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Unfolded in vacuo lysozyme folds into native, quasinative, and compact structures
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We show that the relaxation dynamics of unfoldedracuolysozyme is not random. Analyses of molecular
dynamics trajectories in a convenient space of molecular shape descriptors reveal a “favored” pattern of
transitions leading to stable conformations. The relaxation paths exhibit a balanced change in shape features:
globular spheroids are formed slowly enough to allow the proper entanglement of secondary-structural ele-
ments. The present study shows that a proteivacuo can actually(re)fold into native and quasinative
structures. The driving force for these transformations is intrinsic to the polypeptide chain.
[S1063-651%99)12605-9

PACS numbds): 87.15.Aa, 36.20.Ey

[. INTRODUCTION of water[16] yields a sequence of transient structures com-
Studies of prot_ein folding and _unfoldirig vacuoa_md gas Eaztilleﬁl_v ILhefe?\?vgegel:gli?]rmrg g;gﬂ?ﬁggis )'[(r?;t”trr?iinlt/lllg ;?Tl]lt
phase are changing the way this phenomenon is perceivggio hroduces configurations representative of the unfolded
both experimentally and theoretical(l—3]. In particular,  giatein vacuo[16]. Setting up conditions to simulate folding
mass spectrometry of biomolecular ions is providing insight, yacuofrom these unfolded structures, we have carried out
into the conformations accessible to proteins in absence f numper of relaxation dynamics each lasting at least 1 ns. In
solvent[1,2,4—-§. However, it remains an open question how gpsence of explicit water in the simulation, any unfolded
in vacuounfolded structures evolve on relaxation. Establishransient should somehow reorganize itself. However, if such
ing whether they fold, or instead collapse in a random waya reorganization were to take the form of a random collapse,
is an important issue, one whose answer may shed light ot would be just the opposite of a “folding process.” Here,
the role of solvent in biomolecular folding. This is the issuewe show that the relaxation of unfolded lysozyme follows
we consider in this work. instead special paths, thus suggesting the presence of a well-
The question of how denatured proteins in solution folddefined folding procesms vacua
into their native conformation, i.e., protein folding mecha-
nisms, is a central problem in theoretical biophygits12].
Nevertheless, the emerging picture is not yet fully satisfac-
tory. The process is thought to be driven, to a large extent, by |n order to assess the nature of the structural rearrange-
solvent effects. In particular, the final steps of folding, i.e.,ments along the relaxation trajectories, we use global mo-
“the endgame”[13], are believed to be controlled by hydro- |ecular shape descriptors that combine information on the
phObiC interactions and side-chain packing forces. HOWGVG@eometry and t0p0|ogy of the protein backbone. Three key
an important piece of information is lacking: the behavior ofingredients characterizing polymer shape are considered: the
the system in absence of solvent. Following current ideas, agize of the chain, given by the standard radius of gyraign
unfolded proteinin vacuowould not necessarily fold to a jts anisometry, measured in terms of aspheri€ity18], and
physiologically active conformation, since the fundamentala measure of transient entanglement between Iogps

hydrophobic driving force would be absent. In fact, before 18.19. Th hericitv(). is gi int f the principal
the results provided by ion-mass spectrometry of biomol-[ ,19. The asphericitys), is given in terms of the principa

: . moments of inertia of the~-carbon backbon@\;, i=1,2,3}:
ecules, the very concepts of folding and unfolding of pro-
teinsin vacuodid not receive much attentidri4]. This situ-
ation is rapidly changin¢1—6]. 1(2 3 3 -2
When employing molecular dynami¢MD) to simulate Q= _[ > ()\i_)\j)2} [ > )\i} )
the behavior of proteins far from the native conformation, 2| =1fm =1
one of the problems resides in the construction of a mean-
ingful configuration space for the unfolded stffis]. The [N @ spheroidal globule2=0. In cigar-shaped molecules,
simulated unfolding of disulfide-intact lysozyme in absence2~ 3. The degree of entanglement in a given polymer con-
figuration is conveyed by the mean overcrossing nuntber
defined as the number of projected crossings between back-
* Author to whom correspondence should be addressed. Electronlsone bonds, averaged over all projectidd®]. In closed
address: orlando.tapia@fki.uu.se form, we havd 20]
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wherevy; is the segment connecting thandi +1 « carbons Ill. RESULTS

andy; its parametric derivative along the backbone. In rod- In order to contrast the shape features found during relax-

like chains Nm-o, wher_easN increases as t_he chain self- ation transitions, Fig. 1 shows &I_(Q) map for representa-
entangles. Helical motifs tend to pEduce higher OVErCroSS{ye chains withn= 129 monomers. We include all native
ing numbers thaiB sheets. Howevel is an intrinsic global  proteins with the same number of residues as 1 hel lysozyme,
property of the backbone, and thus it is independent of howhe starting point for the unfolding simulatiofExcluding

the elements of secondary structure are defined. Although ®dundant and obsolete entries in the Brookhaven PDB, there
geometrica| descriptoN behaves as a weak topo|ogica| in- are 145 structures in this class, 105 of which are |ySOZy)'neS.

variant for DNA knots[21,27. In the present contexiy The figure includes the approximate location of some repre-

depends on the transient entanglements within the backborTQ'taerY["’lt'\/e tertiary folds. Also, we computed the cpnflgura-
fionally averaged shape descriptors for off-lattice self-

of lysozyme. The descriptofd and () are generally uncor- ayoiding walks with variable excluded-volume interaction

related, although large size and very elqngated shapes C"(‘El‘ashed ling Values forQ) and N above the dashed line

only be reached at the expense of reducing entanglements,resnond to conformations with intramolecular interactions
The relaxation trajectories have been determined withhat arenot globally attractive. Native states of globular pro-

GROMOs87[23]. The neutral protein model including polar eins appear well below this line. Noncompact native folds

hydrogens D4 parameter sgtwas used, where hydrogen (e g., those of the viral capsids or immuglobulia@pear in
bonding is represented via electrostatic interact{@4g. For  regions of low entanglement, whereas nonglobular folds with
each unfolded structure, obtained from previous denaturin@igh a-helical contente.g., that of cytochrome’) appear in
simulations[16], unfolding conditions are switched off, and regions of higher entanglement and high asphericity. Finally,
a Maxwell-Boltzmann velocity distribution af=293K is  we note that mutations in the lysozyme sequence can pro-
used. The trajectories are weakly coupled to a Berendseduce a small5%) variation in the mean overcrossing num-
thermostat[25]. With in vacuo boundary conditions, the ber of 1 hel. This noise is equivalent to an averaged crossed
whole system can freely rotate after equilibration. Temperaroot-mean-square deviatidRMSD) below 0.06 nm for the
ture was constant during the trajectories. The cutoff forset of lysozymes.

short-range nonbonded interactions was 0.8 nm, while it was The computer-generated unfolding paft6] is indicated

1.3 nm for long-rangéCoulomb) interactions. No periodic

boundary conditions were imposed, astighkE was used for 012
bond-length constrain{6]. The integration time step used 0. 10
was 2 fs. Most of the trajectories were followed for 1.1 ns,
while some of them were extended up to 5(sse below. A 0.08
control run with these relaxation conditions shows a fully
stable structureni a 1 nslong trajectory having most of the Q 0.06
characteristics of the crystal structure. This will be referred 0. 04
to as thein vacuonative structurglVNS).
All the relaxation paths exhibit essentially a one-step 0.02
change in moleculasize(as characterized biy) [27]. Once
the initial relaxation has taken placBy remains virtually 0
constant, although lysozyme still undergoes significant inter- 2025 30 35 40 45 50 55 60
nal reorganizations. Moreover, most of the pathways gener- N

ated settle down at similaRy values, despite large differ- _ i
ences in secondary structure. This lack of discrimination of . F!G- 1. Anisometry-and-entanglement map for the native folds
Rg as a shape descriptor is knofh8]. Here, we monitor gf all available single protein chains Wll1|'l=“129 amino ac’!d resi-
. _ i : i _ dues. Black squares represent the 40 “nonlysozyme” proteins,
insteadN and (), which better describe the fluctuations in whereas the cluster of gray squares represents the lysozymes. The
molecular shapg¢l8,28]. traced backbones indicate qualitatively the approximate location in
Using the information from our relaxation MD simula- the (N,Q) map of the tertiary fold for a representative protein. The
tions, we have established the interplay between moleculafashed line on the top represents the average behavior for off-lattice
shape and accessible configurations. Below, the followingelf-avoiding walks with variable excluded volume, 129 monomers,
questions are addresse@ Are there favored patterns of and a constant bond length of 0.38 nm, representativ€ o,
molecular shape changes along the relaxation paths thdistances. The circles stand for walks with 0.15 and 0.2 nm radius
would allow us to properly talk of a “folding process”(®)  of excluded volume(Error bars are 95% confidence intervalBhe
Is there an interrelation between the formation of spheroidalimit values for theaveragedshape descriptors in random walks,
globules and the extent to which the chain is self-entangledre., those with no excluded volume, afie<0.098 andN~80.4.
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ways leading to persisteristable intermediates. Since full
unfolding begins att=550ps, configurations that were
slightly perturbed[e.g., R560(0.21) or mildly perturbed
R570(0.48) lead back to the quasinative fold and, for the
sake of clarity, are not displayed in Fig. 2. Nontrivial rear-
rangements are found when configurations picked up later in
time are allowed to relax. Of a different kind are the
R575(0.72) andr580(0.93) trajectories that relax following
a qualitative pattern of shapes similar to those of the unfold-
ing trajectory. However, the details of the processes are quite
different. TheR575 relaxation, also omitted for clarity, ex-
hibits a transition in two steps leading to a structure dkint
0 t } t t t | not equal to the IVNS. In contrast, thR580 (full black line)

25 30 35 40 45 50 55 relaxation stops at a continuum of persistent structures far
— from the IVNS, i.e., a set of non-native structuréBor a

more detailed analysis &8575 andR570, see belowy.

FIG. 2. Molecular shape map for the unfolding and folding path- ~ Figure 2 shows also the relaxation of three conformations
ways of 1 hel lysozyme. The unfolding path, leading from the na-found further into the unfolding trajectoryR700(1.35),
tivelike structure to centrifugally distorted elongated proteins, iSR900(1.66), andR990(1.70)]. The starting conformations
indicated by squares, corresponding to sequential snapshots sepge very elongated and they behave initially in a similar man-

rated by 5 ps. Relaxation pathways are indicated with lines. Th‘?}er' they map the left middle region of th&(ﬂ) map
arrows indicate the time evolution along the trajectories. The two_,. ; .

open circles near the bottom represent the structure of native 1 hg]bove the line characteristic of off-lattice self-avoiding
pen cir P . . walks. The relaxation processes favor a rapid reduction in
protein in the crysta{bottom lefy and thein vacuonative structure

. ; . asphericity (i.e., compactioh leading to more spheroidal
fol h. . ) .
prior to unfolding(bottom righy configurations. However, these transient featuresatgro-

- - duce stable intermediates. In all cases, the pathways “back-
by squares in Fig. 2. We note two distinct featurée. Be- track by inflating.” That is, the transientegain asphericity

f_ore compl_ete unfol_dmg develops, there Isa short-lived CON3nd return to the swath of molecular shapes characteristic of
tinuum of intermediate structures with similar entanglemen

to native lysozyme, but forming a less spherical glob(i t[he unfolding path. TheR900 (dashed black and R990
The fully unfolded structuresitop left comey are very (gray) trajectories lead to more spheroidal transients and

. . o : their relaxation into prolate structures is accompanied by an
stretched configurations(~0.23), yet exhibit a residual increase in entanglement. There is a moderate reduction in

degree of organization in their loops, as manifested by thes o ricity along theR700 (light gray trajectory. In this
series of transitions in entanglement betw&er33 andN  case, the protein rapidly “swells” back with little change in
~25. These structures are found above the dashed line igntanglement(These three reorganizations take place at vir-
Fig. 1, indicating the dominance of repulsive forces. tually the same values of RMSD with respect to the IVNS,
Theoretically, two limiting behaviors connecting the ex- githough the structures are different among themse|ié®

treme unfolded and the IVNS can be conceived on theynalysis of the relaxation trajectories shows that lysozyme
(N,Q) map: (i) relaxation paths dominated by initial col- forms two sets of stable intermediates, nativelike and non-
lapse (decreasing) at constaniN), followed by increasing native. Members of each class evolve while maintaining vir-
entanglement at constaf, (ii) paths controlled by an initial tually constant mean size, as indicated by the RMSDRpd
increase ofN, at constant), up to the value representative Va/ue€s(data not shown The changes in overcrossing num-

of the native structure, followed by collapse towards the naber suggest an internal reorganization taking place by loop

tive asphericity. The latter paths would transit regions chargiffusmn'

acteristic of self-avoiding walks with decreasing excluded Fi9ure 2 shows there is a balanced interrelation between
volume (see Fig. 1 The former paths would instead visit e_ntanglement and anisometry along the reIaxatlon paths from
regions representative of noncompact native fdfise Fig. highly unfqlded structqres. It Wpuld appear that, in order to
1). The relaxation trajectories in Fig. 2 show neither limiting reaCh_ persisteristablg intermediate structures, two types of
behavior. situations arenot favored:(1) the formation of early globular

Let us discuss some particular examples. As seeding Corg_onformatigns with little secondary structuiteading to low
figurations for relaxation, we have used unfolded transient§} and lowN values or (2) the formation of early conforma-
with a wide range of distortions. In all cases the unfoldingtions with high organization of secondary structiieading
was significanf16], with Ry values ranging from 1.4 nifor  to highN and intermediaté) values.
R560(0.21) and 1.8 nm[for R575(0.72) to 3.6 nm{for We can regard the structures mapped during the relax-
R990(1.66). (The IVNS hasRy~1.3nm. The RMSD in nm  ation of lysozyme in the context of the molecular shapes for
with respect to the crystal structure is indicated in parenthenative folds of proteins wittn= 129 residues. A comparison
sis. The coddrxxxfor the relaxation trajectory indicates the between Figs. 1 and 2 indicates that some intermediates ex-
time, as ‘xxx’ in ps, for the unfolding intermediate used as hibit shapes representative of nonglobular proteif@ne
starting structure for relaxationThe diverse behavior in re- must allow for a small shift in shape descriptors between the
laxation indicates that there is a manifold of accessible path“native” structure in vacuoand that in the crystalFor in-

0.25
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FIG. 4. Effect of pair interactions over the refolding trajectories
FIG. 3. Molecular shape map for representative tertiary foldsleading to quasinative folds. THR570,R571, andR575 trajectories
found along theR990 relaxation trajectory. Black squares and time lead to quasinative conformers by using none, one, or two interme-
in picoseconds indicate the position of the snapshots. As a refediate “states,” respectively(In the case o0R571, the final struc-
ence, we include a snapshot of ihevacuonative structurélVNS) tures after 2 ns are indistinguishable from fluctuations of the native
prior to the onset of unfolding. statein vacua The three “states” in th&k571 trajectory are labeled
1,2,3) The trajectories labeled and B are recomputations of the
R575 trajectory in which the attraction has been made more domi-
stance, the molecular shapes at the first persistent continuumant (see text In caseA, the changes in the force field derail the
for the R575(0.72) trajectory are akin to those @thelical  prior refolding pattern.
bundles, whereas th&900(1.66) trajectory visits shapes
comparable to mostly folds (e.g., azurins and immunoglo-
bulins). Our results suggest that relaxation pathways are bi-state” is sustained for over 4 ns, and it has a uniform
ased towards stable alternative structures that are reasonallecillation in Q over time but a slow increase N values.
options for a protein of the same length as lysozyme. PictoThis change indicates a steady “internal diffusion” where
rially, one can appreciate the extent of the structural reorgaoops, strands, and helices accomodate relative to each other,
nization from Fig. 3. For th&®990(1.66) trajectory, dramatic while remaining constant both in size and anisometry.
rearrangements take place without explicit presence of water. A “three-state” refolding transition to the continuum of
The unfolded structure reduces its asphericity while formingnative structures is found in a trajectory with intermediate
intermediate secondary structure elements. Thereafter, it “inperturbatiofR571(0.52), in gray. Moreover, this transition
flates” with apparent increment of secondary structure eleis achieved by following a pattern akin to the one observed
ments. The system attains a non-native folded conformatioin more distorted configuration&a) After an initial contrac-
with stationary RMSD andRy while subtle changes take tion leading to “state-1,” there is an “inflation” transition
place as revealed by the average overcrossing descriptor. from “state-1" to “state-2.” This transition is characterized
by an increase in backbone asphericity and a decrease in
IV. DISCUSSION entanglement complexityb) A transition takes place after
around 300 ps, where “state-2” is transformed into “state-
3" (coinciding with the IVNS by a decrease in asphericity
Our main finding is that lysozyme folds vacuo The  and a 10% increase in entanglements. As far as we know,
relaxation processes started from the unfolded structures sighis is the first evidence of successful refolding of a

nal the occurrence of nonrandom events. Instead of a simplggnificantly-distorted protein conformatioim vacuq via
random collapse path, our trajectories elicit what may propwp simulations.
erly be called a “folding process.” The examples in Fig. 4 underscore the subtle interplay
An enlarged N,Q) diagram is shown in Fig. 4 for three between molecular shape and configurational fluctuations
trajectories leading to a region near the native fold. The leasduring refolding. In no case have we observed refolding as a
perturbed trajector{R570(0.48) in full black ling contracts  result of a random search within shape sp&$.
rapidly into a series of structures similar @iough slightly This delicate balance of motions must depend on the na-
more spherical thanthe native state. On the other extreme,ture of the intramolecular interactions. For this reason, we
the R575(0.72) trajectory(in light gray) shows a “two- have tested to what extent a change in the attractive term of
state” refolding transition.(These ‘“states” are of course the van der Waals force would affect the relaxation process.
continua of interconvertible conformers sharing similar mo-Figure 4 illustrates the effect of doing this change with two
lecular shape featurgsChe two “states” in theR575 trajec- examples. The trajectorigsandB (dashed black lingscor-
tory are qualitatively different. The first “state,” which is respond to MD simulations of refolding where thg coef-
sustained for around 0.8 ns, corresponds to an ensemble fitients of the Lennard-Jones pair potential are increased by
flexible structures, where asphericity and mean number 0560%. In trajectoryA, we started the refolding from the same
overcrossings vary over a range of values. The seconthitial configuration used for th&575 trajectory. The same
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procedure was used for the traject@®ybut in this case the tional collapse and the formation of secondary structures.
simulation started from thiast configuration reached after 5 Moreover, we have shown that there is an ensemble of “pro-
ns along theR575 trajectory. Consistent with our discussion ductive” paths, where folding to reasonable tertiary struc-
above, Fig. 4 indicates that a scaling in the van der Waaltures can start from a variety of conformers. These initial
attractive interactions does not accelerate refolding but canonformers were conjectured to be representative of the con-
actually change the refolding path. By making the interactiorfigurational space of the unfolded state. From these analyses,
more attractive, the system appears to rigidify, thereby losinghe existence of protein folding processasvacuocan be
its capacity to relax the anisometry. Moreover, the conformdinferred. The ensemble of structures along relaxation paths,
ers undergo a slight isotropic contraction leading to an inepitomized by Fig. 3, may widen our understanding of cur-
crease in loop entanglement. These two results are consistengint models for protein folding.
with the occurrence of configurational frustratiptd]. In- To conclude, this work shows that intramolecular forces
deed, trajectonA “recoils” towards the dashed line in Fig. can drive a folding process in total absence of solvent.
1, suggesting that the protein is unable to reorganize furtheWolynes’ conjecturg14] that proteins may foldn vacuo
globally. We also note that, as shown by c&ea stronger finds here a numerical support. The conditions are now ripe
attraction doesiot make the conformers more globular. to reassess the details of the protein folding mechanisms and
establish the specific effects of the solvdid3D,31. The
knowledge of then vacuobehavior may become an essential
V. CONCLUSIONS piece in solving the puzzle of protein foldif§,12,32—3%
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