This helix is distorted, however,,
in the crystal structure and, by our definition.,
contains 0 yO helix, which never improved during
MD  simulations.

In contrast, tlo UZ. both of the /?-strands adopted
more fi-structure in the isolated fragments than
within native BPTI (Table 4). The fl content of
R423 was lower than that of N298  but increased to
tlhe  native values with further heating to 498 IL
These results suggest that the /?-sheet was
constrained by the surrounding protein environ--
merit;  b-structure in these segments was favored as
the flexibilitv increased by removing much of the
protein. All C of the secondarv structure elements
were very dynamic at t/he  lot-al level, as shown by
the large fluctuations in the secondary structure
contents (Table 4); fluctuations of this magnitude
(10 to 2W5) correspond to one or two residues
changing their secondary structures.

We were concerned with the behavior of the
major portions of secondary structure identified in
the native protein and how they unfold/refold
during the simulation (Fig. I3). Each of the three
segments of secondary structure is discussed in turn,
but plots are presented for onlv a few of the simula--
tions for simplicity. The values are averaged over
1 ps interva’ls  to smooth the curves, but thev still
reflect loss of both semi-local (a few residues) and
local (individual residues) structure from the
segment. As can be seen in Figure 13, both levels of
folding and refolding occurred.

The fl-structure of & in N298  and R498 was lower
than in the crystal structure but was prevalent
throughout the simulations (Fig. 13(a) and (b)).
This segment was also quite stable in the isolated

60-

t i
01 ” ’ “” ” ’ “” i * i 8 t

0 50 1CKl 1 5 0 2 0 0

0 SO loo 1 5 0 2 0 0

Cc)
Time (ps)

Fig. 13.

Table 4
The percentage of secondary structure in the three principal structural elements of

BPTI  both within the &-otein  and within isolated fragments (50 to ZOO pi)

,Secondar>-
structuret

& 2

b 1
P 2

N298 N423 R423 R498 1423 1498

70&9 72& 16 77* 10 65& 18 65&24 6& 15
46& 13 46k  12 Ok0 47*8 73* 10 65kll
73&9 7Ok 13 38 &  20 70& 13 74& 13 70& 14

t The secondayv  structure segments are shown in Fig. 1 and the boundaries of the segments are
given in the Figure legend and list of abbreviations.
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Figure 13. The percentage of secondary structure present in the 3 principal structural elements of BPTI  as a function
of environment’, oxidation state, and extent, of the protein included. Secondary structure assignments were based on
(&$) angles with the added constraint that iti be repeating structure with the participation of at least 3 successive
residues. The labeling is as follows: /?l  (a) N298, (b) R498, (c) 1498; /?2: (d) N298. (e) R498, (f) 1498: and ~2 (g) X298.
(h) R498 and (i) 1498.

P-sheet (Fig. 13(c)) at the same temperature, and
exceeded the amounts of fl-struct’ure  in native
BPTI.  The p2 segment showed comparable amounts
of structure in the same simulations (compare
Fig. 13(d), (e) and (f)).

The Werminal  cc-helix behaved in a manner
opposite to that of the P-strands. This helix was
stable throughout the MD simulation of native
BPTI, N298  (Fig. 13(g)). The helix began to melt

out with increasing temperature in reduced BP’TI,
although t h e  h e l i x  c o n t e n t  rema,ined  h i g h
(Fig. 13(h)). Most of the loss of structure was _ a
result of fraying at the ends of the helix. The helical
structure was completely lost in the isolated form of
the helix at 498 K (Fig. 13(i)). When isolated. .the
residues are bet*ter able to sample the non-helical
regions of conformational space (Fig. 14).

Experimentally, there ii reason to believe that



Protein Unfolding Pathwa,ys* 613

180 I 1 I 1 1 I

135 -

9'2  -

45 1

-180 I I I

-180 -135 -90 -45

I 1

45

1

9 0

I

135

(a)

1801

-i35
I

-180 I I I I I I I

4 9 0-180 - 135 -90 -45 135

(W

180 f I t I I I I r

-90 -

-135 -

-180  ’ 1 1 I I 1 I 1

-180 -135 -90 -45

w

* (deg.)

45 9 0 135

180

180

180

the results for the C-terminal a-helix are reasonable.
The isolated C-terminal helix is moderately stable in
solution, but less so than in the protein (Goodman &
Kim, 1989). The results with the P-sheet are a bit
more difficult to interpret. Experimentally, this
sheet does not contain appreciable p-structure in
isolation (Goodman & Kim, 1990) and P-sheet struc-
tures have historically been more difficult to
construct than a-helical structures (reviewed by
Richardson & Richardson, 1989). Our simulations of
the isolated fragments were short and will over-
estimate the stability of these structures. The
extreme stability observed for the P-sheet may be
due to a verv high activation barrier between N and
U; this same activation barrier will also slow the
folding of such structures. In addition, and most
importantly. P-sheets tend to aggregate in solution
and foil attempts to characterize them; we, of
course. do not have this problem in the simulations.

Even given tihese shortcomings, the simulations of
the reduced protein and isolated P-sheet exhibited
higher stabilities of the p-structure than in native
BPTI during tlhe  same period of time. This result is
interesting, given that molten globules often show
higher secondary structure contents than the corre-
sponding native states (Ptitsyn, 1987). Also, the
increased stability of the isolated sheets may high-
light the importance of secondary structure forma-
tion early in folding. For example, construction of a
fairlv uniform and stable P-sheet can act as a frame-
work onto which further docking of structure can
occur. When all, or more, segments have been added
to the structure it may not be necessary for the
P-sheet tJo be so stable. It can then bend and twist
(as observed in the crystal structure) to better opti-
mize tertiary interactions. If this mechanism does
operat’e  during folding: intermolecular aggregation
of the P-sheets would probably be less of a problem
than when they are isolated because of the presence
of the rest of the protein.

(ii) Turn formation

We then investigated the occurrence of turns
throughout the protein (Table 5). Turns were identi-
fied using Kuntz’s (1972) definition. The entries in
Table 5 represent the percentage of hairpin or near-
hairpin turns whichever was more prevalent. The
crystal structure shows a pronounced turn between
the two P-sheets (residues 25 to 28, Fig. 1) and this
is the only turn present in the crystal structure.
Interestinglv. this turn was highly populated in the
simulation of native BPTI at 298 K but was less
prevalent in reduced BPTI at high temperature. All
of the high-temperature models picked up turns in
the region of L2 (residues 34 to 41) that were not
present in native BPTI. There was a weak turn in
native BPTI between residues 41 and 44, which was
present but shifted in the reduced models. Thus, the

Figure 14. Ramachandran plots showing all (&@)
values sampled by the C-terminal a-helix during them
simulations: (a) N298, (b) R498 and (c) 1498.
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Table  5
Th,e  percentage of time that turns were present between

particular residues in the dijjferent  BPTI  mod&

Residues
involved x298 N423 R423 R498

8-11 0 0 6 0
1 l-14 0 8 0 0
16-19 0 0 0 9
24-27 0 0 0 7

25-28 9 4 8i 7 8 (3;
28-3 1 0 0 6 0
30-33 0 0 9 0
34-37 0 0 0 6
3 7 4 0 0 1 6 65 33
3841 0 0 0 8
40-43 0 2 9 54 1 1
4 1 4 4 2 5 0 2 2

Turns were defined using the method of Kuntz  (1972),  which is
based on the distance separat’ing  i and i+  3 Ca atoms, d,  and the
angle 0 formed  b-y  the vect,or  connecting the i and i + 1 Ca atoms.

Ri,i+  1 - and that for the i+ 2 and i + 3 atoms,  Ri+~,i+~.  LJsing  this
approach. hairpin turns have 5  5.5  A and 0 2  135’.  Near-hairpin
turns have either dG?5  ii and 135’>@120’,  o r
5.5  A <d 2  6.5  A and 0 2  135@.  The percentages given represent
hairpin or near-hairpin turns, whichever w&e  more prevalent.
Any turn present > 5010 of the time in any of the simulations is
given. The only turn present in the crystal structure is between
residues 25 and 28.  Averages are taken after 50 ps and continued
to 550 ps,  with the exception that the R498  averages were taken
to only 300 ps.

nat,ive turns were preserved but less populated in
the partially unfolded models.

Many  non-native turns were formed during
unfolding, however, in the exposed surface loop
region of the protein and in the /?-strands (this also
apepeared  to be occurring at the ends of the helix,
but. unfortunatjely, the methods used t!o identify
helical and turn structures are not unique and there
is overlap, making definitive analysis in this region
difficult). These non-native t,urns were made up of
hvdrophilic residues, for t,he  most part? with from
o;e or t)wo residues from the top five list of residues
found in p-turns (Thou & Fasman. 1978; Jurka &,
Smith, 1987). The native turns contained two or
three of tlhe  five most likely residues. Therefore, the
non-native turns would be considered to have weak
b-turn potential: however, they are similar in com-
position to /?-turns found in native proteins,
suggesting that the common methods to identify
turns in native proteins may be applicable for
finding potential turn sites important during the
folding process.

(iii) Correlated motion

In an attempt to clarifv the tapes  of motion
occurring during the unfolding of BeTI, a matrix of
the cross-correlation coeficients.  Pi, for a-carbon
motion was computed using the following
relationship:

pi z <Ari  Arj>,I(<A$> <Arj’>)1t2, (1)

where Ari  is the displacement of the &h atom from
its mean position. Such an approach highlights how
segments of the structure move relative to one

50
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Figure 15. The corre lat ion  coe f f i c ients  re lat ing  the
motion of pairs of z-carbon atoms between lb0 and
ZOO ps: (a) N298 and (b) R498. The upper diagonal
represents positive correlation coefficients while the lower
diagonal contains negative correlations. The correlattion
coefficients between particular residues are shaded
according to the magnitude of the motion: the darkest
shade. 0*75< IC’J  5 1.00;  the next darkest shade, 050  <
ICii  50.75:  the next darkest shade, O-35 < lC’ilO.50: anti1  the
lightest shade 0.25  < l~~il< O-35. Any correlation coefiicient
between -0.25 and O-25 for any 2 residues is left Hank.

another (Levitt et aZ.,  1985: Tilton et al.?  1988; Harte
et aZ.,  1990). OnI\7 correlation coeficients  with an
absolute value ,&eater  than 02S are depicted.
Figure 15 contains plots for N298  and R498  du-ring
the 150 to 200 ps interval of the simulation. This
interval was chosen because it is in the molten
globule region of R498 and equilibration, such as it
is, should be complete. A positive correlation coiefi-
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cient indicates t the residues are moving
t)ogether  in the smm direction (upper diagonal in
Fig. 15). while a negative value represents residues
moving in different directions (e.g. toward one
another or in opposite directions. lower diagonal in
Fig. 15). The magnitude of the coeficient  indicates
t,he  extent of’ correlation between the mot,ion  of two
residues (the darkest shade in Fig. 15 represents
highlv correlated motion and the lightest shade is
for wlaklv correlat,ed  residues).

In native WTI the motion of’ the residues was
onl,y weakly correlated, suggesting that tlhe  protein
was, mostly, just vibrating about] its mean con-
formation (Fig. 15(a)). Comparison of Figures 12
and 15 shows that residues in cont)act t’end to have
positive correlation eoeficients  (e.g. the residues
within the C ‘-terminal helix. denoted by the
broadening of the diagonal in the upper right-hand
corner, and bet(ween  the b-strands, represented by
t!he  off-diagonal projection emanating from the
cemer of Fig. 12 and 15(a). the other regions repre-
sent) interactions bet!ween  loops and the sheet or
helis). The regions of negative correlation include
residues in contact and those that are not. But, in
all cases the motion was only weakly correlated. The
observed weak correlation bet,ween  residue move-
ment and lack of long-range correlated displace-
ments is consistent) with diffuse scattering
experiments recent)lv  described bv Badger (1992)
and reviewed bv Caspar  & Badger (1991).

In contrast, reduced WTI at’498 K showed very
strong correlations between different residues and
extended correlated regions (Fig. 15(b)).  As  in
native BPTI the mot,ion  of the /?-strands was corre-
lated and the motion of the strands wa,s  linked to
t,hat of the turn. In addition, the motion of the
residues within the strands wa’s highly correlated
(shown as a large broadening of the diagonal repre-
senting tlhe  p-sheet), unlike in natjive BPTT.  The
helical residues were highly correlated. and the
motion of’the  C-terminal end of the protein became
correlated wit,h that of tJhe helix. Most all of the
tertiary interactions between diRerent  secondary
structure segments were characterized by large
negative correlation coefhcients. The mot/ion  of the
two loops was positlively  correlated. The motion of
all regions of structure within BPTT  was negatively
correlated with the central p-sheet. Thus. this plot
leaves the picture of the /?-strands moving in
concert while the bulk of the stru&ure has pulled
away from the sheet and is oscillating, moving
toward and away from the cent!er. The large differ-
ences between R498  and X298 can be attributed to
low-frequency correlated motions associatled  with
t,he  liquid-like molten globule, as opposed to the
smaller amplitude vibrations associated with the
solid-like natlive stat,e.

(iv) &hmmary
These results suggest that the protein scaffolding

is very important in stabilizing helical structure; in
the absence of the protein, the C-terminal helix was
only marginally stable. The scaffolding appears to

be detrimental to the b-structure; partial release of
structural constraints by either increasing the
temperature or removing the rest of the protein,
lead to increased b-content. The b-strands  were
mutually stabilizing. In our previous simulations of
isolated /?-strands (not sheets) we found that the
/? conformation is inherently less stable than
a-helical structure (Daggett & Levitt, 1992a),  as ex-
pected. From the findings presented here.
fl-sheetIs may be inherently more stable than was
thought originally. The advantage to forming fairly
uniform and stable /?-sheet’s during folding is that in
so doing a large amount’ of non-polar surface area is
buried, creating a platform for further docking of
secondary structure. As a result of these findings, we
have investigated other /&sheets  to test the general-
lity of our findings and the importance of sequence
in stabilization of the /?-sheet  (unpublished results).

In the case of the C-terminal a-helix. the protein
aided in stabilization of the helical structure even
when in the part,ially  unfolded form (R498); the
stability of the helix decreased and fraying occurred
at the ends of the structure. but it was partially
stable. In contrast, the isolated helix unfolded com-
pletely. In N298,  the amount of structure within the
secondary structure segments was very dynamic,
with individual residues converting rapidly between
different conformations. In the partiallv unfolded
forms of BPTI,  conformational conversions at the
single-residue level occurred in addition to more
larger scale unfolding and refolding involving three
or four residues between successive structures in
time. In some cases, complete unfolding of the
sequence occurred.

In anv case? we found that there were substantial
amounts of native structure present both during
unfolding a,nd in the partially unfolded state. The
/?-strands  and a-helix were mutually stabilizing and
remained relatively intact with unfolding occurring
mostly in the turn and loop regions of tlhe  protein.
In investigating the stabilitv of this folding unit, we
also simulated (Daggett &z~ Levitt, 1992a)  a BPTI
fragment, containing the C-terminal a-helix and
most of the b-sheet that) had been synthesized and
characterized by Oas & Kim (1988). In accord with
their findings, the fragment contained native-like
structure, demonstrating the importance of parti-
cular interactions, or the folding units themselves,
not only to the native state but also to the folding
process, as suggested by Levitt & Chothia (1976).
This idea. was confirmed bv further studies from
Kim’s  lab: another fragment was constructed and
on the basis of its behavior it was concluded that)
much of the protein folding problem can be reduced
to the identification and characterization of sub-
domains of native proteins (Stalev  & Kim, 1990).

Various non-native turns were adopted during the
unfolding simulations. Dyson et aZ.  (1988) have
argued that the local amino acid sequence alone
determines b-turn conformations, which are
stabilized by shortrange  interactions. Therefore,
turns are perfect candidates for protein folding
initiation sites. Our results are in accord with this
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hypothesis. Our results sugget tha’t turns may be
important targets of attack during unfolding’ and
the creation of non-native turns mav aid in main-
taining compact unfolded states bv fragmenting the.
structure. Conversely, folding may be facilitated by
the presence of these fragment,s.  It has been
proposed that b-turns are important in the early
stages of folding (Lewis et aZ.?  1971: Dyson et aZ.,
1988). Although our simulations cannot address
these early our results suggest that turns
may be important also in the latter stages of,
folding.

4. Conclusions

An earlier description of features of the simula-
tions present)ed  here suggests that BPTI unfolds to
a relatively stable compact set of conformations?
which exhibits all of the known properties of the
molten globule state (Daggett & Levitt, MEa).  The
partiallv unfolded structures contain both ordered
and disordered regions but have retained many
features of the native state. The control simulation
of oxidized BPTI at room temperature was well
behaved with only minor deviations from the
crystal structure. Some changes are to be expected
since the crystal structure represents a single
average conformation for a protein with minimal
amounts of water present, while we have attempted
to simulate the motion of a protein in solution. In
any case. this is the longest reportled  solution simu-
lation of a protein and it provides support for the
use of empirical force-fields in modeling the native
states of proteins. Furthermore, even though the
potential functions were originallv parameterized to
reproduce crystal structures they work surprisingly
well for modeling partially unfolded conformations.
The ability to begin and end a simulation at experi-
mentally reasonable points lends more credence to
our description of the unfolding pathway than if our
unfolded states had no experimental basis. This is
one of the biggest problems with attempts to simu-
late the details of folding. Judicious choice of
starting “unfolded ” structures can dramatically
affect the success of such schemes (Meirovitch &
Scheraga, 1981). Unfortunately, the nature of the
denatured state is unknown and vigorously
debated, but we believe that it is safe to explore the
pathway between two known states.

As explained at the outset, we use high tempera-
ture to both destabilize the folded form and
accelerate the unfolding process by reducing the
time required to cross the activation barrier
between the folded and unfolded forms. We also use
the reduced form of the protein, which is much less
stable than the native conformation. In this way,
we are able to simulate large-scale unfolding events
on the subnanosecond time-scale. What are the
consequences of running simulations at tempera-
tures as high as 498 K? One change is to decrease
the density to the value observed for liquid water at

this temperature (O=8%I  g/ml at ZZj°C). This champ
is necessary to maintain the internal pressure of the
surrounding water close to atmospheric pressure;
without the density change, the high temperalure
run would subject the protein to huge compressive
pressures. With the change, the volume available to
the protein is the same as at lower temperatures and
the rapid initial expansion cannot be attributed to a
densitv change. We are currentlv exploring other
metho-ds  of accelerating unfolding; including solvent
changes that include high concentrations of
methlnol,  urea and guanidinium h,ydrochloride.

Mat,thews  (1991) has reviewed the statsus  of
experimental studies addressing the mechanism of
protein folding. He separates the process into three
stages: early events in folding: middle events. which
are between the very earliest steps to the rate-
determining step; and late events dealing with
conversion of the transition state to the naGve
conformation. During the earliest stage of fold:\ng.
substantial secondary structure is formed (perhaps
in less than a millisecond). The middle events are
characterized bv further formation of secondar)
structure and so-me tertiary structure, at least some
of which has native-like character. During the fmal
stage of folding, any necessary rearrangement and
repacking of secondary structure and the core is
accomplished. Dehydration of the hydrophobic
surfaces also appears to play a critical role in forma-
tion of the transition state, and chain diffusion is
correlated with this dehydration process.

The unfolding of BPTI in our simulations is con-
sistent with the reverse of the sequence of events
outlined by Matthews (1991). From the native state.
the protein expanded rapidly, decreasing the
packing density and disrupting various tertiarv
interactions, which also led to increased exposure of
non-polar residues. During this period of time the
secondary structure remained intact. This degree of
unfolding is complementary to the events occurring
during the final stage of folding. From this pomt?
more gradual unfolding of both the secondary and
tertiary structure occurred, which is analogous to
the middle events in folding described above. Then
a variety of related conformations, representing the
molten globule state, were sampled (Daggett &
Levitt, 199Za).  From the molten globule state,
BPTI unfolded further to a very dynamic collapised
conformation with little to no long-range structure
(unpublished results). Therefore, our simulations do
not address the earliest events in folding leading to
this collapsed state. We are currently exploring
further unfolding from this collapsed unfolded state
to address these events. In addition, we are slowly
cooling the molten globule conformation in an
attempt to refold the molecule. Refolding from this
state should be both more tractable and more
reasonable than from some arbitrary “random coil”
structure because the conformational space that
needs to be sampled is drastically diminished and,
as suggested by Levitt & Warshel (1975),  fine struc-
ture can then direct folding once a compact struc-
ture is reached.
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~wwt~heiess. in viewir~g  o u r  rwuits  f r o m  t h e
point of’  vim-  of’  fbiding.  wv  aire  ief+t  with a picture of’
folding beginning from a collapsed sta,te with some
amount of secondary structure. Hence. our simula-
tions cannot, address whether the framework model
(Ptit)svn  & Rashin, 1975; Kim &, Baldwin, 1982) or
t’he h;Tdrophobic collapse model (I,esk & Rose. 1981:
reviewed by Dill, 1990) is ultimately responsible for
a,rrivai at this St/ate.  Probably both are. But, from,
and within. this state we observed propagation of
the secondary structure. These segments of
secondary structure can then diffuse together to
form t4he final folded state, which occurs concomi-
tantly with repacking and fine-tuning of the hydro-
phobic core. This last sequence of events is
consistent with the framework model and the
relat)ed diffusion-collision model (Karplus &
weaver.  1976: Cohen et & 1980:  Bashford et aZ.,
1988).

The transition state fi>r folding/unfolding appears
to approach the native state and contains signifi-
cant’ amounts of tertiary structure (Goldenberg &
[?reightlon.  198.5:  Matouschek et aZ.,  1989: Sancho et
al., 1991). Alt,hough  we have not identified the
actual transition state for unfolding in the simula-
tion. at the point when the potential energy was
maximal nealr the native state, the protein
expanded, packing interactions decreased, the
solvent,-accessible surface area increased, and the
secondary structural units came apart slightly. This
observation is consistent with experimental studies
suggesting that dehydration of the hydrophobic
residues ii important in forming the transition state
during folding (or hvdration for unfolding: Hurle et
aZ.. 1987),  and th& rearrangement /repicking  of
secondary and tertiary structure in the hydrophobic
core occurs (Perry et QZ., 1987),  which can include
diffusion of segments o f  secondar) structure
(chrunvk  81 Matt’hews,  1990).

We&man  & Kim (1991) have re-examined the
BPTI refolding pathwav and found tha,t the domi-
nant intermediates are Aative-like.  which is at odds
wit,h studies by Creighton (1978, 1988). While we
have not simulated refolding, if folding were to
occur from tlhe  molten globule state as the reverse of
the unfolding steps simula,ted,  our work suggests
that native disulfide-bonded intermediates would
be preferred, or at least that the non-native disul-
fide bonds involving residues 14 and 38 would be
unlikely. We are currently investigating the poten-
tial importance and likelihood of non-native disul-
fide bonds in the MG-+V process that, would act
much earlier during folding. Weissman  &’ Kim
(1991) stat,e t!hat# it is likelv that’ the interactions
stabilizing the natlive state ire also in effect during
protein folding. Our simulatlions  show this directly.
We found that many native interactions persistid
during unfolding and in the partially unfolded state.
Xon-native  interactions were also brevalent  during
unfolding and in stabilizing the resulting state;
however, these non-native interactions were the
same type of interactions that are observed in the
native conformations of proteins.
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provided by the National Inst’itutes  of Health (GM-41455
to M.L.) and the Jane Coffin Childs Memorial Fund for
Medical Research (to V.D.).  We thank David Hinds for
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solving many technical difiiculties  along the way. Figs 1.
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