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Abstract: The unfolding enthalpy of the native state of ubiquitin in solution is 5 to 8 times that of its gaseous
ions, as determined by electron capture dissociation (ECD) mass spectrometry. Although two-state folding
occurs in solution, the three-state gaseous process proposed for this by Clemmer and co-workers based
on ion mobility data is supported in general by ECD mass spectra, including relative product yields, distinct
AH(unfolding) values between states, site-specific melting temperatures, and folding kinetics indicating a
cooperative process. ECD also confirms that the 13+ ions represent separate conformers, possibly with
side-chain solvated a-helical structures. However, the ECD data on the noncovalent bonding in the 5+ to
13+ ions, determined overall in 69 of the 75 interresidue sites, shows that thermal unfolding proceeds via
a diversity of intermediates whose conformational characteristics also depend on charge site locations. As
occurs with increased acidity in solution, adding 6 protons to the 5+ ions completely destroys their tertiary
noncovalent bonding. However, solvation of the newly protonated sites to the backbone instead increases
the stability of the secondary structure (possibly an a-helix) of these gaseous ions, while in solution these
new sites aid denaturation by solvation in the agueous medium. Extensive ion equilibration can lead to
even more compact and diverse conformers. The three-state unfolding of gaseous ubiquitin appears to
involve ensembles of individual chain conformations in a “folding funnel” of parallel reaction paths. This

also provides a further caution for characterizing solution conformers from their gas-phase behavior.

Introduction
The biological function of a protein can directly depend on

conformer yield only a single parameter, and thus provide no
structural details, while data from collisionally activated dis-

its noncovalent bonding to another species and/or to itself. For Sociation (CAD) mass spectrometry (MS) of deuterated con-

a deeper understanding of the molecular determinants of thisformer ions can be compromised by accompanying H/D
bonding, a number of methods have studied the effect of scrambling?®*9Recently it has been showthat electron capture

removing the aqueous phasé.Methods that measure the ion
collision cross sectidnor H/D exchanggof a gaseous protein
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dissociation (ECD)of gaseous cytochrontgons provides site-
specific information on both their thermal unfolding and their
pulsed IR laser-induced unfolding and refolding at 60 of the
103 interresidue locations. Here ECD provides noncovalent
bonding data at 69 of the 75 interresidue locations of bovine
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175°C) unfolding enthalpies, conformational melting temper-
atures, and kinetics of pulsed laser unfolding and refolding.
The cytochromec ECD study indicated a multiplicity of
folding intermediates in addition to the seven stable conformers
found by H/D exchangé! in apparent contrast to the classical
view of protein folding that proceeds through obligatory
intermediates with partial native structufgst The “new” view
proposes a “folding funnel” in which diverse noncovalent
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associations lead to ensembles of individual chain conformationsubiquitin can be extensively dissociated by EEDs native
that can fold in parallel reaction patbs! The solution folding structure and folding have been characterized by X-ray crystal-
of ubiquitir® involves an initial fast cooperative folding of the  lography® and NMR spectroscopy, showing closely similar
23-34 a-helix and the +17 -hairpin82In alcoholic solution structures in the solution and solid phases. In solution, its two-
an intermediate A state is observ&dand three distinct states  state cooperative unfolding has enthalpies between 180 and 300
have also been found in the gas ph¥see Earlier studies kJ/mol for melting temperatures between 60 and°@® and
showeda 4 that intermolecular noncovalent complexes could an enthalpy value 03000 kJ/mol {2500 kJ/mol H bonding
survive the electrospray ionization (ESI) process by which ions and ~500 kJ/mol van der Waals’ interactions) was estimated
are transferred from solution to the gas phase, and that thefor complete unfolding in a vacuufd.
conformation in solution is a major factor in determining the For gaseous ubiquitin ions formed by electrospray ionization,
charge state distribution of the gaseous ih§However, this collisional cross sections identify compact (C), partially folded
does not require that the solution noncovalent bonding is retained(P), and unfolded (U) conformers whose cross sections increase
in vacuo. If true, ESI/MS would provide a convenient screening with increasing charge and temperatifi@jthough the extent
method for combinatorial drug developméntd while, in fact, of H/D exchange can decrea®e¢,ECD will be compared to
significant evidence to the contrary has been presénted. these methods for characterization of different aspects of ion
The ECD capability for probing the conformational structure conformations$:* A statistical study showed that ECD cleavages
of gaseous protein cations is counter-intuitive; ECD dissociates are largely nonspecific with respect to the identity of the adjacent
covalent backbone bonds without appreciably affecting the far amino acidg¢ with the most definitive exception that ECD does
weaker noncovalent bonds. Capture of an electron at a proto-not yieldc,z products from cleavage on the N-terminal side of

nated site is~6 eV exothermic; the relatively high*Hatom proline (as expected for its tertiary amide nitrogen from eq 1).
affinity of a backbone carbonyl group leads to immediate This study extends other evideAge¢hat formation of ECD

(~10"12s, “nonergodic”) dissociation, producing mainky§0%) product ions is also enhanced near protonation sites with
¢,z product ions (eq 1) with minor amounts afy ions (eq 2). secondary charge solvation, as well as inhibited by tertiary

noncovalent bonding across a cleavage site.
O H-NHN T OH NHNTT oH T N

|
—C-NH—CHR— % —C-NH—CHR— — —C=NH + -CHR
[+

Experimental Section
pARNO))

e e y Experiments were performed on a 6T Fourier transform ion cyclotron
O H*NH O NH o) NH,~ ™™ } . )
R‘—(I,E—NHCHZH}—‘l € md i CH;}_T S CHZR]_ resonance (FTICR) mass spectrometer described previb@slyine
z a z %)) ubiquitin (Sigma, St. Louis, MO) was electrosprayed to produce specific
charge state ions from solutions:+56+: 99:1 HO:NH,OH; 7+,
However, if the resulting two fragments from (M nH)"* are 8+: 99:1 HO:MeCOOH; 9+ 87:10:2:1 HO:MeOH:MeCOOH:
still joined by noncovalent bonds, they will appear instead in 9'ycerol and 16-to 13+ 49:49:2 HO:MeOH:MeCOOH. These ions
the ECD spectrum as a reduced molecular ionMH)(M—1-+ were transferred into the FTICR ion cell through quadrupole ion guides,
and are so considered here as “folded” products. Thus theand decelerated and trapped with a nitrogen gas pulsé {10r peak
bund fh d (“unfolded” 1 and ' > d %ressure). In a typical temperature-effect experiment, the ions of interest
a un ances of the separated (*unfolde )eq_ a_n eq product ere isolated employing SWIRTwaveforms and allowed to thermalize
relative to all foldec.i. pr.OdUCtS S.homd F’e indicative of the (o 49 s, prior to irradiation with low-energy electrons{0.2 eV),
unfolded/folded equilibriund. As in solution, the effect of  dipolar excitation, and detection, averaging-Z® scans (3640 for
temperature on these values permits a van't Hoff evaluation of the high-temperature spectra). Further, the-285°C ECD spectra of
the corresponding unfolding enthalpfes. the 7 ions were measured separately three times and averaged. Kinetic
In the first application of ECD conformational characterization unfolding/refolding experiments employed a pulsed (0.25 s) IR laser
to gaseous cytochromons3 data could not be obtained from  (10.6um)? followed at designated time intervals by a 1.2 s electron
its heme region because of the competitive electron reductioniradiation event to measure the ECD spectrum. Spectral interpretation

there of Fe(lll). In contrast, ions of the 76-residue non-heme utilized the automated THRASH prograThe peak intensity values
are divided by the number of charges, as the ICR detector response is
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gigafgé_L.l;ll\gayén)e,L L Enc?Ianger,KS. VIVroc.Nléat_l. Acaldg ;ci.zyésilgggg (6+ ions), 740 (1&), 640 (11), 600 (7 to 9+), and 400 (12,
2 . (C) Lazarnais, I.; Karplus, clence A P :
1931. (d) Bryngelson, J. D.; Onuchic, J. N.; Socci, N. D.; Wolynes, P. G. 13+), so that data for cleavages near the termini were obtained only
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Figure 1. Relative yields as a function of temperaturecpf, a*, andy
fragment ions and folded ions (see Results for definition) produced by
electron capture of (M- 7H)"* ubiquitin ions.

length, by the change in UV absorbance with increasing
temperature, a “UV melting curveé”For the determination of
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Figure 2. Normalized yield of ECD fragment ions (filled squares), number
of backbone bonds cleaved by ECD (open circles), and collisional cross
sections (open triangles) determined in ion mobility experiments (ref 1c,
Figure 3, solid lines) for ubiquitin parent ion charge statest® 13+. The
calculated ion mobility cross sections for the crystal and near-linear
conformers are 920 and 215¢.A

7H)”* ions, consistent with cleavage of noncovalent bonds in
the dissociation of (M+ 7H)%** ions. The validity of the
K(unfolding) determination will be tested below, such as by
comparing the ECD results to the ion collision cross section
data (Figure 2).

thermodynamic data, the absorbance must be directly related As shown by ECD of # ions (Figure 1), the radicat ions
to the fraction of the unfolded species under thermal equilibra- are unstable above100°C (6+, 8+, and 9+ ions show similar

tion, K(unfolding) = [unfolded]/[folded]. Applying this to the
ECD of gaseous ions, the [unfolded] value at a specific

behavior)!® The radicala® ions are far more stable (arydons
can also be adventitiously formed by collisionally activated

interresidue site (egs 1 and 2) is indicated by the ion abundancesjissociation, CAD, or blackbody infrared radiative dissociation,

[(c + 2)/2] + [(a0 + y)/2]; this assumes that the eapture
indicated by (M+ nH)"~1++in the spectrum actually produces

BIRD), so that £ + a] is generally used here for the [unfolded]
value. For cleavages near the N-terminus where low ngass

fragment ion pairs (eqs 1 and 2), but that these are still held jons were not recorded or were of far lower signal/noise than

together by the original noncovalent bonding.
Is it probable that an unfolded (M- nH)"* precursor ion

their more highly charges counterpartsz ions were also used
appropriately. With increasing temperature the ECD spectra

can capture an electron without undergoing backbone dissocia-show peak intensities corresponding to the increasing loss of

tion? RRKM calculations on the simple system ofddptured
on the carbonyl oN-methyl acetamide indicated that this radical

small neutral species (e.g., ICHCO,*) from the reduced
molecular ion (M+ nH)("D** so that the total intensity of

species is unstable, with the only alternative dissociation channelthese secondary products is included in the [folded] value as

as the reversal loss of*ldt lower energie&® H* loss is a minor
process? and Figure 1 shows a 70% yield ofons from ECD
of 7+ ions at 175°C. In addition, the (M+ 7H)¢™ reduced
ions formed from electron capture by the @7H)"* ions can
be extensively £90%) dissociated by IRMPD; both this and
SORI/CAD produce the,z fragment ions (eq 1) found in the
ECD 7+ spectra of Figure 1. This also requires ort{0% of
the RF power required for a comparable CAD of the (M

(15) The analogous glycing-methylamide radicals undergo facile dissociation
by several reactions: Turecek, F.; Carpenter, FJ.HChem. Soc., Perkin
Trans. 21999 2315-2323.

(16) The isotopic peaks of the (M- nH)™~1+* jons are not distinguished in
these measurements from those of the even-electrdasd products [M
+ (n — 1)H]*D*. RRKM calculations show that ‘Hloss can be a
competitive nonergodic dissociatiéhSeparate 28C experiments for ECD
of monoisotopically selected (M- nH)™" ions show that the proportion of
H* loss product, versus the reduced species, is as follows: 4%; 8+,
7%; and 9, 29%,; at 170°C it is ~100%. Further, at higher charge states,
an appreciable extent of ecapture is not accompanied by backbone
fragmentation, apparently due to the stablaelical structure: Breuker,
K.; Oh, H. B.; Cerda, B. A.; Horn, D. M.; McLafferty, F. WEur. J. Mass
Spectrom2002 8, 177-180.

an approximate replacement for the (MnH)("~1** ions lost!6

Discussion

General Similarity of lon Mobility and ECD Data. As
found for cytochromes ions}’ the average ion collision cross
sections for ubiquitin ions determined by Clemmer and co-
workers¢ (and confirmed by Guevremont and co-workéts)
increase with increasing charge (Figure 2), consistent with
increased denaturation and electrostatic repulSi¢gtowever,

H/D exchange values (corrected for exchanged protons) actually
decrease from 6 to 13+,22€ consistent with an offsetting

(17) Shelimov, K. B.; Clemmer, D. E.; Hudgins, R. R.; Jarrold, MJFAm.
Chem. Soc1997, 119, 2240-2248.

(18) For the compact (C), partially folded (P), and unfolded (U) states identified
by Clemmer and co-worke?§,approximate melting temperatures derived
from their data (ESI of 49:49:2 #0:MeCN:MeCOOH) for C— P and P
— U, respectively, are as follows:+6 80 and 110C; 7+, 50 and 9C°C;
8+, <25 and 85°C; and 9, <25 and 80°C. Full unfolding ¢~100% U)
is reached for # at 140°C; 8+ at 120°C; 9+ at 100°C; and 16+ at
80°C.
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Figure 3. Normalized abundances (vertical bars) of separated ECD dissociation products versus cleavage site for parent ion charge dtated8%ck
segment (top of vertical barg,ions; open segmert; ions; gray segmeng® + y ions. Vertical stripes below the protonation sites indicate the most probable
sites (dashed stripes, shared probability) based on the charge statespbducts from nearby ECD cleavages; only three of the six sites are predicted for
the 6+ ions.

increase in secondary structure involving solvation of the new 0.7

protonated side chain to a backbone carbonyl; experimental

evidence for this explanation has been offered for cytochrome 0.6

cions2d The relative ECD vyield of unfolded ions at 2& not ©

only increases in general with increasing charge state (Figure g 0.5+

2), as does the number of backbone bonds cleaved by ECD, § &

but these changes correlate surprisingly well with the average 3 0.4 st . .

ion collision cross section data for ions electrosprayed under 8 . A

similar conditions!® Apparently the ion’s tertiary noncovalent 2 03- 2

structure is similarly effective in reducing its cross section and % 2, N A

in preventing separation of the products of egs 1 and 2. From g2 ° * .

theoretical calculations, the 43ion cross section value corre- L aael W2 J

sponds to “unfolded conformations with little tertiary structute”; 01458 A".: . A” s

the 13+ ECD spectrum is unchanged by heating the ions to e :M: *a A

125 °C, consistent with no remaining tertiary noncovalent 0.0 Sli&ﬁA.A N 4 A

bonding at room temperature. 00 01 02 03 04 05 06 07
The Unique 13+ Conformers. The 25°C ECD spectra relative intensity

(Figure 3) of the 5- to 13"‘ ubiquitin ions .indica.te that the Figure 4. Correlation to compare normalized abundances of Figure 3 ECD
bond cleavages of the #3ions are substantially different than  spectra: open triangles, (M 13H)\3* (y axis) versus (M+ 11H)!* data;

those of the other charge values. In a comparison of the relativefilled circles, average of (M 13Hy3* and (M + 11H)'** data § axis)

ECD intensities of the fragment ions of thetand 13+ ECD ~ Versus (M+ 12Hj" data.

spectra (Figure 4), nearly half of the mass values show a pooragreement with gas-phase H/D exchange results first obtained
abundance correlation. On the other hand, plotting the averageby Cassady and co-worke?sProton-transfer reactivity studies
abundance values of #land 13t spectra versus those for the indicate that the 18 ions have a structure similar to one, but
12+ spectrum provides strong evidence that thet-1®n not the other, fraction of the 32 population'2

population represents a mixture oftland 13+ conformers The extensive H/D data of Marshall and co-workeaso

of approximately equal abundance. This is in very good suggest that one isomeric form of the12ons (exchanging

6410 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002
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Figure 5. Fragment ion charge states for the ECD spectrum of theH(WBH)!3* ions.

14 D in addition to those replacing the 12 protons) is similar to a local effect on the secondary structure, and thus have little
that of the 13- ion population (exchanging no additional D effect on the collision cross section. Despite the absence of
atoms), and that the other %2 fraction (exchanging an tertiary noncovalent bonding (vide supra), the+1¥ECD
additional 38 D) is similar to the Ht ion structure (exchanging  spectrum still shows regions in which cleavages do not occur,
an additional 50 D). For cytochront however, increasing a  suggesting a role also for secondary ion structure in directing
conformer’'s charge value by one decreased the number of ECD cleavages.
exchangeable hydrogens by only two, presumably by backbone Charge Distribution in Ubiquitin lons. The charge values
solvation of the newly charged side chain to protect two sites, of the ECDc,z products of the 13 ions, in which all the basic
on average, from secondary intramolecular exchange after theLys (K), Arg (R), and His (H) residues and the N-terminus
primary H/D exchange of a proton. For the A1lto 13+ should be protonated,are shown in Figure 5. Cleavage at bond
ubiquitin ions, one additional charge appears to prevent 39 of this 76-residue ion yields exclusivet§™ and %+ from
exchange at 12 to 14 sitéssuggesting that this charge causes (M + 13H)3*; this would correspond toecapture at the central
a far more serious interference with secondary intramolecular R42 protonated site, as there are six charge sites on either side
exchange. The 1B ions exchanged 13 D atoms in tofalas of R42. This is indicated in the Figure 3 ECD-t3pectrum
demonstrated for cytochrome ions?d intermolecular H/D by “6-+06+" on either side of the bond 39 cleavage. Similarly,
exchange at protonation sites should be favored, so that zeroany cleavage of a 13 ion after € neutralization will give a
additional sites would have undergone intramolecular exchange.c™ ion and az(2-"+ jon. Plotting the 13- product cleavage
This charge solvation would have completely immobilized the sites versus thein values (Figure 5) shows that most cleavage
original D+ replacements, even preventing further intermo- sites are only a few residues away, usually toward the N-
lecular exchange, such as on a Lys-0H site. Alternatively, terminus, from the charge site at which the electron has
intermolecular H/D exchange at central protonated sites could apparently been capturd® This charge site correlation was
be prevented by the strong proton solvation to the backbone,observed for poly(ethylene glycol) multiply charged catiéhs.
with the 13 D representing multiple H/D exchange at basic It is consistent with the postuldfefthat ECD proceeds through
residues near the termini. e~ capture to generate a highRydberg staté! which undergoes
Recent ion collision cross section data indicate that the 13 an avoided crossing to the final state dissociative surface that
ions do not represent a single conforrieMThese data for the  has the neutralized proton attached to the carbonyl oxygen. Thus
L1+ to 15+ ubiquitin IOI‘_1$ indicate mL.“tlpI.e cpnformers that (19) Schnier, P. D.; Gross, D. S.; Williams, E. R.Am. Soc. Mass Spectrom.
are proposed to have their protonated sites in different locafions; 1995 6, 1086-1097.
these would thus also represent isomeric variants. THetb3 (20) The same, but less abundant, product ion formed in a lower charge state
X . R . could arise by capture of a second electron. Thuscife (C-terminal
15+ ions have nearly identical (1942020 22) cross sections, side of othexS* ions) andzs#** (N-terminal side of other* ions) products
suggesting that all these have a “near linear” conformation: could arise from reduction of the complementeagy ™ andz3,°" ions. Note

X . . . . that the probability for e capture is proportional to the square of the charge
changing the position of a side chain solvation should have only value?
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Figure 6. ECD spectra of (M+ 6H)¢*: normalized abundances of separated dissociation products versus cleavage site for temperalli@$Q5
Notation as in Figure 3.

the reaction intermediate that precedes surface crossing shouladarbonyl groups resulting in cleavage of bonds 74 and 75, while
have the proton on a protonated side chain adjacent to thethe His68 proton has similarly caused cleavages from bonds
carbonyl oxygen, with the Figure 5 data consistent with this 61 to 75 (although the cleavages at bonds-78 could also
proton positioned to balance the overall electrostatic forces of arise from secondary electron captu#®On the other hand,
the multiple charges. the data appear to indicate that the protonated Lys27 has led to
Thus the Arg72 and Arg74 protons have apparently been cleavages as far away as bonds 14, 16, and 17. Here, the charge
repelled toward the C-terminal end to initiate attack on the distributions for the gaseous +3ubiquitin ions calculated by
Williams and co-worker indicate a substantial protonation
(21) Siu Kwan Sze points out that for the “dissociative recombination reaction” probability at Pro19 (Figure 3), much greater than that at Lys29;
of an electron with a simple ion such ag®t, early workers postulated a . L ’ . . '
now well-accepted mechanism with initial formation of a higRydberg an a-helix model indicates that an*Hon the tertiary amide N
state that transfers to a repulsive state that then immediately dissociates: 319m of Pro19 would be near the carbonyl groups of residues

Huang, C.-M.; Whitaker, M.; Biondi, M. A.; Johnsen, Rhys. Re. A
1978 18, 64—67. Datz, SJ. Phys. Chem. 2001, 105 2369-2373. 17 and 16.
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Figure 7. ECD spectra of (M+ 7H)*, as in Figure 6.

The same type of product ion charge data was used to assigrare possible for each charge state, consistent with the multiple
(Figure 3, vertical stripes) the most probable protonated sites cross section values for the 41to 15+ ubiquitin ionsth
for the A to 13+ ions, with dashed vertical stripes indicating The Near-Linear 13+ Conformers. Thus the cross secti#if
partial charging. The protonation probabilities calculated by and H/D exchangé€ data combined with this ECD evidence
Williams and co-worker$ for the 7+ ions are highest (in indicates that the 1B ubiquitin ions have no tertiary nonco-
decreasing order) for R42, R54, K11, R74, K27, K6, and K33 valent bonding; these are “near linear” conformesetabilized
(with K63 and H68 nearly as high); the ECD data (Figure 3) by backbone solvation of the protonated side chélriEhis
indicate five of these basic residues fot Tons, but replaced  solvation appears to provide a local structure closely resembling
R54 and K27 with K63 and R72. As discussed further below, the intermediate structure required for ECD that induces
tertiary noncovalent bonding in the central region should bring cleavage one to six residues away, possibly with a helical
its basic residues closer together and displace proton densityconformatioi? that is given further rigidity by the solvated side
toward the termini. The dashed vertical stripes of Figure 3 also chains!® In solution, increasing the degree of protonation (i.e.,
indicate that multiple isomers, protonated at different Sites, acidity) destroys the secondary as well as the tertiary nonco-
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Figure 8. ECD of (M + 8H)8*, as in Figure 6.

valent structure, with the added side chain protons solvated intoBIRD of 5+ ubiquitin ions cause only small molecule (e.g.,
the exterior aqueous phase. Removal of this phase has theH,0) loss2® Figure 3 indicates that thet6and 7- ions are
opposite effect, with the newly protonated side chains making mainly compact, only unfolded at the N- and C-termini where
the conformer so rigid that secondary (or, possibly, even the charge density appears to be highest. TheaBd 9+ ions
primary) H/D exchange is dramatically decreased in th¢- 13 are much more extensively unfolded. Some further unfolding,
ions2e such as to produce cleavage at bond 44, is shown by the ECD
lon Charge State versus Unfolding At 25 °C, ECD of 5+ spectrum of the 18 ions, while cleavages at bonds-4%7 only
ubiquitin ions yields no separated backbone cleavage products;appear for more highly charged ions. Reasons for the high
all backbone sites appear to be held together by noncovalentstability of the 44 to 47 bond region are not obvious; the nearest
bonding. Similarly, CAD, infrared multiphoton dissociation, and

(23) Senko, M. W.; Speir, J. P.; McLafferty, F. \Wnal. Chem1994 66, 2801~

(22) Hudgins, R. R.; Ratner, M. A.; Jarrold, M. B. Am. Chem. Sod998 2808. Little, D. P.; Speir, J. P.; Senko, M. W.; O’'Conner, P. B.; McLafferty,
120, 12974-12975. Hudgins, R. R.; Jarrold, M. . Am. Chem. So¢999 F. W. Anal. Chem1994 66, 2809-2815. Reid, G. E.; Wu, J.; Chrisman,
121, 3494-3501. P. A.; Wells, J. M.; McLuckey, S. AAnal. Chem2001, 73, 3274-3281.
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Figure 9. ECD of (M + 9H)°*, as in Figure 6.

salt bridges could involve Asp44, Glu50, and/or Asp51 with folding induced by removing protons shows no apparent
Arg4?2 and Lys48. As portrayed in the Table of Contents graphic, relationship to either behavior in solution. This folding di-
increasing the ionic charge fromtsto 13+ appears to break  chotomy was also found for cytochrorsgconsistent with the
first the tertiary bonding between the termini, then between decreased hydrophobic effect in the gas pR&3éhe ECD
(approximately) residues 11 and 72, then between 11 and 26products from cleavage of bonds 44 to 47 are separated only in
plus between 50 and 58, then between 15 and 20 plus betweerihe highest charge states, while this is part of an exterior loop

40 and 45, and finally between 45 and 50. in the native structure. As a further contrast, the gaseotds 13
Folding in solution has been shown to proceed through a fastions fold to additional near-linear conforméfs.
(~8 ms) cooperative event that forms the-Z8! o-helix and Overall Unfolding Enthalpy. The largest changes in con-

the 1-17 p-hairpinf? stabilized by hydrophobic bonding formation with change in charge state occur for tHeté 9+
between these secondary structures. Alcoholic solution folding ions (Figures 2 and 3), so that their ECD spectra were
yields an A state with N-terminal-helical and3-sheet structures  determined at 1Ointervals from 25 to 178C (Figures 6-9).24

and C-terminal non-native-helical structure§efthe gas-phase  In total, ECD has been able to effect cleavages at all interresidue
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energy Eac) and logA values, respectively, for charge state
pairs: 6+, 7+: 0.96 eV and 9.4; &, 9+: 1.20 eV and 11.9;
T and 106+, 11+: 1.55 eV and 16.5 (note that the ECD spectra
of Figure 3 are also the most similar for the same charge state
pairs). The increases B, with increasing charge-6 to 9+
reflect in part theAH(unfolding) of 0.4 eV found here; the
overall increase to 1t includes the energy necessary to
dissociate the additional secondary structure resulting from
backbone solvation of the additional protonated side ciins,

M+ 6H)*"
AH=30+2kJ/moi
A5=70% 6 J/(molK)
T,=156+3°C

‘A J”é‘{fﬂzmol as discussed above for the-8ns. The dramatic increases in
S a7 j‘i;;’ Jimor) theseA values are in qualitative agreement with the decreased
c C — P and P— U unfolding entropies.
h Pulsed Laser Unfolding and Refolding.For the 25°C 7+
ubiquitin ions, a 0.25 s photoexcitation pulse from a continuous
0 O m+ 81> IR lase? produces a rapid abundance increase in many fragment

=11£1kJ/mol . .
s 3‘11:43/(er<;\l?l<) ions of the ECD spectrum (Figures 11 and 12); the new spectrum

Tm=84£6°C is quite similar to the ECD spectra at 795 °C (Figure 7)26
corresponding to C— P unfolding (Figure 10). Electron
irradiation of the ions was started 0.07 s after the IR pulse and
continued for 1.2 s, so that the “0.07 s” ECD spectrum represents

M+ 9H)9+
AH=6%1kJ/mol

ok a5z s x Hma) an integration of the spectra of conformer states present over
ke " ) this 1.2 s period. Despite this, the “0.17 s spectrum”, a 1.2’ s
T T T T T T measurement started 0.17 s after the laser pulse, shows

T
0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034

significant abundance decreases (and thus refolding) versus the
1/temperature, 1/K

0.07 s spectrum. Most unfolding, as well as the IR activation,
Figure 10. van't Hoff plot, In KeqVversus 1T for K(unfolding)= [unfolded]/ has required<0.1 s (Figure 12); in a similar experiment,

[folded], for the ECD data of Figures-®. Individual AS values derived . . .
from these data (not shown) are mostly-3M0 J/(mol K), but with large unfolding of the larger gaseous t%ytochromec ions required

experimental errors. >5s3
Refolding rate constants are surprisingly similar at the major

bonds except 15, 22, and 69, plus 18, 36, and 37 whose cleavag@ackbone sites of bonds 14, 24, 51, and 54 (log plot, Figure
is prevented by adjacent proline residéeihe ions were first  12)- other sites originally showing a low cleavage probability
stored for 40 s in the heated vacuum chamber of the FT-ICR gych as 5, 11, 16, 21, 28, 32, 39, 53, 58, 61, 64, and 72 are also
instrument to establish thermal equilibrium using blackbody mostly folded in 1 s. The experiment was repeated with the 7
infrared radiatior?>2 The enthalpy changeAH) of unfolding ions trapped in the ICR cell now heated to 85 (Figure 13).
(see Results), neglecting any temperature dependengdHon  Thjs displaces the equilibrium to far higher proportions of
is indicated by a van't Hoff analysis (Figure 10For the  ynfolding at each of these sites before the pulsed excitation and
summed ¢ + &7] values for ECD of & ions, and of # ions slows the refolding at bond 24 substantially (Figure 12), and
up to~100°C, the data indicate a single unfolding enthalpy of - that at bond 51 even more. This resembles the “slower” refolding
~31 kJ/mol. The unfolding of & and 9t ions, and of the # of the 25°C ions at bonds 48, 59, and 68, all of which give
ions above 100C, shows loweAH values of~6—11 kJ/mol. more abundant peaks in the-25 °C ECD spectrum. However,
These enthalpy requirements are far lower than the-B&D the rate of refolding of just the fraction of these conformers
kd/mol measured in aqueous solutfothe native— A state unfolded by the laser pulse is obviously higher, more consistent
unfolding of the tertiary structure shows similarly high valfles.  \ith the faster refolding rates of Figure 12. The most favored
Thus unfolding in the gas phase of the tertiary structure shows gcp cleavages show minimal effects of laser excitation,
only 13-25% of the enthalpy of that in solution of the native  ¢onsistent with minimal tertiary noncovalent bonding at these
structure designed by natural selection for high stability. The |gcations.
enthalpy for complete unfolding of the native conformer in Thus part, but not all, of the refolding ofi7ions involves
vacuo was estimated as3000 kJ/mof! The far lower values  cooperative P~ C formation of the compact structure. Longer
of AH(unfolding) measured here are consistent with the 10ss of term cooling under collision-free conditions at room temperature
hydrophobic bonding in the gaseous ions, as well as the factrigure 12) caused further folding at some bonds (vide infra),
that the unfolding of the tertiary structure that is produced by 5nd even showed unfolding at bond 68 in repeated spectra; for
protonation is offset by the formation of a secondary (helical?) 15+ cytochromec ions, noncovalent bonding at many sites
structure. . continued to unfold for 60 s after pulsed laser excitafion.

Williams and co-workers (as confirmed by Marshall and co-  The same conditions of pulsed IR gave no discerible change
workers) have determined Arrhenius activation parameters for j, the spectra of 25C 9+ ions (data not shown), reflecting the
CAD of ubiquitin ions2® with very similar values of activation  minimal spectral change in heating the- %ons to 75-95 °C

(Figure 9).

(24) Signal/noise for the 18%nd 173 spectra for the 6 ions is poor because
of large HO losses from BIRD, as observed by Williams and co-workers.
(25) (a) Jockusch, R. A.; Schnier, P. D.; Price, W. D.; Strittmatter, E. F.; (26) The pulsed laser data of Figures 11, 12, 13, and 15 were measured about

Demirev, P. A.; Williams, E. RAnal. Chem1997, 69, 1119-1126. (b) 1 year after the data in Figures-10. Note that the relative intensities of
Freitas, M. A.; Hendrickson, C. L.; Marshall, A. @. Am. Chem. Soc. the 25 and 65C 7+ ion spectra of Figures H13 are somewhat higher
200Q 122 7768-7775. than those in Figure 7.
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Figure 11. Unfolding/refolding kinetics of ubiquitin 28C 7+ ions from ECD spectra. Left column: intervals after pulsed IR laser excitation.
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Figure 12. Log of the relative abundances versus time of the ECD peaks from Figure 11 for selected cleavage sites.
Unfolding Involving Specific Backbone Sites.The site- Figures 6-9. The number of cleavages between the 75 ubiquitin

specific normalized intensities of separated ECD dissociation amino acid pairs increases from none for thieibns at 25°C
products of the & to 9+ ions at 25-175 °C are shown in to 50 for the 9 ions at 175°C. These data provide melting
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Figure 13. Unfolding/refolding kinetics of ubiquitin 65C 7+ ions, as in Figure 11.

temperatures (Figure 14, see Results) for 39 cleavage sitesprevents separation of any ECD product ions from ®n

although these show a substantial range of experimentalcleavage. For thef ions, one more proton in the center appears
accuracies. Again, there appears to be no direct relationshipto cause the dramatic decrease in the melting point (Figure 14)
between the melting point values for the gaseous ions and thoseof noncovalent bonding around the central bond 38; this could

expected for the solution native struct§rg:11 be due to the increase of intramolecular electrostatic repulsion
Multiplicity of Conformational Intermediates for Gaseous or more favorable solvation of the protonated Arg42 chain to

lon Unfolding. From the collision cross section data for provide the ECD reaction intermedidte.

ubiquitin ions, approximate melting points for-€ P of 6+ In similar fashion, the addition of another proton forming

and 7 ions are 80 and 50C, respectively8 while from the 8+ ions then destabilizes the noncovalent bonding in the

ECD (Figure 10) these are 156 and 8C. The 40 s ion  21—-33 and 5%58 regions (Figure 8). Although th&H(un-
equilibration in the heated ICR cell apparently achieves more folding) data (Figure 10) indicate that heating the ®ns
complete conformational equilibration (vide infra) than those mainly causes the P~ U conformer transitiod8 their ECD
of the ion mobility and pulsed IR laser experiments. In each spectra (Figure 8) indicate further stable intermediates not
charge state many melting point values are sufficiently similar obvious in the P— U unfolding of the # ions at>105 °C.
(Figure 14) to suggest that major portions of the backbone For example, the 165125°C 7+ ECD spectra are much more
undergo cooperative unfolding, as shown in Figure 12 in support similar to each other than to the #95 °C 8+ spectra, despite
of the three-state unfolding mechanihdowever, Figures 69 their comparableK(unfolding) values (Figure 10). Similarly,
and individual melting point values (Figure 14) show intermedi- the low-temperature spectra of the-Sons (Figure 9) indicate
ates in the C— P thermal unfolding not shown in Figures-11 further stable intermediates.
13 and only partially indicated in the unfolding caused by  Although adding thermal energy activates all parts of the
increasing charge (Figure 3). ubiquitin ion, adding a proton activates selectively the region
At room temperature thet6ions are unfolded only near their  (or regions) of increased ‘Hdensity. This is in contrast to
termini (Figure 6), mainly up to bond 10 and down to 74. By = so|ution, where increasing the proton concentration (i.e., acidity)
115°C, bonds 1+17 and 73-59 are opening, with bonds up  instead affects the medium that surrounds the native confor-
to 31 and down to 51 not inhibited at highest temperatures. In mational structure, with protonation of the side chains solvated
the 7+ ions (Figure 7), however, the melting point for bond 38 i the aqueous phase, and with the Coulombic repulsion of these
cleavage drops dramatically, even below the cleavages in thecharge sites further shielded by the high dielectric constant of
21-33 and 5158 regions. Again, specific stable intermediates \yater and offset by deprotonation at acidic residues.
are indicated with increasing temperature, but these are structur-
ally distinct from those of the €~ P unfolding of the &- ions. (27) Subjecting the ECD-reduced-fons, (M+ 7H)5**, to CAD* or IRMPD
The lack of central cleavage (bond 38, etc.) fer @nis even - Gave spects (oot shown) manly o 2 jons tet sepresent fr more
at higher temperatures cannot be due to the lack of a protonated  and near the termini. Initial-ecapture at the latter bonds produced more
site; the Figure 3 data indicate that there must be three protons dissociated products, as shown in the ECD spectrum of-theiis (Figure

. . . . . 7), so that fewer of the undissociated (M7H)%" ions had these bonds
in this region, so that it is the strong noncovalent bonding that cleaved.
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Higher Stability Conformers. In cytochromec 15+ ions,
folding continued for several minutes during ion storage under | o
collision-free conditions in the FTICR céllFor the gaseous f oy o o ‘ I
7+ ubiquitin ions, some ECD cleavages show a slow folding S o : T «
component (Figure 12); the resulting increased stability has no T
apparent effect on their rate of unfolding, as pulsed laser | o ‘ e
excitation after 2 min ion storage gave nearly the same 0.07 s | I
ECD spectrum as that in Figure 11. However, for the far more
denatured 9 ions, after 10 min storage under collision-free
conditions at 25°C the ECD spectra show (Figure 15, top) |.
significant “conformational cooling”, with the region of bonds |
20—40 now resembling that of thet7ions. Further, these 10
min delay spectra are poorly reproducible; Figure 15 (bottom) °©
shows the two most variant of the seven measured to yield the
average 10 min spectrum. Here the ECD spectra should beFigure 15. ECD spectra of 28C 9+ ions after storage for 10 min in the
sensitive to the effect of the tertiary noncovalent bonding on FTICR cell. Top: average of 7 such individual spectra. Bottom: the two

. . spectra most different from the average.
both the separation afz products and the solvation of a central
protonated side chain to carbonyl groups closer to the terfhini.
This is further evidence of the structural disparity of the solution the helix dipole??2 Such an interaction is consistent with the
and gaseous conformers, even though the 10 min equilibration13+ ion (Figure 5) cleavages involving a protonated site on
may not yet have allowed formation of the most stable gaseousthe C-terminal side. For the ECD spectra in Figure®pand

B
[l
-

ik;.

cleavage site

conformers. even Figure 15, the number of amino acids between the major
Helical lon Structures? The A state of ubiquitin, which is  cleavages is surprisingly consistent, with most corresponding

largely a-helical, is formed in less polar solverf&'.In vacuo, to intervals of 3 or 4 residues; the repeat ofahelix is 3.7

ano-helical structure is indicated for Ac-AldLysH™ peptides, residues. Thus denaturing of the tertiary noncovalent gaseous

stabilized by hydrogen bonding of the charged C-terminal Lys structure could leave am-helix that is additionally stabilized
with adjacent carbonyl groups and interaction of the charge with by backbone solvation of its protonated side chains.
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Conclusions important to a protein complex will be substantially reduced
on transfer to the gas phase.

ECD has provided information on melting points of the )
ECD finds that each of the C, P, and U states represents many

tertiary noncovalent bonding at over half of the 75 interresidue . = e .
sites of the gaseous ubiquitin ions as a function of both charge'nd'v'dual conformers of generally similar tertiary noncovalent

state and temperature, and in all but 6 sites in some charge/Siructures of closely comparable energies. Further, for each
temperature combinations. There is no evidence for the high charge stat_e, ISOmers are _possmle that rgpresent the prc_)tons
AH(unfolding) value of the 2334 a-helix and +17 f-hairpin located at different basic residues. The addition of a proton gives
found in solutiorf? consistent with a substantial reduction in & Ioca}ized increa.se.irj electrqstatic repulsion, makin.g. the
hydrophobic bonding in the gas ph#€d.The three-state formation of ther individual tertiary conformers comp_etmve,_
unfolding C— P — U indicated by the ions’ collision cross as WeI_I as add_lng secondary stl_ructure py proton solvation. This
section dathis consistent with overalAH(unfolding) values En{oldk:nghthat 'f' generally ccl)(ni;lstent ‘_N'tth afthrtee-sta:jtg ;schem(;a,
and with similar melting temperatures and refolding kinetics uI Wd'C INvolves ahremar a (ilvaﬁlle‘?; cl)d'm efrme :a es an
that indicate cooperative unfolding at many sites. Although re gte r.eactlons pathways, recal s.t.e olding funnet” view in
heating 6 ubiquitin ions to 175°C only causes C— P WhICh dlversg noncovaleqt associations Ie{ad to ensemblgs of
unfolding, the alternative denaturation effected by adding five 'nd'r\]’gi?lﬁ?a'n conformztlon_lt_hat ?a;: f:’;d_ in parallel re?ctlon
protons completely destroys the tertiary noncovalent bonding. paths: . € poor reproducibl ity of the 9 ion spectra after

In addition, this protonation stabilizes the resulting secondary a 19 min equ!hb_ranon (Elgure 15) appears to be due to the_ huge
structure (possibly an-helix) through backbone solvation of statistical varlathn predicted for folding pathways not Qe3|gn§d
the newly protonated side chains, leading to a near-lifiear by natural selegthn: as well as a much smallerenthalplc d'r|IV|ng
structure with strong secondary interactions at high charge f_orce._ The rT_1u_It|pI|C|ty of pathways to conforma_nopal e_qumb'-
values; in solution these side chains instead would be externally U™ 1S reminiscent of the problem proposed in “Levinthal's
solvated, leading to complete denaturation at high acidity. As Paradox™

also found for gaseous cytochromens? it appears unreason-
able to expect any close structural relationship between theYing Ge, Harold Scheraga, and Newman Sze for helpful
native conformer of any protein and its gaseous Counterparts'discussic;ns and the Nation:all Institutes of Health (Grant No.
This also raises serious questions concerning the characterizatioréMl%og) fyor generous funding.

of solution intermolecular noncovalent complexes based on their
gas-phase behavi6Although a close gassolgtion resemblar_lcg JA012267J
has been demonstrated for the glycopeptide vancomycin in a
strongly hydrogen bonded compléany hydrophobic bonding ~ (28) Levinthal, C.J. Chim. Phys1968 65, 44—45.
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