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Abstract: We present new results from an energetic surface imprinting method which allows us to outline the
general conformation of protein ions vacuo. Both disulfide-bond-intact and disulfide-bond-reduced gas-
phase lysozyme ions were produced by electrospray ionization and were accelerated and impacted onto graphite
surfaces. The resulting surface defects, each created by a single incident ion, were imaged with scanning
force microscopy. Disulfide-intact lysozyme ions created compact, slightly elliptical hillocks on the surfaces,
whereas disulfide-reduced lysozyme produced more oblong, elongated hillocks. By employing a thermal model
describing the response of graphite to energy deposited by an elongated incident energetic projectile, we
calculated from the hillock sizes for disulfide-reduced lysozy@e=14+) an overall length of 32.% 1.6

nm. This value is close to the length we observe for apomyogldRir(14+), 35.5+ 2.4 nm, although
apomyoglobin and lysozyme possess significantly different numbers of amino acid residues. Based on these
results, we hypothesize that aspects of a protein’s native secondary structure are preserved in the gas phase,
even if the tertiary structure might be non-native. We have unfolded disulfide-intact lysozyme computationally
and find a qualitatively good agreement with the experimentally obtained length of disulfide-iQtac®{-)

lysozyme.

Introduction in understanding the chemical reactions that can occur in the
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keen interest in probing specific noncovalent biomolecular ions produced by ESI are extracted from a mass spectrometer
complexes by MS#25and the gas-phase conformation might to form an ion beam and are accelerated to impact a target at a
greatly affect the viability of specific complexes. Finally, the selected total kinetic energy typically in the range 300
gas-phase environment appears to be a unique one for proteingeV. As each incident ion penetrates and interacts collisionally
in that there is a complete absence of water, which is normally with the surface, the energy deposited diffuses and dissipates,
thought to play a key role in the folding and stability of many resulting in a surface defect which can be measured by scanning
proteings—28 as well as possibly affecting the specificity of probe microscopy (SPM¥-4> The shape of each defect reflects
protein-ligand binding?® Thus, the role of water can be the conformation and orientation of the incident ion which
reexamined, and other interactions affecting protein conforma- created it. In earlier work, we have used this method to explore
tion can be independently studiéd. the gas-phase conformations of several kinds of prof&iis.
Recent experiments explore the apparent “openness” of gas-Also, we studied the structure and fragmentation of poly-
phase biomolecular structures by monitoring the mass shift that (thylene glycols¥? In a parallel set of studies employing the
occurs as accessible labile hydrogens undergo hydregen MUMMA, we observed indirect effects of protein conformation
deuterium exchange vacua!® Other studies of iormolecule via measurements of particle-impact-induced emission of sec-
interactions, particularly those associated with charge stripping, ondary electror® and secondary ior?.
provide additional clues about gas-phase conformafiéhln In this paper, we present new results comparing surface
recent studies, apparent gas-phase basicity values were extractdchprints created with energetic disulfide-bond-intact (DI-LYZ)
from charge-stripping reaction rat€! These values are and disulfide-bond-reduced lysozyme (DR-LYZ). A compari-
strongly influenced by the Coulomb interactions between the son to our previous data on apomyoglobin (AMY®&)
charge adducts and hence are thought to reflect the overallstrengthens the hypothesis tiéghly chargedproteins tend to
structure of the gas-phase molecular iBhsSimilar information be globally denatured in the gas phase while maintaining
is deduced from the kinetic energy released during the dissocia-significant vestiges of second-order structure, aihelices. An
tion of small charged complexes, combined with suitable extended abstract of some of these results was already pub-

modeling31=33 Finally, collisional energy lo$s and ion lished?6

mobility®~** measurements provide good estimates of the cross-  None of the experimental techniques described above, includ-
sectional areas of electrosprayed protein foh&4 and ing the method explored herein, provides detailed atomic
polymer ions produced by MALD. These techniques also  coordinates. Molecular dynamics (MD) simulations can be used
identify multiple conformer¥ and changes in conformatiéh. to provide such information. If the proteirsolvent interactions,

Despite the abundant clues provided by the techniquesabsentin vacuo,can be removed without changing the intra-
described above, there currently exist no methods for establish-protein interactions, the resulting force field can be retained to
ing the detailed structure of gas-phase biomolecular ions. In simulate the biomolecule in the absence @OH This can be
the hopes of providing further complementary information, we done with the GROMOS force field. In this paper, an
have exploited a visually oriented approach toward structural electroneutral protein force field was employed to explore the
elucidation of gas-phase protein ions. Using the multiply structural properties of DI-LYZ. Inclusion of a weak systematic

charged macromolecular accelerator (MUMMR)#3 protein centrifugal force created unfolding conditions. We present
below a subset of results on unfolding of DI-LYZ as pertaining
(23) Kaltashov, I. A.; Fenselau, @roteins: Struct., Funct. Gerl997, to the present experimental stutfy.
27, 165-170.
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(32) Kaltashov, I. A.; Fenselau, C. . Am. Chem. Sod995 117, disulfide bonds with 4-vinylpyridine, and purifying the resulting
9906-9910. solution by high-pressure liquid chromatography (HPET).
so ) Szilayi, 2 Drahos, L Véey, K. J. Mass Spectron997 32, Solutions were prepared for ESI by adding 4% acetic acid to a
(34) Hakansson, P.; Della-Negra, S.; Mouffron, J. P.; Waast, B.; Sullivan, Coml?'“at'on of equal volumes ok107° M. protein-water
P. A. Nucl. Instrum. Methods Phys. Res1B96 112, 39—47. solution and methanol. The pH of the solutions was 3.1. ESI

(35) Axelsson, J.; Parilis, E. S.; Reimann, C. T.; Sullivan, P.; Sundqvist, mass Spectra of DI-LYZ and DR-LYZ’ acquired by emp]oying

B. (%é)RAyeul‘;léé?]StJr“,“%e'\i/'rﬁ;?]?]dscpt}yfs'sﬁﬁz(ﬁz? éobﬁjea%r?étrum the MUMMA in the conventional ESI-MS mode, are shown in

Methods Phys. Res. B994 88, 131-137. Figure 1.
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Spectrom. lon Procl1994 133 141-155. (43) Quist, A. P.; Ahlbom, J.; Reimann, C. T.; Sundqvist, B. UNRcI.
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(39) Sullivan, P. A.; Axelsson, J.; Sundqvist, B. U. Rapid Comm. (45) Rohrer, H.Surf. Sci.1994 299/30Q 956-964.
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A. P.; Sundgvist, B. U. RJ. Am. Soc. Mass Spectrofr996 7, 329-341. Spectrometry and Allied TopicRortland, OR, 1996; pp 775/76.

(41) Reimann, C. T.; Sullivan, P. A.; Tpitz, A.; Altmann, S.; Quist, (47) van Gunsteren, W. F.; Berendsen, H. JGZoningen Molecular
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Figure 1. Electrospray ionization mass spectrometry (ESI-MS) spectra
of disulfide-bond-intact (DI-, top) and disulfide-bond-reduced (DR-,
bottom) hen-egg lysozyme (LYZ). Note the mass shift due to capping
the exposed cysteine side chains with 4-vinylpyridine. The most
probable charge state for each spectrum is shown.

ESI
Source QMS

Figure 2. Schematic diagram of the multiply charged macromolecular
accelerator (MUMMA)3450 ES| = electrospray ionization; QMS=
guadrupole mass spectrometer; H= high voltage; MCP= multi-
channelplate detector; SSB solid-state detector; F target; LL =
load-lock chamber for sample introduction; aBdis a switchable
magnetic field for detecting secondary electrons (e’'s) with either the
MCP (for counting of the incident ions) or the SSD (for statistical
analysis of secondary electron emission).

Multiply-Charged Macromolecular Accelerator. The
MUMMA 34 is based on a commercial ESI solitimterfaced
with a quadrupole mass spectrometer (QMS). A schematic of
the experimental apparatus is shown in Figure 2. The infusion
rate of protein solution into the spraying needle igl¥min,
and the repeller voltage in the ESI source is typicaly0 V.
lons transmitted by the QMS are fashioned into an ion beam

by extraction optics. The ions are directed toward and acceler-

ated onto a target biased at a negative potential as higt2@s
kV. As each ion impacts the target, a pulse of secondary

Reimann et al.

the system for acquiring ESI mass spectra, selecting a desired
bombarding species, and optimizing the ion beam. Then, freshly
cleaved pieces of highly oriented pyrolytic graphite (HOPG,
Advanced Ceramics Corp., Cleveland, U.S.A.) were loaded into
the system for bombardment. Targets were bombarded with
either DI-LYZ or DR-LYZ in selected charge states. The impact
kinetic energy was adjusted to 146 keV (e.g., 120 eV/C-atom)
by using an accelerating potential ©fL46/Q kV, where Q is

the charge state of the protein ion selected by the QMS.
Bombardments were carried out for long enough times to
register~10° impacts in an area o2 mn?. After irradiation,

the bombarded surfaces were analyzed with ambient scanning
force microscopy (SFM) on a NanoScope Il (Digital Instru-
ments, Santa Barbara, CA) using the tapping mode. The
surfaces were probed with NanoProbe silicon tips with nominal
radius of curvaturex10 nm and cone angle30°.

Analysis of Energetic Surface Imprints. The mechanical
response of surfaces to energetic ion impacts has been exten-
sively studied. The polyatomic protein ions studied here interact
via screened nuclear collisions between protein atoms and target
atoms (their speed is less than the Bohr velocit2,2 x 10°
m-s™1). By virtue of the large number of simultaneously
arriving atoms, a very large energy density is deposited in the
target surface by each incident polyatomic particle, resulting in
the formation of a stable, nanometer-scale surface defect due
to each incident particle impact. Matthew et al. were the first
to observe and quantify (using an evaporative thermally
activated spike model) such surface defects, generated in carbon
foils and other targets by massive,® cluster impact§3
Numerous workers have studied surface defect formation in
HOPG by incident particles, including kilo-electronvolt atomic
ions>*55small atomic cluster?5”small molecular clusters;>®
large atomic cluster®, and protein iong%“3 The resulting
surface defects are mostly visualized as hillocks with SPM
techniques, although craters can be imaged when sufficiently
sharp probe tips are usét 80

The appearance of the surface defects in our present and
previous studie$—43 suggests that elongated conformations are
typical of many highly charged gas-phase proteins. However,
the direct extraction of information on the protein conformation
is not straightforward: the SFM images of hillocks are
broadened relative to their actual dimensions by virtue of the
finite sizeof the SFM probe tig?6! the energy deposited in
each impact undergog@mnsportand induces material modifica-

electrons is emitted and accelerated to ground potential to betion processes after which the resulting surface defect is larger
detected with high efficiency in a dual-channelplate detector than the area directly impacted by the protein (Figures 3 and 5);
assembly (for pulse counting) or in a solid-state detector (for and the protein ions impact the surface in variotgntations

analysis of the number of secondary electrons emitted per (Figures 3 and 4), yielding different defect sizes for the same

impact).
By scanning the QMS, the MUMMA can be employed as an
ESI mass spectrometer (Figure 1). Alternatively, a selected

ionic species can be extracted from the QMS and used to

conformation.
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Figure 3. Schematic diagram of an extended, narrow stick-like protein
ion creating a surface imprint on impattis the length of the protein,
and@ is the polar orientation angle. The projected length of the protein
on the surface is= L-sin(). The actual length of the surface imprint
(x's) exceedd -sin(@) because of the transport of deposited energy;
see Figure 5.

Finite Size of Probe-Tip. A correction was made for finite
SFM probe tip size in evaluating the lateral dimensions of the

surface defects. The apparent increase in lateral dimensions

due to the imaging of a hillock of widtlv and heighth by a
probe tip of radiuk ~ 10 nm isAw ~ 2Rhw %, and observed

width and length values were corrected by this amount before

further processing? Variations in R by +20% produced
variations in evaluated lateral dimensions which were much

J. Am. Chem. Soc., Vol. 120, No. 30, 18681
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Figure 4. (a) Population histogram of 1000 particles uniformly
distributed in conformer length in the range 2830 nm. (b) Projected
lengthl distribution histogram for thé population distribution in (a)
convoluted with the theoretical distributiaygl) described in the text.
The distribution is skewed and peaks at the projectile lehgth
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Figure 5. Energy transport from the impact line given by the projected
length| = L-sin(@) of the incident molecule creates a melted and
resolidified region which is visualized by scanning force microscopy

smaller than the final range of conformer lengths deduced for (see also Figure 3p and¢ are the spatial coordinates, aa@,Z,t) is

each species studied (discussed below; see Table 1).
Energy Transport. Energy diffusion and surface modifica-
tion lead to a broadening of the surface defects; if this

the time-dependent radial profile of the energy density given in the
text. €(p,&,t) is found by solving the two-dimensional heat-diffusion
equation for a set of differential point heat sources along the impact

broadening can be subtracted, higher resolution information online of lengthl.%

the region impacted by the protein ieand thus on the
conformation of the protein ion itsefican be obtained.

melted zone, the dimensions of which can be fitted to the
dimensions of a given surface defect (after correction for probe-

A sophisticated treatment of surface defect formation by tip size) via the parametetandAE;. | is the projected length
single cluster impact was given by Insepov and Yanfadmat of the protein-the length of the region actually impacted directly
we employ here a more simple approach analogous to that ofpy the proteir-which caused the given surface defect. The
Szene$3 We argue that the surface defects are caused by avalue of the thermal diffusivity does not affect the values of
thermally activated process such as melting-resolidification to the fitting parameters. Although the model does not explicitly
form an amorphous zorfé. Since HOPG is highly anisotropf€, consider energy lost due to ejection of material from the central
the two-dimensional heat diffusion equation is employed to portion of the defect, approximately, this would affect only the

model such processé%%® fitted value of AE;, not the form of eq 1 or the fitted value of
We adapted the heat diffusion equation to a line source of |,

energy of length in the plane of the surface to describe an
impact event. The deposited energy der8idepends on the
time (t) and spatial coordinatdp, ) as

1 P | —2¢
ol 4Kt)[e” o)
erf (ﬂ)] Q)

Orientation. Since the kinetic energy per atom in the
impacting protein greatly exceeds the atomic binding energy,
it is justified to assume that the protein does not reorient due to
impact. Thus, physical length and projected length are
connected byl = L-sin@@), where 6 is the polar angle of
orientation of the protein long axis (Figure 3). Random
orientation as well as tumbling with randomly oriented spin axis
of elongated particles of physical lendtheads to a distribution
of projected lengths on the surface sharply skewed toward,
and possessingne peak at, the maximum length.*° The
projected length distributiorg(l) for an ensemble of such
particles isg(l) = I-L71-(L2 — 1312 A histogram of this
function—convoluted with a uniform distribution of lengtts
in a particular narrow rangeis shown in Figure 4.

In general the overall center of charge and the center of mass
do not overlap in a given conformer, causing a torque roughly
parallel to the target plane to act on each ion during final
acceleration. In the extreme instance of elongated conformers
with initially stationary (though random) orientation, this torque
enhances the contribution of relatively end-on impacts (small
projected lengths) with respect to the distribution shown in
Figure 4, due to induced pendular motion perpendicular to the

AE
oLty = —=—

2\/; I
24/ 4t

wherep and¢ are defined in Figure % is the thermal diffusivity

in the basal plane of HOPG; is the lattice spacing perpen-
dicular to the basal plane, amtlE; is the amount of energy
deposited by the incident projectile per monolayer. Using a
melting energy of 2.4 e\atonT?, eq 1 numerically yields a
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(63) Szenes, GPhys. Re. B 1995 51, 8026-8029.

(64) Agranat, M. B.; Ashitkov, S. I.; Kirillin, A. V.; Kostanovskii, A.
V.; Fortov, V. E.; Anisimov, S. |.; Kondratenko, P. SETP-Lett.1997,
66, 699-703.

(65) Dresselhaus, M. S.; Kalish, Ron Implantation in Diamond,
Graphite and Related Materigl$Springer-Verlag: Berlin, 1992.
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H.; Kappes, M. M.Nucl. Instrum. Methods Phys. 2996 112, 105-108.
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Figure 6. Zoomed surface plot of one hillock created by an incident ol vt e b b b 3L ]
146-keV DI-LYZ ion (charge stat® = 9+). A vestige of a crater is 7, Y e S —
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were chosen to highlight the existence of the crater.
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target plane; however, a sharp peak at the maximum conformer HILLOCK LENGTH (nm)

length still occurs in the projected length distribution. More

typically, _the existence of rotatio_n/tumbling_prior to accele_rati(_)n created by incident energetic DI-LYZX= 9+) and corresponding
may s_tablllze the Cor)forlmer. against the ,aCt'on of .torque, yielding length and width histograms and plot of width versus length. 100 surface
a pr.OJected length distribution Vgry.SIm'llarg(i) given above. defects were measured. A box and range bars show the characteristic
Figure 4 shows that a broad distribution of conformer lengths points taken to be representative of the longest defects (see also Figures
is not required to explain a broad distribution of surface defect 8 and 9). The height and gray scales were chosen to highlight the lateral
lengths. Indeed, a narrow range of conformer lengths yields a extent of the surface defects.
quite broad distribution of projected lengths on the surface. It
is seen generally from Figure 4 that the imprinting method 50 T
emphasizes side-on impactdherefore, to extract from a
projected lengthlf distribution the physical lengt{L) charac-
terizing the conformers, one should focus on the longer surface
defects. In the defect length histograms to be presented below,
we focused on events which lay in the range between the most
represented length (i.e., the peak) and that greater length for
which the probability for observation was reduced4§0%.
Then, within those length limits, we determined the range of
width values which encompassed half the observed events. The
result was a box on a plot of length vs width (Figures9y, 10
the center of the box igharacteristicof the population of
conformers, while the box size yields uncertainties in extracted
parameters. In each set of data, we considered also the single ol L ‘;.' i
surface defect which had thmaximumlength. Using the 28 T T T
deduced length/width pairs, correcting for the finite size of the
probe tip, and using the fact that the impacts are side-on, i.e., 0
| = L-sin@@) = L for & = 90°, we used eq 1 to extratt for 0 10 20 30 40 50
characteristic and longest conformers (Method 1 in the Table). HILLOCK LENGTH (nm)
The observed projected length histograms (after correction Figure 8. Image (500x 500 nn¥) of generally elongated surface
for energy transport and finite probe tip size) can be modeled defects created by incident energetic DR-LYR & 10+), and
as a sum of histograms of the type shown in Figure 4b. Our corresponding length and width histograms and plot of width versus
model is that the conformer length population distribution within 'ength. 102 surface defects were measured.
one histogram birrhere 2 nm wide-is constant, but that the ) ) )
number of conformers in each bina;, can vary. The sharp resolutiof” were obtained from the Brookhayen protein data
cutoff of the contribution to the total projected length distribution Pank (E.C.3.2.1.17; PDB #1hel). The coordinates of the polar
of the conformes; above its maximum projected length means hydrogens (not avqllable from the database) were'ggner_ated from
that the populations; can be calculated sequentially from the Standard geometries, and cycles of energy minimization were
data h|stogr‘ams Star“ng from the |Ongest |ength present in eachcarned out to remove concomitant Intl’am0|eculal’ stresses. MD
data set. Errors in the histogrammed data are taken to becomputations, seeded with the energy-minimized coordinates,
Poissonian and propagation of errors throughout the procedurewere then performed using the GROMOS-87 D4 force field
to extract the populatiors yields the population uncertainties ~ Within the electroneutral framewofR. That the whole set of
da. A plot of & vs Lthen yields the most probable conformer interactions is balanced can be inferred from the protein stability
length and its spread (Method 2 in the Table). around the X-ray structure observed for the 1 ns trajectory
Computational Unfolding of Disulfide-Intact Lysozyme. : :
Our molecular dynamics (MD) studies of LYZ are described 195(9627)26‘5"4"31%%'4*; P.. Malcolm, B. A.. Matthews, B. W. Biol. Chem.
in depth elsewher Briefly, the atomic coordinates from the (68) Aquist, J.; van Gunsteren, W. F.; Leijonmarck, M.; Tapia,JO.
X-ray structure of wild-type hen egg-white DI-LYZ at 0.17 nm  Mol. Biol. 1985 183 461—477.

Figure 7. Image (500x 500 nn¥) of slightly oblong surface defects
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Figure 9. Image (500x 500 nn¥) of highly elongated surface defects
created by incident energetic DR-LYZ (© 14+), and corresponding
length and width histograms and plot of width versus length. 114 surface
defects were measured.

Figure 10. (a) Black line: Projected lengthhistogram for DI-LYZ,

Q = 9+, after correction for finite-size probe tip and energy transport
as discussed in the text. Grey line: Projected length histogram for the
population of conformer lengthis given in (b). (c) and (d) Same as

) . ) . (a) and (b) but for DR-LYZQ = 10+. (e) and (f) Same as (a) and
simulation carried out for DI-LYZ under weak coupling to @ (b) but for DR-LYZ, Q = 14+.

Berendsen thermal baff.

The point of the electroneutral framewé#ks to model the ~ smaller than previously reportél,and since we resolved
electrical shielding of protein charges by,® solvent and  Vestiges of impact craters, also not observed previously by us
counterions without including the mass of the solvent. Thus, for HOPG targets?
one effectively models the behavior of an electricaigutral Widths we observed were similar to widths observed18
protein in the gas phase. However, the Berendsen therm&?bath N™M) in high-resolution scanning tunneling microscopy images
has been associated with a certain peculiarity: under the rightof surface defects created by compact incident polyatomic
conditions, kinetic energy can be transferred between the internalProjectiles such as &g, Arige, and (Csh.>®%%0 An exact
and global modes of the proteif.. In our simulations of DI- guantitative correspondence in this regard was not expected
LYZ with strongcoupling to the Berendsen thermal bath, this Pbecause the impact geometry is very different for elongated
effect led to spinning of the model protein, and a radial proteins (discussed below) and since different kinetic energies
centrifugal force caused the protein to unfold. As discussed Were used. . .
below, the effect of a radial centrifugal force is to qualitatively ~ Surface defects induced by DR-L¥Z (Figure 8) were often
simulate the unfolding effect of a radial, repulsive Coulomb noticeably elongated with respect to the hillocks shown in Figure
force, which might act to destabilize highly charged gas-phase 7: displaying aspect ratios ranging up¢d.8 based on the peaks

proteins. of the length and width distributions. Surface defects induced
by DR-LYZ'#" were even more elongated than the ones induced
Results by DR-LYZ10" with aspect ratios ranging up 2.5 (Figure

9).

Electrospray lonization and Most Probable Charge States. )For both characteristic conformers (see boxes on the length
As shown (Figure 1), the ESI-MS charge-state envelope for DI- ys width plots in Figures 79) and the individual longest defects
LYZ peaked at Q= 9+, while the charge-state envelope for defined above, the thermal model of eq 1 was applied to find
DR-LYZ peaked aQ = 15+. Such changes in the charge state the pest value for conformer length. The results are shown in
envelope are often observed when globular proteins stabilizedTgp|e 1 (Method 1), where informati#hfor AMYO 14+ is also
by disulfide bonds have these bonds reduced; the changes arghcjuded.
thought to reflect conformational changes in the solution phase. p histogram of the projected length distribution for a set of

Surface Defects Formed by Energetic Lysozyme lons.  conformers narrowly distributed in length (see viz. Figure 4) is
Surface defects induced by DI-LYZ appeared as compact, somewhat narrower at its peak than observed projected length
slightly oval hillocks. The observed protrusions were robust distributions (Figures 8 and 9). Moreover, the observed
under repeated imaging and thus represent localized surfacedistributions do not abruptly terminate but rather display tails
defects, not sputtered/displaced loose debris. A zoomed viewat higher lengths. This observation can reflect the existence of
of one such hillock reveals vestiges of a crater along the ridge an ensemble of proteins characterized byaage of lengths.
(Figure 6). The hillocks were characterized by an aspect ratio  For DI-LYZ®" the upper four projected lengthhistogram
(length-to-width ratio) of~1.4 (Figure 7). Compared to our bins (after correction for probe-tip size and energy diffusion;
previous measuremerftdye employed a finer probe tip inthe  Figure 10a) were fitted to yield an asymmetric distribution of
present measurements, since the ovularity was more easilyconformer population in physical lengths= 12—20 nm (Figure
observed, since both lengths and widths appeared typically 10b). The most probable length was 13 nm; the full-width at

- - - half-maximum (fwhm) was<4 nm.
A (Sf)HBaegE,”iSErjj_'é,fén?;'pph"ysst{’;g;fgf '3“&1"“3[‘6‘53”5‘”9”* W. F.; Nola, For DR-LYZ" the upper four projected length histogram

(70) Lemak, A. S.; Balabaev, N. Kvol. Sim.1994 13, 177-187. bins (Figure 10c) were fitted to yield a bell-like distribution of
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under our experimental conditions, it can be concluded that the
DR-LYZ ions did not adopt the form of completely extended
polypeptide chain. It is likewise indisputable, just on the basis
of the raw data (Figures-), that DR-LYZ*" was more
extended than DR-LY®*, and that DR-LYZ%" was more
extended than DI-LYZ". The presence of disulfide bridges is
likely to play a dominant role in hindering the unfolding of
DI-LYZ®+.

Native lysozyme adopts a slightly oblong form of rough
dimension&’ 3 x 3 x 4.5 nn?. We estimated a length of 13.5

Figure 11. The structure of DI-LYZ visualized (Ribbons program,
M. Carson, University of Alabama at Birmingham, CMC) after 1 ns
of molecular dynamics simulation with strong coupling to a thermal " . . .
bath starting from a compact, nativelike structure equivalent to the X-ray nm for th'? DI-LY|29. Conformer. Thls eStlma'.[lon’ .based.fon
crystallography structur®. All portions of polypeptide chain which an extensive analysis concerning microscope imaging artifacts,

had adopted helical or sheetlike structures in the protein database entryeOnformer orientation, and energy deposition/transport, may be
are depicted as wide ribbons, while the rest of the polypeptide chain is Subject to error. However, it is sufficiently large with respect
depicted as narrow strands. Disulfide bonds are shown as balls andto the length of the native conformer to conclude definitively
sticks and are marked by arrows; N indicates the N-terminus;and that DI-LYZ%", observed in our experiment, is not as compact
shows the vestiges of thg-sheet (though after 1 ns the original as the native conformation.
hydrogen bonding pattern of tifesheet had been destroyed). To make more detailed structural deductions from our
o ) ) experimental results may be considered risky. However, recent
population in physical lengths 20 nm (Figure 10d). The  gyperimental and theoretical results concerning a peptide clearly
most probable length was 25 nm; the fwhm waé nm. For g 4465t that-helices are stablin vacuo, even when highly
DR-LYZ*" the upper seven projected length histogram bins chargec® This strongly motivates an interpretation of our

(Figure 10e) were fitted to yield a bell-like distribution of  regits on AMYO and DR-LYZ in terms of stretched but partly
population in seven physical length bins in the range-26 helical structures.

nm (Figure 10f). The most probable length was 31 nm; the
fwhm was~4 nm.

The most probable lengths derived by this method are also
shown in Table 1 (Method 2) and agree substantially with the
characteristic lengths. Indeed, the gross nature of the projecte
length distributions are fitted using a fairly narrow distribution
of conformer lengths. However, in Figure 10a,b (DI-L%%,
the fitted distribution overestimates the data for projected lengths
under 8 nm. Also, in Figure 10c,d (DR-LYZ") and Figure
10e,f (DR-LYZ#) the fitting procedure underestimated the data
for projected lengths in the range 128 and 1826 nm,
respectively, while overestimating the data for smaller projected
lengths. The discrepancies probably reflect simplified aspects
of the model. For example, conformers may be bent slightly
(Figures 8 and 9) instead of being straight, making very small
projected lengths impossible. Also, the role of torque-induced
pendular motions is not considered in detail, although there is
no indication of any contribution at low projected lengths that
would be caused by the torque.

Computer-Simulated Unfolding of Native Lysozyme. Us-
ing weak, systematic perturbing centrifugal forces2Q eV
rotational kinetic energy), we computationally drove an unfold-
ing process of native DI-LYZ28 After approximately 1 ns of
integrating the system, the formerly globular protein had passed
through a number of conformations, ending as a conformer
which was elongated to a length efl1 nm and a width of
~1.1 nm (Figure 11). The spatial arrangement of disulfide
bridges appeared to prevent further elongation.

If gas-phase AMYO is assumed to maintain a helicity of
~60% while otherwise being stretched out as much as possible,
then its predicted length would be 35.8 nm, close to the length

e observed foQ = 14+. The protein database entry for LYZ
ndicates that 58 out of 129 amino acid residues participate in
helix formation. If this helicity of~45% is maintained for gas-
phase DR-LYZ while the protein is otherwise stretched out as
much as possible, the predicted length is 34.2 nm, withih
nm of the length we observed f@ = 14+. (Note, in solution-
phase folding of LYZ, helices fornbeforethe 5-sheet’! If
protein folding/unfolding share common features between the
solution and gas phases, then upon stretchingrouéicuo,the
pB-sheet might be destroyed while leaving the helices intact.) It
was these considerations which had prompted us to hypothesize
that, for proteindn vacuoin high charge states, some aspects
of secondary structurenotably extended, helical formsare
largely preserved, even though tertiary structure is destrt/ed.

Comparisons Between Conformations Deduced from
Surface Imprinting and Proton-Transfer Rates. Gross et al.
have studied conformations and folding of lysozyme ions in
the gas phase by monitoring proton-transfer rates to various
gaseous bases and measuring apparent gas-phase ba&icities.
From those measurements, DI-LYZ% comprise an “island
of stability” in that conformers occur which are as compact as
the native one, whereas for highamnd lower charge states, no
such compact conformers occur. DI-LYZ%" also display
conformers which are somewhat unfolded, and, particularly for
DI-LYZ®*, such an unfolded conformer is dominant (70%
population)?® Our observations for DI-LYZ" are in the main
suggestive of such an unfolded structure. Some of the hillocks
we observed were nearly circular (lengthwidth, Figure 7),
consistent with impacts of compact, nativelike conformers, but
the resolution of the imprinting method does not permit putative
compact conformers to be identified as a distinct population.

For DR-LYZ10*, the proton-transfer studies of Gross et al.
are interpreted in terms @ne conformer which appears to be
more unfolded than DI-LYZ"1%" species but is not completely
stretched out® Our data corroborate such a structure as we

Discussion

Relation of Observed LYZ Conformations to Native and
Completely Extended Conformations. The shapes of the
defects caused by impacts of DR-LYZ (Figures 8 and 9) suggest
that gas-phase protein ions can be quite extended in their
conformations. Yet they are not completely extended. DR-
LYZ, with 129 amino acid residues, would stretch 46.4 nm if
completely extended, and AMYO, with 153 amino acid residues,
would stretch 55.1 nm if completely extended. These lengths
exceed the observed ones consideraédgn if no correction (71) Radford, S. E.; Dobson, C. M.; Evans, P. Mature 1992 358
is made for SPM probe tip size or energy transporherefore, 302-307.




Energetic Surface Imprinting

Table 1. Conformer Lengths Derived for Some of the Gas-Phase
Protein lon Species Studied by the Energetic Surface Imprint
Method!

method 2
full-width at
method 1 most  half-maximum
characteristic maximum probable of length
length length length distribution
species (nm) (nm) (nm) (nm)
DI-LYZ%* 13.5+ 3.0 20.5 13 ~4
DR-LYZ"  26.0+1.7 29.1 25 ~4
DR-LYZ¥ 321+ 1.6 38.6 31 ~4
AMYQ 14+ 355+24 38.5
(ref 40)

2The superscript is the charge state of the ion. The lengths and
methods are defined in the text.

observed a species characterized by length 26 nm (Table 1),
intermediate in size between compact, nativelike structures, and
a completely extended structure.

Finally, proton-transfer reaction studies on DR-L}Zwere
interpreted in terms afneconformer consisting of completely
extended polypeptide chaif. Our estimated length of only 32.1
nm is not quantitatively consistent with that conclusion. There
are two points to consider, however. The first is that conditions
in the ESI source or along the path to the analysis portion of
the experiment, possibly differing between different experi-
mental setups, could have affected the conformation of the
proteins. Indeed, collisionally activatédlding of gas-phase
proteins has recently been observg@d.And second, the
interpretations of proton transfer studies rely on modeling the
energetic contribution of Coulomb repulsion to gas-phase
basicity—including structural and electrostatic shielding con-
siderations. Different combinations of structure and dielectric

J. Am. Chem. Soc., Vol. 120, No. 30, 18685

increasing with increasing charge st#teThis agrees qualita-
tively with our observations (Figures 8 and 9). In the ion
mobility experiments for DR-LY2" with Q > 10+, dominantly

one conformer is observed for each charge state, with a very
tiny contribution from a slightly more compact conformer.
Surface imprint data do not show dramatic evidence for
conformers more compact than the main one deduced (Figure
10c—f), in general agreement with the ion mobility results.

The ratio of collision cross sectiot¥s4 for AMYO 4+ and
DR-LYZ'is 1.17, and the ratio of conformer lengths deduced
from surface imprints for the same species is 1#16.17. The
ratios are equivalent within the errors. In a relative sense, ion
mobility and surface imprint data are thus seen to be in good
agreement. However, Shelimov and Jark®hihve shown that
if an elongated AMYO conformer were as a whole to be wound
slightly more compactly than am-helix, it would display the
same collision cross section as AMYO displays experimen-
tally. This would imply a conformer length less thas23 nm,
in disagreement with our result of 35.5 rifh.Likewise, for
DR-LYZ*, Valentine et al. measur&d collision cross section
of 26.9 nn?, or 0.21 nm per amino acid residue, comparable
to the value predicted if the whole LYZ protein were to occupy
the conformation of am-helix. The predicted length would
then be only~19 nm, whereas we observed 32.1 nm. The
discrepancy may be caused by different conditions in the
respective experiments. It motivates future work designed to
ferret out the detailed nature of the intramolecular interactions
and structural motifs remaining after a significant degree of
unfolding has taken place.

Gas-Phase Macromolecular Structure Hypothesized from
Molecular Dynamics Simulations. One of the challenges of
studying proteins and other macromolecules in the gas phase is

constant can be selected so as to yield the same Coulombo shed light on their unfoldingrefolding pathways and their

contribution?! and it can be difficult to distinguish between a
completely stretched configuration and a configuration consist-
ing of a singlea-helix.

In any case, both surface imprints and proton-transfer reaction
studies yield the conclusion that DR-L¥%Z is more extended
than DR-LYZ0*,

Comparisons between Conformations Deduced from Sur-
face Imprinting and lon Mobility Measurements. Valentine

et al. have recently addressed the structure of gas-phase LYZ

by ion mobility mass spectrometry experimetts.For DI-
LYZ®* gently injected into a buffer gas at low energy, they
observe a conformer which is compact although somewhat more
open than the native structure of LYZ20% greater collision
cross section). For DI-LYZ more violently injected into the
buffer gas, they observe a conformer which is even more
extended £67% greater collision cross section) and a small
contribution from the more compact conformer. These results
agree qualitatively with our observation of a conformer which

stability, despite the almost complete lack of specific information
for seeding or constraining any theory. MD simulations will
prove useful in this regard. For example, MD has been used
to show that neutr& and charge# o-helices and another type

of helix’® are stablén vacua Also, molecular mechanics (MM)
and MD techniques have been used to show that local nonhelical
structural forms can occur, viz. as adduct charges are “self-
solvated” by nearby polym&or polypeptide chain.

It has been proposed that for protein ions in sufficiently high
charge states, the radial forces associated with Coulomb
repulsion favor the occurrence of an unfolding procd@sfl-

LYZ is a useful choice of a model protein because it may unfold
in a particularly simple way. The native state is highly compact,
but it consists of two main domains and a “hinge” which
together are used to form an active site, having the appearance
of jaws. The hinge-bending mode of LYZ has been studied
with MM:7* opening the active site by10° via the hinge

is also to some degree elongated (Figures 6 and 7). On theincreases the conformational energy 442 k}mol ™. T@?
basis of our MD results discussed below, and on the length we Coulomb potential energy would be lowered4$000 kimol

deduced for the DI-LYZ" conformer, 13.5 nm (Table 1), we
believe we observed a significantly unfolded species which may
correspond to the one observed by Valentine et al. under violent
injection conditions. As pointed out above, the resolution of
the surface imprinting method does not allow us to sense a
distinct population of compact conformers, even if they might
be present.

For DR-LYZ species taken directly from the ESI source,
extended conformers with collision cross section approaching
but not equalingthat of a completely elongated polypeptide
chain are observed by Valentie¢al., the degree of unfolding

due to unfolding a highly charged globular protényhich
seems to be a significant effect in comparison. However,
unfolding might be restricted by the stabilization of secondary
structure by hydrogen bonding and by the stabilization of other
local structural formations by self-solvation of charge grotfps.
Therefore, the final form of the unfolded conformations is an
open question which can be addressed by MD techniques.

(72) Daggett, V.; Levitt, MJ. Mol. Biol. 1992 223 1121-1138.

(73) Monoi, H.Biophys. J.1995 69, 1130-1141.

(74) McCammon, J. A,; Gelin, B. R.; Karplus, M.; Wolynes, P.N&ture
1976 262 325-326.
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LYZ has been denatured computationally, by MD, using unique in providing the approximate length of the gas-phase
different kinds of force$® We used strong coupling of DI-  species, in contrast to cross sectional areas derived by other
LYZ to a thermal bath, which resulted in the transfer of energy methods. The surface imprint method is also unique in
from the internal modes of the protein to the global modes, providing a “snapshot” of the ion conformation, with a time
in this case inducing a spinning=R000 kdmol~! rotational resolution as short as0.1 ps for side-on impacts.
kinetic energy) and a weak, systematic centrifugal-force-driven  Currently we hypothesize that conformers of disulfide-intact
radial perturbation that drove an unfolding process analogous and disulfide-reduced lysozyme are elongated, narrow, and fairly
to Coulomb repulsion. The ending conformer was elongated straight, and that their lengths are narrowly distributed. Increas-
to a length of~11 nm and a width of1.1 nm (Figure 11). ing the spatial resolution of the microscopy approach and
This length should be compared with our estimated length of applying image analysis in order to substantially enhance the
DI-LYZ?®*, 13.54+ 3 nm. We judge the agreement to be data collection statistics could make it possible to resolve slight
qualitatively adequate (the method used to extract the experi-lateral collective oscillations as well as mass concentrations (the
mental length would have the greatest error for relatively latter in case of probing incompletely unfolded conformers).
compact impacting species, i.e., DI-LYZ in low charge states; None of the available techniques for probing gas-phase
unfortunately the origin of théongestsurface defect induced  protein structure yields interatomic distances which can be used
by DI-LYZ®" is unexplained). The simulated structure is far as constraints for molecular dynamics simulations, though such
from being compact and nativelike. It may correspond to a information is available for peptidé8. However, because of
conformer of DI-LYZ observed by Valentine et al. to be the complexities of these problems, computer-assisted techniques

unfolded by collisional activatiof such as molecular dynamics are still necessary to supplement
the experimental data. Our preliminary molecular dynamics
Conclusions study of the unfolding of native lysozyme by weak, systematic

) o _ centrifugal forces revealed a conformer having a length quali-
The study of highly charged protein ioirsvacuopermits & tatively consistent with the length we deduced experimentally
unique examination of some of the factors that may affect tgr electrosprayed disulfide-bond-intact lysozyme.
protein folding and stability. New techniques are being
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