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Over the last decade a variety of MS measurements, such as H�D
exchange, collision cross sections, and electron capture dissocia-
tion (ECD), have been used to characterize protein folding in the
gas phase, in the absence of solvent. To the extensive data already
available on ubiquitin, here photofragmentation of its ECD-
reduced (M � nH)(n�1)�• ions shows that only the 6� to 9�, not the
10� to 13� ions, have tertiary noncovalent bonding; this is
indicated as hydrogen bonding by the 3,050–3,775 cm�1 photo-
fragment spectrum. ECD spectra and H�D exchange of the 13� ions
are consistent with an all �-helical secondary structure, with the
11� and 10� ions sufficiently destabilized to denature small bend
regions near the helix termini. In the 8� and 9� ions these terminal
helical regions are folded over to be antiparallel and noncovalently
bonded to part of the central helix, whereas this overlap is
extended in the 7�, 6�, and, presumably, 5� ions to form a highly
stable three-helix bundle. Thermal denaturing of the 7� to 9�
conformers both peels and slides back the outer helices from the
central one, but for the 6� conformer, this instead extends the
protein ends away to shrink the three-helix bundle. Thus removal
of H2O from a native protein negates hydrophobic interactions,
preferentially stabilizes the �-helical secondary structure with
direct solvation of additional protons, and increases tertiary inter-
helix dipole-dipole and hydrogen bonding.

For many decades, understanding the in vivo folding of a
protein into its biologically active form has attracted exten-

sive research attention, both experimental (1–4) and theoretical
(5–7). To define better the critical effects of aqueous solvation,
a novel approach has been to study protein conformations in the
gas phase. H�D exchange (8–12) and collision cross-section
measurements (13–19) using MS have shown clearly that pro-
teins such as cytochrome c (12.3 kDa) and ubiquitin (8.6 kDa)
have a multiplicity of stable conformers of yet undefined struc-
tures in the gas phase, in sharp contrast to the single native
conformer in solution whose structure and folding are well
established (2–4). A new method, electron capture dissociation
(ECD) (20–28), has recently provided structural details of the
tertiary noncovalent bonding of gaseous cytochrome c (26) and
ubiquitin (27), including thermal denaturation and refolding
kinetics as a function of the number of protons (‘‘acidity’’) on the
gaseous molecular ion. We report here photofragment spectra
(3,050–3,775 cm�1) and further ECD and H�D exchange data
that now lead to postulated conformational structures for the 5�
to 13� ubiquitin ions in the gas phase. Ubiquitin has recently
been recognized as a ‘‘superhero’’ of cell biology (29, 30).

For conformers in solution versus those formed in the gas
phase by electrospray ionization, removal of water negates
hydrophobic bonding while enhancing hydrogen bonding; how-
ever, reversible folding and unfolding between stable gaseous
conformers is still observable (9, 11, 14, 19, 26, 27). In solution,
basic side chains on protonation are solvated into the surround-
ing water to denature the protein; in the gas phase, these
protonated sites are solvated internally, decreasing intramolec-
ular H�D exchange through backbone protection by the newly

protonated side chain (11, 12, 26, 27) (Fig. 1). Collisional
cross-section measurements of 5� to 15� ubiquitin ions define
multiple conformer types whose cross sections increase with
increasing charge (13, 14, 16, 19). For simple gaseous peptide
ions, conformational structures have been proposed from the-
oretical calculations of their expected cross-section values (15,
17), such as the �-helical structure of (Ala-35 � 3H)3� (15).

Fast (�10�12 s) nonergodic ECD produces backbone disso-
ciation of covalent bonds (Eq. 1) without significant dissociation
of tertiary noncovalent bonds; a c, z� product

H• � �CONHOCHR� 3

�(HO)C|NH �c� � •CHR� �z�� [1]

pair still held together by tertiary bonding exhibits the un-
changed mass of the reduced molecular ion (M � nH)(n�1)�•

(26, 27). Thus specific thermal denaturations of a charge-
selected protein ion are indicated by the new ECD spectral
cleavages that appear with increasing temperature. Destroying
the noncovalent bonding of (M � nH)(n�1)�• with collisionally
activated dissociation (31, 32) or IR multiphoton dissociation

Abbreviations: ECD, electron capture dissociation; IRMPD, IR multiphoton dissociation.
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Fig. 1. Number of nonproton deuterium atoms exchangeable in 5� to 13�
ubiquitin ions: Œ, ref. 8; �, this study; � and 5�, 6� ions (image width indicates
abundance), ref. 12.
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(IRMPD) (33) then releases and identifies the c, z� products (26,
27). Such energetic dissociation of even-electron protein ions
produces complementary b and y product ions (Eq. 2).

�COON�H2CHR�3 �CO� �b� � H2NCHR� �y� [2]

In contrast to tertiary bonding, secondary noncovalent bonding
can enhance, not restrict, ECD; for the 13� ion of ubiquitin,
ECD produces extensive cleavages, yet there is persuasive evi-
dence of strong secondary stabilization of these ions (16, 34),
such as by an �-helix (27). In 60% MeOH solution at pH 2, the
C-terminal half of the ubiquitin native state is converted to an
�-helix (the A state) (2).

The nature of the noncovalent bonding is investigated here by
using photofragmentation of (M � nH)(n�1)�• ions; such studies

with tunable (3,050–3,775 cm�1) IR lasers have not been applied
previously to peptides or proteins. Evidence from several such
methods is used for the first prediction of gaseous conforma-
tional structures (Fig. 2).

Materials and Methods
The 6 T Fourier transform ion cyclotron resonance mass spec-
trometer (Finnigan-MAT, San Jose, CA) has been described (11,
24, 26, 27). Bovine ubiquitin (Sigma) was electrosprayed from 10
�M solutions (90:8:2 H2O�CH3OH�CH3COOH for 7� and 8�
ions; 83:15:2 for 9� and 10� ions; 49:49:2 for 10� to 13� ions)
and trapped in the ion cell with N2 gas (10�6 Torr, gauge). After
a 20-s thermalization delay, ions of interest were isolated by
consecutive stored waveform inverse Fourier transform wave-
forms, in broadband and narrowband mode. ECD used electrons
of �0.20–0.35 �A from a Rh ribbon filament for 0.6–2.0 s.

IRMPD used a 25-W continuous CO2 laser (Synrad, Mukilteo,
WA, 10.6 �m) for 0.1–2 s. Photofragment spectroscopy used a
single-stage optical parametric oscillator laser (IR OPO 2732,
OPOtek, Carlsbad, CA) of unseeded cavity design with bulk
potassium titanyl arsenate crystal as the nonlinear medium,
pumped by 1,064 nm Nd:YAG laser (Brilliant, Quantel, Boze-
man, MT), duration �4 ns, line width 3–4 cm�1, output power
of 7–10 mJ per pulse at 10 Hz measured by using a Molectron
(Sunnyvale, CA) PM 30 probe, and irradiation time controlled
by a fast-response mechanical shutter (UNIBLITZ, Vincent
Associate, Rochester, NY). Each point in a spectrum represents
the depletion by 170 laser pulses, averaged over 20 measure-
ments, corrected for variation in photon intensity as a function
of wavelength. All mass spectra were obtained in broadband
acquisition mode and interpreted by the automated THRASH
program (35).

Results and Discussion
�-Helicity Induced by Extensive Protonation. High acidity (pH 2) in
60% methanol introduces an �-helix into residues 39–72 of
ubiquitin (the A state), as found by Ernst and coworkers (2). For
the gaseous 13� ubiquitin ions whose charge corresponds to
protonation at the 12 basic residues (Lys, Arg, His) plus the
N-terminal amino group (Fig. 3), we have reported substantial
evidence to support a complete �-helical secondary structure
(25–27). The 13� ions are stable to 125°C storage, to 0.25 s
IRMPD (10.6 �m), and to 6 eV electron bombardment that
cause dissociation of lower charge state ions. Only a highly
compact conformer could restrict H�D exchange mainly to the
13 exposed protons (Fig. 1). The amide-H to carbonyl hydrogen
bonding that stabilizes the �-helix in solution should be en-
hanced both by no competition from the aqueous solvent and by
protonation from the solvated side chain (9, 11, 27). This H� to
carbonyl solvation also positions the proton for ECD (to form H�
in Eq. 1), with an �-helix favoring such intermediates on the first
four residues on the N-terminal side of the protonated basic
residue as well as itself (27), as shown in Fig. 3 and at 155°C in
Fig. 4. Molecular modeling calculations on peptides reported by
Jarrold and coworkers (17) and Clemmer and colleagues (15, 19)
also provide persuasive evidence for gaseous �-helical conform-
ers stabilized on the N-terminal side of protonated basic
residues.

Effect of Decreased Protonation. Cassady and Carr (10) first
showed that 12� ions are of two conformer types. The ECD
spectrum of the 12� ions corresponds to a 1:1 mixture of the 13�
and 11� ECD spectra (27), which show substantial differences
in the regions of residues 5–11 and 56–68 (Fig. 3). Thus one type
of 12� ion conformer should also represent an �-helix that, like
the 13� ion, yields ECD cleavages next to protonated sites under
the assumption of multiple protonated site isomers (16) or facile
proton transfer to the vacant site (32). This removal of a proton

Fig. 2. Proposed conformational structures for gaseous ubiquitin ions. Black
bars, �-helices; shaded areas, H� bound basic residues; dashed loops, possible
salt bridges.
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allows the exchange of an additional 5–10 H atoms with D2O
(Fig. 1), consistent with less stabilization of the �-helix.

Nonhelical Sites from Lowered Proton Density. For the 13� ions,
cleavages on the N- and C-terminal sides of Lys-6 produce c ions
of 1� and 2� charges, respectively, indicating that Lys-6 is
charged. However, those for the 11� ions produce 1� and 1�
charges, indicating no protonation between these cleavage sites
(27). Similarly, reduced ECD cleavages at bonds 4–9 and bonds
63–68 (Fig. 3) indicate that a major fraction of the 11� ions are
formed by removing the Lys-6 and His-68 protons from the
helical 13� ubiquitin ions, consistent with calculations of pro-
tonation frequency (36, 37). The loss of �-helicity in these
regions, not just the charge removal, must negate ECD, as the
same ECD cleavages are also absent in the corresponding 12�
conformer type that has lost only one H�. These 12� ions
exchange �23 more hydrogens, and at a 4-fold faster initial rate
(data not shown), than the all-helix type 12� ions (Fig. 1), in
close correspondence to complete H�D exchange of the 10
amide backbone and side-chain H atoms in each of these six
residue ‘‘bend’’ regions near Lys-6 and His-68 (Fig. 2). Five
conformers of gaseous cytochrome c characterized by H�D
exchange show 10 � 1 D differences (11), suggesting similar bend
regions. For the 9� and 11� ions, but not the 12�, using CH3OD
instead of D2O gave H�D values corresponding to exchange at
only a single bend (Fig. 1). For (Ala-36 � 3H)3� peptide ions,
collision cross-section data and molecular modeling calculations
indicate that shifting proton density allows conversion of a
portion of an extended helical conformation to a ‘‘folded hinged
helix-coil’’ state (15). The unusually high values of activation
energy (Ea), 1.6 eV, and Arrhenius pre-exponential factor (A),
1016-1017 s�1, found by Williams and coworkers (34) for black-
body IR dissociation of 10� and 11� ions is consistent with a
strong helical bonding that also places an incipient proton near
the amide N for the Eq. 2 mechanism (38).

Helicity loss has less influence on collision cross section, with
values of 11�, 1,798, 1,814, 1,829, and 1,849; 12�, 1,875, 1,888,

1,900, and 1,929; and 13�, 1,942 and 1,970 Å2 (16). The four
cross-section values for the 11� ubiquitin ions suggest conform-
ers with other bend locations. After removal of the His-68 proton
from the 13� ions, the next most favored loss is the H� at Lys-6
or, somewhat less, at Pro-19; this would form a second con-
former bent instead at His-68 and Pro-19 (Fig. 3 shows such
evidence in ECD of the 10�, 11� ions for reduced cleavages at
bonds 13–18). Similarly, a bend could be formed by H� loss at
Arg-72 instead of His-68. Thus each of these four 11� conform-
ers (Fig. 2) would exchange �23 additional D atoms.

Two-Bend Three-Helix Conformers. Our 1993 data (8) for complete
H�D exchange (Fig. 1) show values for charge states 7� to 10�
that correlate linearly (lower line) with these 11� and 12�
values, evidence that the 7� to 10� ions also can have a helical
conformation interrupted by two bends. Removal of one charge
increases their exchange by �4 D atoms, whereas a value of �2
D per charge was found for five gaseous conformers of cyto-
chrome c, presumably from the change in side-chain solvation
(11). Although Marshall and coworkers (12) find H�D exchange
values in general agreement with each of our 1993 values (8), for
the 6� to 10� ions they also find a second value corresponding
to a more dominant conformer that exchanges an additional �20
D atoms (Fig. 1), suggesting four-bend conformers. H�D ex-
change conditions causing isomerization between our four pos-
tulated conformers, which in total have four bends, would give
values on the upper correlation line (Fig. 1), whereas the broad
distributions for the 5� and 6� ions (12) are consistent with
even slower conformer isomerizations during their exchange.
Under our conditions, however, collisionally activated dissocia-
tion of 9�, 11�, and 13� ions after 60 min of D2O exchange that
caused 25% dissociation gave recovered molecular ions that
showed negligible H�D exchange in an additional 60 min expo-
sure to D2O (Fig. 1), showing no conformer isomerization or
H�D scrambling (11, 39).

Tertiary Noncovalent Bonding. The (M � nH)(n�1)�• molecular
ions in ECD spectra that had captured an electron without
change in mass were isolated in the Fourier transform MS and
subjected to 10.6 �m IRMPD. Photodissociation of n � 10–13
differs greatly from that of n � 6–9. For example, n � 12 (Fig.
5) only produces b, y ions (Eq. 2) and requires far more fluence
than n � 6–9 that instead produce c, z� products (27). The n �
12 ions apparently (25) undergo initial H� loss followed by the
higher energy dissociation expected for the covalent bonds of
the resulting even-electron (M � 11H)11� ions; direct IRMPD
of (M � 11H)11� ions yields a similar spectrum. However,
IRMPD (10.6 �m) of (M � nH)(n�1)�• ions for n � 6–9 instead
gave c,z� products (gray vertical bars, Fig. 3) with far less laser
irradiation (Fig. 5), consistent with noncovalent bond dissocia-
tion. Thus these c, z� products (Fig. 3) pinpoint the backbone
cleavage that occurred during ECD, but for which tertiary

Fig. 3. ECD spectra of ubiquitin ions at 25°C. Vertical bars: black segment, c
ions; open, z� ions; gray filled and open, c and z�, respectively, from IRMPD of
(M � nH)(n-1)�• ions. Vertical lines: basic residues of highest protonation
probability; estimated intrinsic gas phase basicities of an amino acid in a
protein: Arg, 251; His, 237; Lys, 237; and Pro, 227 kcal�mol (38). Some of these
data are reprinted with permission from figure 3 of ref. 28 [Copyright (2002)
American Chemical Society].

Fig. 4. ECD spectra of 6� to 9� ions at 155°C. Dashed and dotted vertical
lines: higher and lower protonation probability, respectively.

Oh et al. PNAS � December 10, 2002 � vol. 99 � no. 25 � 15865

CH
EM

IS
TR

Y



noncovalent bonding across that region prevented product
separation.

Photofragmentation of (M � 7H)6�•. To characterize these nonco-
valent bonds, the effect of wavelength on depletion was mea-
sured for (M � 7H)6�• and (M � 8H)7�• ubiquitin ions (Fig. 6).
The spectrum shows a broad absorption envelope beginning
before 3,100 cm�1, peaking at �3,350 cm�1, and approaching
baseline at �3,500 cm�1. Denaturation at 75°C is indicated by
reduced photodissociation up to �3,200 cm�1, whereas the
spectrum of the (M � 8H)7�• ions at 27°C (of poor signal�noise)
is also reduced from 3,200 to 3,400 cm�1. No peptide or protein
reference spectra for proton-bound species appear to have been
measured previously. Our preliminary data (Fig. 6) for the
proton bound dimers of (Ac-Lys-OMe)2 H� and (Ac-Asp-OH)2
H� show mainly narrow absorptions at �3,450 cm�1 (N-H?) and
3,600 cm�1 (COO-H?), but their heterodimer does show some
absorptions below 3,400 cm�1. These are greatly increased in
their (Ac-Lys-OMe)2(Ac-Asp-OH)H� trimer in which salt
bridge stabilization is possible. Hydrogen-bonded stretching
frequencies are usually several hundred wavenumbers less than
the corresponding free stretching frequencies (40, 41), consistent
with hydrogen bonding as a major factor in the tertiary structure
of the 6� to 9� ions. This photodissociation, apparently a
multiphoton process, requires further study.

Noncovalently Bound Antiparallel Helices. As argued above, 7�
through 9� ions are also two bend conformers stabilized by
tertiary noncovalent bonding. This is most probably between the
folded-over �-helical regions; the further proton removal has
reduced their Coulombic repulsion sufficiently to allow antipa-
rallel dipole-dipole stabilization (1) and tertiary bonding rather
than to disrupt (‘‘bend’’) further regions of the �-helical struc-
ture. The strongest hydrogen bonds should involve a basic-site
proton of one helix bonded to an adjacent helix at a nonproto-
nated Arg, His, or Lys side chain, or at an amide carbonyl,
although the latter should be less favored sterically; a salt bridge
of an acidic residue between two basic residues can form even
stronger proton binding (42). Lowering the number of charges
will increase a site’s proton affinity (36, 37, 42), strengthening
this tertiary bonding. To rationalize the ECD data, Fig. 2 shows
possible two-bend conformers with the proton bound between
basic residues; salt bridges are also indicated, but could be
sterically unfavorable.

Compared with the 11� ECD spectrum, that of the 9� ions

(Fig. 3) has lost most cleavages induced by Lys-48 and Arg-54
(Eq. 1), suggesting that these are H�-bonded (Fig. 2); consistent
with this finding, the IRMPD spectrum of (M � 9H)8�• ions
shows c48. Its z�54 and the decreased cleavages at bonds 15–20
suggest interhelix bonding from Pro-19 to adjacent carbonyls, or
just that the Pro-19 bend is now more favored than it is in the 11�
conformers. The c71 and c75 (Fig. 3) from the (M � 9H)8�• ions
suggest an additional conformer with H� noncovalent binding
from Lys-29 to Arg-74. Dissociation of the 9� and 8� ions
exhibit lower Ea values of 1.2 eV (34), consistent with the
substantially reduced proton stabilization of the �-helical
regions.

For ECD of (M � 8H)8�, the diminished 12–29 and 43–67
ECD cleavages suggest the salt bridge Pro-19�Glu-18�Lys-29
and the noncovalent bonds Lys-48 to His-68 and Arg-54 to
Lys-63 (Fig. 2). The z�70,71,73 and c71 ions in the IRMPD (M �
8H)7�• spectrum indicate that additional terminally bound
conformers with Lys-6 to Arg-42 or Arg-42 to Arg-74 can be
present. ECD spectra of 9� ions stored for 10 min showed
substantial additional folding (27) suggestive of such 8� con-
former features (27).

In the 7� ions, the prominent ECD cleavages at bonds 10–72
have mostly disappeared with the further reduction in Coulom-
bic repulsion. The Fig. 2 overlap between the three helical

Fig. 5. Dissociation of (M � 7H)6�• and (M � 12H)11�• ions versus laser
irradiation times using 3.0- and 10.6-�m photons, with the 3.0-�m data
corrected to be energy equivalent.

Fig. 6. Photofragment spectra of (M � 7H)6�•, (M � 8H)7�•, and reference
ions.
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regions would release products from cleavages at bonds 38 and
39, but these would not appear for a 7� conformer that has
additional salt bridge stabilization from Lys-6.

For the 6� ions, nearly all ECD cleavages are eliminated,
suggesting overlap extension to form an unusually stable three-
helix bundle (1). The importance of the multiple salt bridging
possibilities shown will depend heavily on steric factors that as
yet have not been considered. This 6� conformer should give
little H�D exchange; slow isomerization between the more
denatured structures could lead to the near continuum of
reported (12) H�D data (Fig. 1). Dissociations (Eq. 2) of 6� and
7� ions have Ea values of only 0.9–1.0 eV (34), consistent with
low proton stabilization of the helices. ECD achieves no cleav-
ages of the 5� ubiquitin ions, and collisionally activated disso-
ciation or IRMPD (Ea � 1.2 eV) (34) causes mainly H2O and
NH3 loss (31, 32, 34), indicating further strengthening of the
noncovalent binding between the multiple helical regions.

Thermal Unfolding of 6� to 9� Ions. Similar to the addition of
protons, heating the 6� to 9� ions also increases their ECD
fragmentation (155°C, Fig. 4). The charge states and masses of
their fragment ions also suggest conversion to more helical
structures (see above) with destruction of the noncovalent
tertiary structure.

However, ‘‘denaturation’’ of the 6� ions by heating differs
from that by proton addition. Heating reduces the no-cleavage
region to bonds 21–58 at 115°C and 32–50 at 155°C (Fig. 4) and
175°C (27). This denaturation could occur (Fig. 2) by the top and
bottom helices sliding outward, shortening the three-helix bun-
dle. At 155°C, this conformation could convert to a single bend
structure.

In contrast, thermal denaturation of the 7� ions peels back the
terminal helices (27), resembling proton addition. At 55°C, ECD
cleavages are mainly missing from bonds 18–29 (denaturing
Lys-11 to Lys-33 in Fig. 2) and 40–57 (bonding Arg-42 to
Arg-54). Although the Glu-16 to Lys-27, 29 bonding is gone by
95°C, at 155°C (Fig. 4) extensive Arg-42 to Lys-48 bonding is
preserved in the 7� to 9� ions. After an 0.25-s IR laser pulse
unfolded the 7� ions, refolding at bonds such as 14, 24, 51, and
54 showed nearly identical rate constants (27), so that these were
apparently concerted, but refolding rates at other sites indicate
additional conformers.

Heating the 8� ions adds ECD cleavages that indicate that
Pro-19 to Lys-29 is broken at �75°C, and that Arg-42 to His-68
has become Arg-42 to Arg-54 at 55°C. For the 155°C 9� ECD
spectrum, product abundances vary much less, indicating a
decreased importance of both the secondary and tertiary bond-
ing. Heating 11� ions to 100°C gives some increase in cleavages
at bonds 6 and 65, but not at 8 and 68, indicating only partial
restoration of helicity in the 11� ion bend regions (Fig. 2).

The 7� ions unfolding below 100°C give a value of 	H �
32 � 2 kJ�mol (27), in agreement with 	H � 30 � 2 kJ�mol
for the 6� ion unfolding that also changes the triple nonco-
valently bound helix bundle into two doubles. At �100°C the
	H(unfolding) for the 7� ions becomes much lower, consis-
tent with the denaturing of only two adjacent helices and
similar to the values for the 8� and 9� ions, 11 and 6 � 2
kJ�mol, respectively (27), that are postulated to have two and
one adjacent helices.

Thermal unfolding of ubiquitin ions starting below room
temperature may be indicated by the recent data of Clemmer and

coworkers (19). Ions stored for 20 ms showed only compact
conformers for 6� and 7� ions and partially folded for 8� ions.
‘‘Solvent evaporation during the electrospray ionization process
should cool the internal temperature of these ions’’ (19) can
explain why our 7� and 8� ions (Fig. 2) are more unfolded.
However, storage of their cooled 8� ions for 35 ms gave
dominant formation of the extended conformer, whereas 40 ms
to 30 s storage of 7� ions gave far more extensive denaturation
than indicated by our Figs. 2 and 3. Collisions in their trap and
drift tube can produce somewhat higher ion temperatures;
substantially increased ion injection voltages produce only ex-
tended conformers (13, 18).

Conclusions
Removal of the aqueous solvent from the protein ubiquitin
gives an extensive variety of conformational structures, in
contrast to the singular native form in solution. The basic
anhydrous structure appears to be an �-helix whose stability is
enhanced by protonation, and whose extent is also enhanced
by thermal denaturation of the tertiary structure. The 13�
ions, in which essentially all basic sites are protonated, are fully
�-helical at 25°C, which is nearly true for the 7� to 13� ions
at 155°C. At 25°C for the 10� and 11� ions, and half of the
12� ions, the �-helix is broken near the termini to yield
conformers with combinations of two different bend locations
at each end.

Tertiary noncovalent bonding is found only for ions of charge
state 9� and lower. Preliminary 3,050–3,775 cm�1 photodisso-
ciation studies of (M � 7H)6�• and (M � 8H)7�• ions are
consistent with hydrogen bonding, which increases in strength
with decreased charge by increasing the proton affinity of basic
residues. In the 9� and 8� ions, apparently one or both terminal
�-helical regions can fold over for antiparallel dipole interaction
with the central helix, whereas for the 7� and 6� ions this
overlap increases to form a highly stable three-helix bundle. In
heating these 6� ions, the bundle actually becomes shorter by
increasing the length of the denatured terminal �-helical regions.
This finding is opposite to the effect of increased protonation or
heating the 7� to 9� ions.

To the extent that these structural predictions (Fig. 2) are
accurate and applicable to other gaseous proteins, this finding
indicates that gas-phase protein folding is significantly different
from that in solution. This finding underscores precautions (9,
11) that characterization of solution conformers from their
gaseous data requires great care. Gaseous noncovalent structure
is also far simpler; the �-helix appears to be the dominant
secondary structure, and side-by-side helices stabilized by
dipole-dipole and proton-bound hydrogen bonding form the
common tertiary structure. This finding also means that many
conformers of nearly identical stabilities will be possible by
minor overlap repositioning, with conformer structures affected
differently by changes in charge state versus temperature (e.g.,
the 6� ions). Theoretical calculations are necessary to support
these general results and provide further details.
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