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Proteins in vacuo: A molecular dynamics study of the unfolding behavior of highly charged
disulfide-bond-intact lysozyme subjected to a temperature pulse

C. T. Reimann,1,* I. Velázquez,2 M. Bittner,1 and O. Tapia2
1Division of Ion Physics, Department of Materials Science, Uppsala University, Box 534, S-751 21 Uppsala, Sweden

2Department of Physical Chemistry, Uppsala University, Box 532, S-751 21 Uppsala, Sweden
~Received 11 June 1999; revised manuscript received 11 August 1999!

Molecular dynamics simulations were used to interpret a variety of experimental data on highly charged
disulfide-bond-intact lysozymein vacuo. The simulation approach involved submitting a model of the protein
@Reimann, Vela´zquez, and Tapia, J. Phys. Chem. B102, 9344~1998!# in a given charge state to a 3-ns-long
heat pulse~usually at 500 K! followed by cooling or relaxation for 1 ns back to room temperature~293 K!. This
treatment yielded a charge threshold aroundQ0581 for obtaining significant unfolding, as indicated by an
enhancement in collision cross section and conformer length. The collision cross sections and lengths theo-
retically obtained, along with the threshold charge state for initiating unfolding, were compatible with experi-
mental results on lysozymein vacuo. The unfolded, highly elongated conformations obtained forQ>91

displayed a significant level of non-nativeb-sheet content which appeared to be additionally stabilized by
charge self-solvation.@S1063-651X~99!06312-6#

PACS number~s!: 87.15.Aa, 87.15.He
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INTRODUCTION

The physicochemical properties of biomolecules ha
usually been considered in the context of the solution-ph
environment in order to ensure a strong biological relevan
However, developments in biological mass spectrome
over the last ten years have led inexorably to a considera
of the properties of such moleculesin vacuo. Probing the
structure—unfolding, relaxing, and refolding—and dynam
cal behavior of biomoleculesin vacuoopens a new window
for assessing the specific influences manifested by the fo
intrinsic to the biomolecule: the effects of the solvent a
factored out in such studies.

This report is focused on the unfolding of highly charg
protein ions in vacuo. Such unfolding effects have bee
monitored in a ‘‘physical’’ way via collision cross sectio
measurements@1,2# and energetic surface imprints@3#, and in
a ‘‘chemical’’ way by measuring hydrogen-deuterium~H/D!
exchange@4# and charge-stripping rates@5,6#. Such measure
ments each characterize any identifiable conformational s
strate ensemble of ions by a single number, i.e., cro
sectional area, length, reaction rate, etc. rather than givin
atomically-resolved picture.~However, H/D studies, when
augmented by fragmentation techniques, will provide an
creasingly competitive level of resolution@7#.!

Lysozyme ionsin vacuo have been studied experime
tally at low structural resolution by means of gas-phase
sicity measurements@5#, ion-drift mobility ~IDM ! @8#, and
energetic surface imprinting@9#. Clearly, although neithe
experimental conditions nor the precise results obtained
identical between the different experiments, the data sh

*Author to whom correspondence should be addressed. Pre
address: Department of Analytical Chemistry, Lund Univers
Box 124, S-221 00 Lund, Sweden. FAX:146 46-222-4544; Elec-
tronic address: curt.reimann@analykem.lu.se
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that disulfide-bond-intact lysozyme is present either a
compact, possibly nativelike form, or else as a distinctly d
ferent fluxional form.

The lack of atomically-resolved experimental data on p
tein ions in vacuomotivates the use of molecular dynami
~MD!, which can model the behavior of such species at
atomic level. Such a strategy has been applied to both p
tide @10–14# and protein ions@15–20#. Due to the enormous
difference in granularity between experiments and theo
there is a need for comparison between results coming f
these two levels of description.

Recently, we employed MD to simulate the response
native disulfide-bond-intact lysozyme to weak centrifug
forces@15# and to Coulomb repulsion@16#. The native struc-
ture appeared as quite robust against Coulomb-repuls
driven denaturation, in qualitative agreement with the exp
mental observation of putative nativelike conformers@5,8#.
When unfolding was initiated, conformers characterized
lengths'33 and collision cross sections 50–80% grea
than those of the native structure were the result, in go
agreement with experimental results pertaining to unfold
lysozyme conformers@5,8,9#. However, too high a charge
state,Q>151 @16,19#, was required to initiate this unfold
ing. We noted earlier@16# that this can reflect a failure to
take into account the role of increased internal energy
allowing the system to overcome an effective attractive b
rier against unfolding.

The primary objective of this report is to document
more complete MD simulation scheme in which heating
the in vacuoprotein model produced a response of the hig
charged disulfide-bond-intact lysozyme more in line w
available experimental results. In these MD studies, we sh
that the system threshold for unfolding lies aroundQ0581,
leading to significant enhancement in collision cross sec
and conformer length. For a range of charge states, exten
conformers resulted with collision cross sections and leng
which are roughly compatible with experimental results
lysozymein vacuofor the same charge state. A specific pr

ent
,
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7278 PRE 60REIMANN, VELÁZQUEZ, BITTNER, AND TAPIA
diction of this study is that the elongated conformers o
tained are characterized by a significant level of non-na
b-sheet content.

METHODS

The potentials, charging models, and seeding struct
are those reported in our previous work@16#. Hen-egg-white
lysozyme @21# has 11 arginines, six lysines, one histidin
and anN terminus. Thus, the maximum charge state for p
tonation is aroundQ5191, assuming that all these bas
sites would be accessible. A very simple charging mo
@16–19#, ‘‘statistical’’ charging, distributes a desired tot
charge state evenly over just these basic sites on the pro
This scheme exaggerates the amount of Coulomb repul
while weakening charge self-solvation interactions. In co
trast to our earlier works, here we use a dielectric constan
«51«o ~where«0 is the permittivity of free space!. This is a
valid choice when all partial charges are explicitly includ
in the system. An energy-minimized x-ray structure was u
as a seed for MD simulations of temperature-driven unfo
ing. Atom velocities were assigned randomly based o
Maxwell-Boltzmann distribution to achieve any desired te
perature, maintained by a Berendsen thermostat@22#. A typi-
cal unfolding MD run submitted the protein model to a te
perature of 500 K for 3 ns. For most charge states, sev
unfolding MD runs were carried out. For these repeated ru
the random number seed used to initiate assignment of
atomic velocities was changed. Separate relaxation MD r
were carried out on selected unfolded structures by redu
the temperature back toT5293 K. The atomic velocities
were rerandomized for these 1-ns-long relaxations. T
simulations were carried out withGROMOS87@23#.

Trajectories were analyzed according to standard st
tural descriptors like root-mean-square deviations~RMSD’s!
and radii of gyration (Rgyr). Lengths, characterizing the con
formational elongation, were calculated as the maxim
atom-atom distance consideringall atoms. For comparison
with the results of energetic surface imprinting experime
@9#, which yield a projected length distribution of random
oriented surface-impacting protein ions, MD trajector
were divided into ‘‘snapshots.’’ Each snapshot conformat
was randomly reoriented and projected onto a plane, and
maximum length between any two atoms calculated in
plane. Histograms of these projected lengths were c
structed. This procedure fairly takes into account the in
ence of fluctuations and nonlinear conformations on the p
jected length distributions.

For comparison with results of IDM@24,25# experiments
on lysozyme @8#, orientationally averaged collision
~momentum-transfer! cross sectionŝs& were calculated. We
used an adjusted@26# implementation of the hard-sphere pr
jection approximation~cf. Ref.@27#! which we described ear
lier @16#. The projection method ignores multiple scatteri
and thus provides lower limits for the collision cross se
tions; true values can be somewhat larger@28#.

The calculation of̂ s& for one conformational snapshot
laborious, and therefore whole trajectories cannot be a
lyzed in this way. Rather, conformational snapshots w
extracted periodically, randomly reoriented, projected ont
plane, ands calculated for each projection. Then an avera
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of s was taken over 1000 snapshots@29#. In this way, an
estimate of^s& was obtained for the last 1 ns of a 3-n
trajectory, giving a fair estimate of the effects of conform
tional fluctuations on̂s&.

The secondary structure content of simulated proteins
analyzed with theMOLMOL software@30# as well as custom
software. A hydrogen bond was presumed to exist when
hydrogen-donor-acceptor angle is less than 35° and
hydrogen-acceptor distance is less than 0.24 nm@31#. In the
present situation, self-solvation was also monitored. Si
this is a nondirectional interaction between a net charge
other partial charges, a simple distance criterion was us
that the charge-charge distance be less than 0.365 nm fo
state of charge self-solvation@32#.

RESULTS

Length profiles vs time are shown in Fig. 1~a! for T
5500 K and several charge statesQ. The Q50 ~neutral
protein, NP! structures contracted slightly over time, and t
Q551 structures maintained a length (5.260.3 nm aver-
aged over the last 1 ns of the trajectory! slightly greater than
that of the native conformation~5.0 nm!. However, the final
structures obtained forQ50 and 51 were not native: they
are characterized by RMSD’s approximately equal to
nm. ByQ571, a certain degree of unfolding was achieve
the conformer length averaged over the last 700 ps of
trajectory was 7.360.3 nm. ForQ591 andQ5111, dra-
matic unfolding was achieved.Q591 yielded lengths of
12.660.6 nm and Q5111 yielded lengths of 12.8
60.5 nm, both averaged over the last 300 ps. Sligh
greater lengths (13.860.2 nm) were achieved in our prev
ous simulations ofQ5191 at T5293 K @16#.

Several 1-ns-long relaxation trajectories were carried
on unfolded structures obtained after'3 ns of temperature-
pulse denaturation. It is apparent from Fig. 1~b! that on re-
ducing the temperature toT5293 K, slight or minimal re-
ductions in conformer length occurred. In particular,Q591
and Q5111 maintained elongated structures characteriz
by lengths 12.560.6 and 11.660.5 nm, respectively. For
Q591, a considerable degree of fluctuation occurre
showing ‘‘bending’’ or ‘‘flapping’’ at a frequency of
'12 GHz. A similar effect occurred forQ5111. ~The er-
rors in the lengths are standard deviations; considering p
to-peak fluctuations, the lengths achieved after relaxation

FIG. 1. Conformer length as a function of time for disulfid
bond-intact lysozyme in the indicated charge states.~a! Simulations
carried out atT5500 K using a native seeding structure.~b! Simu-
lations carried out atT5293 K using selected unfolded conforme
near the end of the MD trajectories featured in~a! as seeding struc-
tures.
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PRE 60 7279PROTEINSin vacuo: A MOLECULAR DYNAMIC S . . .
Q591 and 111 are compatible.!
Conformer lengths averaged over the last 1 ns of all

MD trajectories are presented in Fig. 2. Several trajecto
were calculated atT5273 K using the x-ray structure as
seed~solid squares!. The Q50 ~NP! case provides a mode
for the ‘‘in vacuonative state’’ or IVNS described elsewhe
@17#. It was shorter than the x-ray structure; as pointed
earlier@15#, this is due to the collapse or closure of a poti
of the active site of lysozyme~resides 43–51; see Fig. 3 i
Ref. @15#!. At 293 K, Q>51 drove a slight elongation with
respect to the x-ray structure, but RMSD values remai
mostly under 0.2 nm, indicating equivalence with the x-r
structure.

Considering both the unfolding runs carried out at 500
~open squares! and the relaxation runs~open diamonds, Fig
2!, a ‘‘swathlike’’ unfolding transition was observed to oc

FIG. 2. Conformer lengths and standard deviations extrac
from the last 1 ns of MD trajectories forT5293 K ~j!, T
5500 K (h), andT5293 K after cooling from 500 K (L). One
relaxation run is included which uses unit charges (n); for details,
see the text. The dashed line indicates the length of the x-ray s
ture of lysozyme. The dotted lines serve to guide the eye t
‘‘swathlike’’ unfolding pathway. They are curves of the sigmoid
form a1b/@11exp„22.0(Q2Q0)…#, whereQ is the charge state
andQ0 is 71, 81, or 91.

FIG. 3. Histograms of projected lengths of lysozyme confor
ers.~a! Projected length distribution for random orientations of ea
of 1000 conformational ‘‘snapshots’’ acquired from the 1-nsQ
591 T5293-K relaxation run after unfolding@see Fig. 1~b!#. ~b!
Projected length distribution deduced experimentally forQ591
from Ref. @9#.
e
s

t

d

cur, centered aroundQ581. For most of the charge state
extra unfolding runs were carried out with different initi
velocity distributions: varying unfolding outcomes were o
served. Still, however, most of the results roughly occup
the unfolding swath.

A projected length histogram representative of the l
temperature relaxedQ591 MD trajectory from Fig. 1~b!
appears in Fig. 3~a!. The histogram peaks at about 11 nm a
is skewed, and few projections have lengths below abou
nm.

Collision cross sectionŝs& calculated over the last 1 n
of all MD trajectories are presented in Fig. 4. ForT
5273 K and an x-ray structure seed~solid squares!, the Q
50 ~NP! case displayed a smaller cross section than
x-ray structure, again due to the closure of a portion of
active site of lysozyme@15#. ^s& gradually increased with
increasingQ, and exceeded slightly the value characterizi
the x-ray structure byQ591.

When MD trajectories were carried out atT5500 K,
even tightly bound low-charge-state structures likeQ50
~NP! andQ551 unraveled to an extent~achieving RMSD
values slightly higher than 0.4 nm!. The rate of change o
^s& with respect toQ peaked somewhere betweenQ571
and 91 ~Fig. 4, open squares!. The final results forQ591
and 111 were quite similar, and manifested highly unfolde
conformers witĥ s&'19 nm2.

As seen in Fig. 4, reducing the temperature to 273
resulted in perceptible decreases in^s& for the unfolded con-
formers ~open diamonds!. In particular, forQ50 ~NP! the
final value of ^s& was indistinguishable from that of th

d

c-
a

-
h

FIG. 4. Orientationally averaged collision cross sections^s&
estimated from the last 1-ns of MD trajectories forT
5293 K (j), T5500 K (h), and T5293 K after cooling
from 500 K (L). One relaxation run is included which uses un
charges (n); for details see the text. (3) and~1! show experimen-
tal results for disulfide-intact lysozyme acquired under ‘‘gentl
and ‘‘violent’’ injection conditions, respectively@8#. The dashed
line indicates the value of̂s& appropriate for the x-ray structure o
lysozyme. The dotted lines serve to guide the eye. They are cu
of the sigmoidal formA1B/@11exp„22.0(Q2Q0)…#, whereQ is
the charge state andQ0 is 71, 81, or 91 ~see also the caption to
Fig. 2!.
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7280 PRE 60REIMANN, VELÁZQUEZ, BITTNER, AND TAPIA
IVNS; and forQ551, half of the enhancement in̂s& upon
heating was eliminated after cooling. However, on a fr
tional basis, conformers withQ591 and 111 hardly re-
laxed at all on reducing the temperature. ForQ591, ^s&
was 18.5 nm2. When ^s& values obtained from all the un
folding and relaxation trajectories are gathered together,
unfolding behavior is again seen as variable but tended
occupy a swath centered atQ581.

A final main result summarizing information about hydr
gen bonding and self-solvation appears in Fig. 5 forQ591
after heating and cooling. Traces of helical forms were
parent, as were hydrogen bonds and charge self-solva
involving amino acid residues located within four or fiv
residues on the polypeptide backbone. In theb domain, for
residue numbers 60–87, a set of hydrogen bonds appear
link portions of the polypeptide chain separated by up to
or 25 residues, preserving a globular, intraconnectedb do-
main character noted earlier@18#. The most striking observa
tion is of two non-nativeb sheets linking residues 15–5
and 90–125.

Representative conformers observed after heating or
laxation are shown for different charge states in Figs. 6
7. ~For Q591, a helix near theN terminus appears to b
reconstituted on cooling; actually the helix fluctuated in a
out of existence during both the 500- and 293-K trajectorie!

The long non-nativeb sheets seem to be a pervasive fe
ture of the unfolded, elongated lysozyme conformers.
wondered whether the presence of intact disulfide bon
which seem to ‘‘pin’’ theb strands together at three ke
points ~Fig. 6!, would promote the maintenance of theb

FIG. 5. Map of hydrogen donor-acceptor relationships forQ
591 at T5293 K after cooling from 500 K. ‘‘Res. num.’’ is the
residue number, ranging from 1~N terminus! to 129 ~C terminus!.
(d) Backbone donors and backbone acceptors, i.e., secon
structure. The line with ‘‘slope’’11 marksa helices. (s) Any
donor-acceptor pairsexcept backbone to backbone. (3) Self-
solvation of charged side chains.~1! Locations of disulfide bridges
~included even though they are covalent bonds, i.e., they do
have anything to do with hydrogen bonds!. The two grey lines
indicate the pattern ofb sheets characteristic of native lysozym
The solid black lines with ‘‘slope’’21 indicate the presence o
non-nativeb sheets.
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sheets. To investigate this, we broke the disulfide bridge
an unfolded conformer withQ591 which had been heate
to 500 K and then cooled to 293 K, capping the cystein
with hydrogen and doing cycles of energy minimization a
cording to the disulfide-bond-reduced topology. Then ad
tional MD was performed for 1 ns. The conformer mai
tained an average length of 12.460.9 nm, ^s& was
18.6 nm2, and the non-nativeb sheets continued their exis
tence. As concluded previously, the presence of disul
bonds profoundly affects the unfolding pathway@15#. The
interesting result presented here is that, once unfolding
achieved, the conformation is very stable—even without
disulfide bridges.

ry

ot

FIG. 6. Conformer snapshots. Structures obtained after 3 n
MD at T5500 K and after a further 1 ns of MD atT5293 K are
shown. ~An extra snapshot from a trajectory carried out atT
5550 K is also shown; the unfolding process was ‘‘trapped’’ in
somewhat shorter, wider structure.! Secondary structure is assigne
by MOLMOL @30#, from which the ribbons diagrams also come.
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DISCUSSION

In the simulations presented above, standard assump
were made about the seeding structure and the tempera
involved. Moreover, a ‘‘statistical’’ distribution of fractiona
charges was used, rather than specifically placing a sm
number of unit charges on the protein model. Finally,
time scales available in simulations are limited by 3–6 ord
of magnitude compared with current experimental a
proaches. Any or all of these assumptions may constrain
relevance of the simulation results~although they may still
yield a good qualitative description of what a highly charg
protein can do in vacuo!. The results are now discussed
light of the approximations made in the modeling. Followi
that a brief comparison of the simulation results to the res
of experiments@5,8,9# is made.

A. Discussion of basic assumptions of the model

X-ray structure as seed. In several theoretical efforts car
ried out for interpreting experimental results on lysozym
ions in vacuo, the native structure is assumed to be a va
starting point@5,33#. Here this choice is made based on t
general experience that disulfide-bond-intact lysozyme
robust protein which is highly tolerant of harsh acid-solve
conditions@34#. Even if the conformation is distorted durin
the electrospray ionization~ESI! process, the use of a nativ
starting conformation would serve to measure the disrup
effects of the Coulomb field as extended MD trajectories
calculated. Since there is strong evidence that biomolec
complexes@35#, including viruses@36#, can survive ESI and
passage through a vacuum, the use of native structure
gauge deformation is a reasonable choice.

System temperature. Several authors tookT5500 K to
be a suitable temperature at which to computationally de
ture lysozyme@37# and other proteins@38#. This assumption
is retained here. 500 K is a fairly extreme temperature
reality, but in MD, the need to confine the simulation to
few nanoseconds serves as a motivation for using such
temperatures to speed up the unfolding process@39#. How-
ever, to further test the generality of the unfolded lysozy
structures obtained forQ591, the native seeding structur
was subjected to various temperature jumps. ForT5525 and
1000 K, lengths of 11.160.6 and 11.460.8 nm, respec-
tively, were obtained, averaged over the last 1 ns of the
folding trajectories. These values can be compared to 1
60.6 nm obtained for 500 K. The lengths attained we
roughly independent of temperature@40#, suggesting that
once temperature-pulse-induced unfolding sets in, length
11–12 nm are generally achieved by disulfide-bond-int

FIG. 7. The relaxedQ591 conformation showing all stabiliz-
ing bonding for threeb sheets (b). Thin black lines: backbone-to
backbone hydrogen bonds spanning the two strands. Fat black
inders: other hydrogen bonds spanning the two strands. Fat
cylinders: self-solvation bonds spanning the two strands. All ot
bonds are omitted for clarity.
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lysozyme forQ591 ~Figs. 1 and 2!.
For T5550 K, the final length achieved after 3 ns

integration was only about 8 nm~Fig. 6!. Inspection of the
final geometry revealed that the end of the conformation c
taining the N and C termini was trapped in a globular co
formation which contained an ‘‘extra’’b sheet oriented per
pendicular to the long~longitudinal! axis of the conformer.
Trajectories repeated at asingle temperature withdifferent
initial velocity assignments can manifest rather different u
folding patterns and end points@38#. However, in the presen
study, the concerted forces engendered by Coulomb re
sion seem to bias theQ591 system to achieving fairly
elongated structures, in spite of the inherently stochastic
ture of the temperature pulse.

Dielectric constant. A strong rationale for using«51«o

in molecular mechanics and MD modeling was given in n
~37! of Ref. @41#. We have used both«51«o and«52«o in
previous work@16#, in which we showed that the Coulom
repulsion associated withQ591 is unable to drive unfold-
ing at T5293 K for either value of the dielectric consta
@16#. Thus the point demonstrated in the present work t
temperature jumps are required to affect gross unfolding
the Q591 state isnot dependent upon the value assum
for « @16#.

Charging scheme. Another question concerns the use o
smooth distribution of fractional charges applied to all t
basic sites on the protein, rather than the use of a more
ited number of unit charges. We used the smooth or ‘‘sta
tical’’ distribution to avoid having to select which particula
basic side chains would be charged@33,42#, and also to deal
with the ‘‘mobile protons’’ problem@43#. The profile of
Coulomb forces in the statistical scheme is more ‘‘co
certed,’’ and generally biases the system to unfold m
smoothly and quickly to a representative final state@19#.
However, the scheme also leads to greater Coulomb re
sion @16#. Therefore, it is important to check whether th
unfolded structures remain unfolded even if the Coulo
repulsion is reduced due to the application of a smaller nu
ber of unit charges at specific protonation sites. For this p
pose, the system was roughly checked by neutralizing thN
terminus and the basic side chainsexceptfor residues@33,44#
Argn , wheren514, 21, 45, 68, 73, 112, 114, 125, and 12
which were each provided with a netunit charge. Next, the
system was equilibrated at T5500 K for 200 ps, and then
relaxed for 1 ns atT5293 K. During this 1-ns relaxation
trajectory the length reduced slightly to 11.660.3 nm, and
^s& was reduced to 17.3 nm2 ~open triangle in Figs. 2 and
4!. Secondary structural patterns, particularly the long n
nativeb sheets, were preserved.

Length of the relaxation trajectories. To investigate
whether the relaxation MD trajectories were sufficiently lo
to rule out later collapse, we extended the relaxation tra
tory for Q591 @Fig. 1~b!# to a total elapsed time of 2 ns
The conformer length averaged over the last 1 ns of
relaxation trajectory was 12.460.4 nm, a slight deceas
within the standard deviation of the fluctuations relative
the length quoted above.^s& was 18.4 nm2, also essentially
unchanged. Therefore, the results for theQ591 charge
scheme were not significantly altered on lengthening the M
trajectories.
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Reproducibility. To gauge the overall reproducibility o
the results, multiple unfolding MD trajectories were calc
lated for T5500 K using different initial distributions o
atomic velocities. Some results are shown in Figs. 2 an
~open squares!. A considerable variation in outcome is see
particularly forQ571 and 81. The Coulomb repulsion due
to Q581 seems to be at the threshold for gross unfoldi
and therefore the range of behavior shows a stochastic na
and a high sensitivity to the initial conditions.~At T
5273 K, the same behavior was observed for charge st
aroundQ5151 @19#.! In spite of the variability, sigmoida
curves included in Figs. 2 and 4 roughly bracket all the M
results between unfolding charge thresholdsQ0'861.

The reproducibility of the relaxation trajectories was a
gauged. For example, another 1-ns-long relaxation trajec
seeded with an alternative conformation extracted from n
the end of theT5500 K unfolding run@Fig. 1~b!# yielded an
average length of 12.660.6 nm and an^s& value of
18.2 nm2, in good agreement with the primary resu
quoted above.

B. Comparison to experimental data acquiredin vacuo

In the ESI process and the transfer of protein ions to
vacuum, as well as in subsequent physical treatment of
ions, heating and cooling occur, and the study reported h
overcomes the lack of a heating pulse in our previous th
retical study@16#. Now we compare our present theoretic
results with the results of experiments with disulfide-bon
intact lysozyme~DI-LYZ ! in vacuo@5,8,9#.

Energetic surface imprinting. These experiments provid
the visual impression of elongated, cigar-shaped conform
for DI-LYZ with Q591, produced directly in the ESI pro
cess@9#. The histogram of projected lengths of protein io
impacting a surface in random orientation, deduced fr
modeling of experimental results@9#, is shown in Fig. 3~b!
and compares well with the MD results of Fig. 3~a! for the
same charge state. The MD results suggest that the rou
peak, as well as the skewed distribution which, howev
does not reach zero projected length, are characteristic
conformation which possesses a finite width and moreo
undergoes dynamic ‘‘bow string’’ and ‘‘corkscrew’’ type os
cillations ~frequency'12 GHz) while traversing space.

Collision cross sections. The collision cross sections o
DI-LYZ conformers in various charge states have been m
sured by the IDM technique@8#. In this technique, the ions
may be treated ‘‘mildly’’~low-energy injection into the drift
bath gas! or ‘‘harshly’’ ~high-energy injection, which implies
subjecting the ion to a high temperature pulse, followed
cooling back to room temperature!. Experimental cross sec
tions ^s&expt appear in Fig. 4. Under mild conditions,^s&expt
gently increases withQ, very similar to the room tempera
ture MD results acquired by seeding with the x-ray struct
~also shown in Fig. 4!. This similarity suggests a compatibi
ity between experimental conformers identified as be
compact, and theoretical conformers identified as being
sentially native.

Under harsh conditions, i.e., when the ions are given
cess internal energy~and then cooled back to room temper
ture!, a dominant ensemble of ions appears characterize
greatly enhanced̂s&expt values forQ.71. The MD results
-
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obtained witht5500 K and also after cooling various un
folded conformers back to 293 K occupy an unfolding swa
which is consistent with the general trend of the experim
tal data acquired under harsh conditions@45#.

Under the experimental conditions realized in IDM, th
charge-state threshold for achieving a grossly unfolded c
formation isQ581 ~see Fig. 4 in Ref.@8#!. This is precisely
the charge state at which our unfolding MD trajectories a
pear to display the greatest sensitivity to the initial conditio
~Fig. 4!. The MD results thus imply a charge-state thresh
for Coulomb-driven unfolding which is compatible with tha
observed experimentally.

Experimentally, charge statesQ>81 are produced di-
rectly in the ESI process, whereas charge statesQ<71 are
produced by charge stripping from ions with charge state
the range 8<Q<111. Charge stripping was not modeled
the present study. However, if the higher charge-state i
retain a nativelike conformation under mild conditions,
strongly suggested by the MD results, it is plausible that
charge-stripped ions would also be nativelike. Thus, the
sumption of a nativelike seed forQ<71 was maintained.

Gas-phase basicity. Measurements of gas-phase basici
for DI-LYZ at Q591, imply the existence of compact con
formers compatible with the native structure@5#. Our MD
results~see also Ref.@16#! imply that the x-ray structure is
stablein vacuoin the absence of perturbations, rationalizin
the experimental observation. The experimental results
indicate the existence of partly unfolded conformers@5#.
These structures may correspond to the ones obtained by
after heating followed by cooling back to room temperatu

In gas-phase basicity measurements, conformers foQ
,91 are characterized by intermediate gas-phase bas
values considered consistent with partial denaturation an
more open structure@5#. However, this is in direct contradic
tion to IDM experiments, in which the results forQ,91 are
dominated by compact conformers@8#. This difference can-
not be accounted for in the present work, but it could sim
reflect varying experimental conditions. In fact, our M
simulations provide evidence for either compact or som
what unfolded conformers forQ>51, depending on how
the protein system is heated. Another possibility is th
charge stripping~used to produce charge statesQ<71)
somehow produces a compact, misfolded structure chara
ized by gas-phase basicity values higher than that of the
tive conformation. The study reported here does not add
such a situation.

Coexistence of differing conformational states. Under
some circumstances, different conformers are observed
perimentally to coexist. Let us first focus on the situation
Q591. For this charge state, gas-phase basicity meas
ments give clear evidence for the coexistence of native
andpartially unfolded lysozyme. IDM allows the experimen
tal conditions to be finely gradated. With mild treatment
narrow conformer distribution results, but there is a ‘‘sho
der’’ on the mobility peak which indicates incipient unfold
ing. With harsh treatment, two peaks are obtained: a w
‘‘nativelike’’ peak and a strong ‘‘unfolded’’ peak. A more
detailed IDM spectrum forQ5101 @8# shows that even the
region betweenthe nativelike and denatured peaks displa
signal. This indicates the presence of metastable states w
are distinctly non-native but which are not completely u
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folded. Our MD results forQ581 and 91 are qualitatively
consistent with this in that not all MD runs achieved t
same degree of unfolding.

Our MD results do not completely track with the expe
mental data. ForQ.51, we never observe a complete fa
ure of the protein to initiate at least a degree of unfold
during a temperature jump, i.e., we cannot account for
weak nativelike peak observed in IDM when most of t
ions are unfolded due to energetic injection into the drift tu
buffer gas. This may ultimately be due to the bias induced
a too-strong Coulomb repulsion associated with the ‘‘sta
tical’’ charge distribution used in our model. Alternatively,
certain fraction of ions may refold~or misfold! on relaxation
to form compact structures over the long time scale of
experiments, which cannot be addressed with MD simu
tions.

CONCLUSIONS

In this work, we employ the MD techniques to investiga
the unfolding of highly charged disulfide-bond-inta
lysozyme in vacuo. Using a simplified charging schem
which was previously demonstrated to have too high
charge-state threshold for unfolding at room temperat
@16#, and incorporating only a temperature jump to 500
the charge-state threshold for unfolding was reduced t
reasonable value,Q05861. Moreover, at a gross structur
level, reasonable agreement was obtained between the re
of experimental and MD simulation procedures, even a
MD relaxation back to room temperature. The conform
obtained in the present MD study are thus hypothesized t
a good model of the structures experimentally observed.

In both unfolding and relaxation studies, the sheer ext
of the protein’s conformational space makes it difficult
ensure an exhaustive theoretical search. As a partial rem
to this problem, our MD simulations were carried out wi
the aid of a smooth, or ‘‘statistical’’ charge distributio
which gives an enhanced and more concerted repulsion.
s,

P
.

M
i.

e

.

E.

S

e

e
y
-

e
-

a
e
,
a

ults
r
s
be

nt

dy

he

use of such a distribution can be seen as a tool@19# to
achieve computationally tractable unfolding, just as hig
temperature pulses@37,38# and biased MD approaches@46#
have been used. Alternatively, Monte Carlo techniques
plied to simplified polymer models@47–49# may allow much
longer time scales to be accessed, and many additi
charging schemes to be considered. Such studies hav
ready demonstrated a charge threshold for achieving o
elongated backbone conformations for polyelectrolytic@47#
and polyampholytic@48,49# polymers@50#. In the future, a
broad sampling of the resulting structures could be subjec
to full-atom-resolved MD to fill in the structures at fine gra
detail.

The MD results described in the present work have h
structural resolution and therefore they provide complem
tary and unique information. A specific prediction of o
results concerns the formation of non-nativeb sheets. These
appeared as a pervasive characteristic of the disulfide-b
intact lysozyme systemin vacuo, perhaps because the loc
tion of the disulfide bonds constrains the mode and fi
degree of unfolding The actual existence of non-nativeb
sheets could be tested by carrying out experiments at a
level of detail@7#. Under some conditions, lysozyme in s
lution phase is prone to aggregation@51#, and the extensive
formation of non-nativeb sheets may provide a suitable a
gregation mechanism@52#. This behavior suggests a conne
tion between the protein in condensed phase andin vacuo
environments.
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