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Abstract: Disulfide bonds in gaseous multiply-protonated proteins are preferentially cleaved in the mass
spectrometer by low-energy electrons, in sharp contrast to excitation of the ions by photons or low-energy
collisions. For S-S cyclized proteins, capture of one electron can break both-&é® I®nd and a backbone

bond in the same ring, or even both disulfide bonds holding two peptide chains together (e.g., insulin), enhancing
the sequence information obtainable by tandem mass spectrometry on proteins in trace amounts. Electron
capture at uncharged-S5 is unlikely; cleavage appears to be due to the higts Sffinity for H* atoms,
consistent with a similar favorability found for tryptophan residues. RRKM calculations indicatetbaptdre
dissociation of backbone bonds in multiply-charged proteins represents nonergodic behavior, as proposed for
the original direct mechanism of electron capture dissociation.

+

Introduction ) .
o . o R-C—§—NH-CHR'- (1)
Electrospray ionizationhas extended the unique capabilities b y

of tandem mass spectrometry (MS/MS) to the structural

characterization of large molecufesyen in 1617 mol amounts.
MS/MS has been especially applicablditeear biomolecules,
such as proteis* and nucleotide? because backbone cleav-

disulfide bonds. The multiple N- and C-termini of a branched
protein produce overlappirtgandy ions, and a cyclic ion yields
structurally ambiguous products that arise from cleavage of any

age of the mass-selected multiply protonated molecule yields two of its ring bonds. Low-energy CAD vyields little-S5 bond

products whose masses are directly indicative of the sequencedissociatior’. It is customary before MS/MS measurement to
For proteins, adding energy by methods such as collisionally reduce S-S bonds (usually followed by SH alkylation), greatly
activated dissociation (CAByauses specific cleavage at amide increasing analysis time and sample requirements. Disulfide
bonds to yieldo- andy-type (N- and C-terminal) fragmentions  linked polypeptide ions formed by matrix-assisted laser desorp-
(eq 1). These data have proved to be especially useful intion ionization do exhibit SS cleavages for spontaneous (lowest
identifying proteins and locating errors in the DNA derived energy) dissociations; with proteolytic digestion, this can provide

sequence, post-translational modifications, and derivatized activeeffective mapping of the disulfide bond positich#/e report

sites?~* However, critical stabilization in many extracellular

here that S S bonds in gaseous multiply-charged protein ions

proteins is due to the branching or cyclization of internal are preferentially cleaved by the new technique of electron
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capture dissociation (ECBfo provide key sequence information
in addition to that from its unique, z (eq 2) cleavages ang

9 ‘H---- QH O.H
R-C-NH-CHR- =— R-C-NH-CHR- —> R-C=NH + .CHR- (2)
c z:

y fragment ions from energetic dissociati®nHowever, this
S-S bond preference is in conflict with our original assumtion
thatc, z ions are produced by electron capture at a proton on
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a carbonyl group; the proton affinity of-SS is low relative to
many other protein functionalities.

Experimental Section

Peptides were from Ted Thannhauser of the Cornell Biotechnology
Facility, the 10 and 49 kDa samples are from the IgE protein from
Hannah Gould, the ribonuclease is from Harold Scheraga, and the
porcine insulin is from Sigma.

MS/MS spectra were obtained from ESI-produced ions trapped in a
modified Finnigan 6T Fourier transform (FT) instrumé&at.13 The
precursor ions were isolated by SWI#and interacted with low-energy
(<0.2 eV) electrons from an external electrically heated filament, cooled
simultaneously with a 1@ Torr Ar pulse. An extensive description of
the instrumentation and operating parameters is in prepardtiteaks
were not recorded belom/z 500, so that additional terminal fragment
ions of m < 500 could have been formed.

Results and Discussion

Capture of a low-energy<(0.2 eV) electron by an (Mt
nH)"* protein ion yields the odd-electron reduced ion (M
nH)™~1+- Some of these dissociate rapidly to prodo@ndz
product ions (eq 2), plus minor amounts afandy ions (eq
3).91213These products (except fgy contrast sharply with the

Q H-—
1)
R-C-NH-CHR= —= R-C~NH,~CHR= —= R. 4 C + NH,CHR~
a y

3

b, y products (eq 1) from CAP or infrared multiphoton
dissociation (IRMPD}>16Equally unusual and useful, ubiquitin
with 75 backbone bonds showeBCD cleavages at 50 (now
66)3 of these, triple those by CAD or IRMPD (formation af

z on the N-terminal side of Pro requires cleavage of two bonds,

Zubateal.
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Figure 1. Top: Schematic description of cleavages (vertical bars) in
SWIFT-isolated 5- ions from electrospray ionization of this sym-
metrical R-S—S—R peptide (R is the 17-mer shown) caused by CAD
(SORI¥Pc and ECD; numerical values refer to product charge states.
CAD givesb, yions and ECD gives, z ions, except for the cleavages
at sulfur (see text). Bottom: ECD spectrum.

the (M + 5H)>" ions with minimum energy electrons produced
the ECD spectrum of Figure 1, bottom. The most abundant
fragment ion corresponds to-S bond cleavage with retention
of the neutralized Hto yield (RSH+ 2H)?* (eq 4)!° This

H
R-S—S—R + H —— R—S -S—R ——= RSH 4+ SR (4)
spectrum shows far more extensive dissociation afterapture
than does ECD of non-SS proteing, with little of the reduced
(M + 5H)*** remaining. The ECD spectrum of (M 3H)3"

from the corresponding 17-mer monomer without arSSond

so these products of the three Pro residues are not observed)N-terminal Cys) shows (M+ 3H)?** as one of the larger

Thus ECD provides far more sequence information, presumably

product ions'? and loss of-SH yields only a minor peak. In

because specific dissociations are influenced far less by thethe Figure 1 spectrum the complementary {RS2H)?"* ion

structural characteristics of neighboring side chains. It was
postulatel that the protons on protein side chains of highest
proton affinity (Lys, Arg, His) were solvated to the amide

backbone sites of somewhat lower proton affinity, so that

of eq 3 is negligible, but this odd-electron product should be
less stable; further losses from it of S, €34 and NH account

for other peaks. Agaif!?ECD also produces far more cleavages
(14c, 10z ions,m > 500) than CAD (Figure 1, top). Thus this

electron capture at the shared proton appeared to be the causeECD spectrum clearly delineates the S bond position as well

of the dominant, but relatively nonselective backbone cleavage
of eq 2. Thus it was a surprise to find that the most intense
peak in the ESI spectrum of a 34-residue peptide containing
one disulfide bond was a fragment ion fromS cleavage
(Figure 1); protonation at-SS is improbable because the proton
affinity [B3LYP/6-31G(d)]-” of CH3SSCH is calculated to be
23.6 kcal/mollessthan that of CHCONHCH;.

Noncyclic S-S Bonds.Electrospray ionization of the Figure
1 peptide, an SS bonded dimer of a Cys-terminal peptide, gave
isotopic peaks corresponding to (RSSRnH)"* ions. CAD
(SORIfbcdissociation of the (M- 5H)>" ions gave @ and 4
y ions (with others ofm < 500 possible); these are indicated
by the longer vertical bars in the linear sequence (Figure 1, top).
This spectrum shows little-SS cleavage, with the abundance
of (RSH + 2H)?*" only 3% of that of they;o ion. Interacting
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as providing nearly complete sequence information (31 back-
bone bonds cleaved of 37 possible; CAD cleaved four of the
remaining six).

A larger LysC digest peptideM, = 9839.9, represents
residues 135172 (here termed Apand 175-222 (BS) of
Fce3-4 of IgE joined by an SS bond between Cys-139 and
Cys-199 (Figure 2, top) No CAD fragments result from-SS
bond cleavage; only layg B-chain fragment angbs, y»7 A-chain
fragments contain a single terminus, while eiphfragments
of the A chain still contain the B chain. However, the ECD
spectrum of (M+ 10H)!®" was dominated by (M- 10H)**,

(16) Matrix-assisted laser desorption ionization at high photon intensity
can also givee, z products (Brown, R. S.; Lennon, J.Anal. Chem1995
67, 3990-3999) so that ECD offers an explanation for these unexpected
MALDI observations.
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Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
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Figure 2. ESI of a 9839.9 Da peptide from a LysC digest ot&a
of human IgE, corresponding to residues +352 (AS) and 175
222 (BS) and joined by a disulfide bond, gave a{MOH)°* ion that
was SWIFT isolated and subjected to CAD (upper spectrum) and ECD
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Figure 4. As in Figure 1, for 5 ions from the electrospray spectrum
of insulin subjected to (1) ECD (bottom spectrum), (2) IR excitation
during ECD (“in beam”), (3) CAD, and (4) CAD of the*Bions from
ECD. Cleavages in the B chain shown with arrows yield even-electron
z ions that contain the C-terminus of the B-chain after A-chain loss

(lower spectrum). Dots on inserts in the lower spectrum show calculated (eq 5).

isotopic distributions: for A", the filled circles correspond to (AS-
5H)>t and the open circles to (ASHt 5H)>"; for A**, (AS" + 4H)**
and (ASH+ 4H)**; for B4, only (BSH+ 4H)** is shown.
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Figure 3. From the ESI spectrum of a deglycosylated3-e4 construct
(a disulfide bonded homodimer) from human IgE (insert, a high-
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resolution expansion of a single charge state, converted to neutral mass),

the (M + 33)** was isolated by SWIFT to yield the ECD spectrum
shown.

(BSH + 4H)*" (5352.6 Da), and (AS+ 5H)>™ (4488.2 Da)
ions, uniquely defining the length of each of the component
peptides.

This tendency for the even-electron RSH product (eq 3) to
originate from the R group of higher charge is observed in other
spectra and appears to arise fromS bond polarization.
Calculations with Madded to CHSSCH assumed symmetrical
charge planes differingyba 1 € charge 15 A apart along the
molecular axis. The formation of G8H (vs CHS') at the
positively charged end was found to be favored by 4.9 kcal/
mol.

ECD of (M + 33H)3" of a symmetrical SS bound dimer
from deglycosylated F8-4 protein from IgE,M, = 49524
(Figure 3), gave the reduced ions (v 33H)26-32+* put any
(0.5M + 16H)6" ions from S-S cleavage were of too low
abundance to be clearly identified beneath the-{Ng2H)32*
isotopic peak3® For proteins larger than 20 kDa without
disulfide bonds, ECD similarly gave only reduction, with no
bond cleavage$.

Cyclic S—S Bonds. The peptides [Lys-8]-vasopressin, H-

.
CYFQNCPKG-NH, and Val-Asp-[Arg-8]-vasopressin, H-\\D

CYFQNCPRG-NH, gave similar MS/MS spectra. CAD of (M
+ H)* and (M+ 2H)?* from the latter yielded mainljsg, bo,
bi1o, and HO-loss ions, but none from cleavages within the
cyclic structure. Its ECD spectrum of (M- 2H)?" has a
dominant (M— HS + 2H)'", with smaller amounts of (M-
2H) and (M— CH,S + 2H)'*. Its 7y, 710, andcy g ions indicate

the terminal residuesc{ and cg from the Lys-8 variant); the
lack of ECD cleavage at the N-terminal side of the Pro tertiary
nitrogen (favored for CAD) was noted earlfe€ontrary to eq

2, thezs, z;, andzs ions (7 and zg from the Lys-8 variant) are
even-electron species, consistent with ring cleavages at both a
backbone position and-sS (eq 5). The SS bond should have

S DL GRS

=NH RHC
a high affinity for an initially formedz radical, as well as for
H*, to induce its low-energy cleavage (eq 4). Initial formation
of an RS fragment is possible, but this would have marginal
kinetic energy for initiation of the higher energy eq 2 cleavage.
No ¢ or c ions consistent with initial eq 2 cleavage within the
ring were found. The even-electron (M HS + 2H)" must
also arise from ECD cleavage of two bonds; CAD of this ion
also gave no products that arise from cleavage of the original
ring, suggesting formation of the recyclized monosulfide’in.

Porcine insulin 1, = 5776.6) contains two -SS bonds
connecting its A and B chains (Figure 4, top) designated here
as*SAS (2381.0 Da) andSBS (3395.6 Da). CAD (designated
as “J” and “3y”) of its (M + 5H)°>" ions yields eighb and six
y product ions, all corresponding to exocyclic cleavages in the
two C-termini; formation of none requires cleavage of the
interchain ring. From eq 1, the fragment ion corresponding to
the loss of 132.10 Da indicates the C-terminal amino acid N
(Asn, 114.04 Dat 18.01, HO). Of theb, y fragments, five are
complementary pairs whose masses sum to that of-(BH)>*.

Four pairs define the sequence -GFF-, while these and the other
b, y ions are consistent with the terminal sequence (314.19 Da)
TYFFGR(EG). The terminal 314.19 Da cannot contain the
C-terminal N assigned above. Although it does indicate,
correctly, the C-terminal-PKA, it also corresponds to possible
N-terminal sequences such as (VTN).

ECD of (M + 5H)>" forms 10c and 12z product ions
(designated as ‘€ and “12’, Figure 4) representing exocyclic
cleavages in both the N- and the C-termini. These ions indicate
(eq 2) at least two C-termini, one with the residubl and the
other with the sequenceRGFFY(TP)KA. For the correspond-

c z (EE")
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ing N-termini, the data are consistent with F(VN)QHL for one (M + 9H)8*, 48 D for (M + 9H)"*, and a higher value for (M
and (170.11)(228.11)Q- for the other, with 170.11 as a terminal + 9H)®**. These values are consistent with selective ECD
(GL) or (AV) and the mass difference 228.11 as the next (VE) cleavage of SS bonds and ring opening to a more exposed
or (LD) (these L assignments could also be the isomeric | conformation; if recyclization of the new radical site occurs,
residues). Thus the ECD spectrum suggests that the proteinapparently this still leaves a more open structure.

contains two covalently-linked peptide chains. Dominant frag-  \echanisms of ECD: H Atom Capture. ECD cleavage
ment ions (B, B2, A™", Figure 4) of complementary masses  of the S-S bond is highly favored over that produciogz or
[those summing to the mass of (¥ nH)™"] correspond to the  he minorc, zor a, y ions?1213However, B3LYP/6-3+G(d)

A + B chains; ECD has preferentially cleaved both$  cgiculationd indicate that the electron affinity of GSSCH,
interchain bonds. Deconvolution of the overlapping isotopic 5 93 kcal/mol less than that of the charged species@H
peaks indicates that the major products (although variable Fun- (OH)NHCHs. The protonated side chains should be preferen-
Fo-run) of the more highly charged B-chain are the even-electron tially solvated to the backbone carbony! grotfp&he proton
ions (HSBSH+ 3H)*" (most abundant) and (SBS 3H)*" affinity of CH3SSCH is calculated to be 23.6 kcal/mol less

(possibly cyclic)_and the corres_pondingi’ons; the muchless o1 that of CHCONHCHs). Thus, as previously postulatéd,
abundant A-chain ions are mainly the odd-electron [S(H)- most protons when neutralized by ehould be nearer to

S+ H.]H. and (HSAS + H)™ (mi.nor species representing  pacyone carbonyl groups (eq 2) than teSbonds. Although
the gain, or loss, of S from these ions are also present). NOtefacile H loss should result from e neutralization of the
that both S-S bonds cleaved in the formation of the most protonated side chains of HisArg, and Lys, H loss peaks
3+ H ¥ il il
abundant (HSBSHF .3H) lon have myolved tr_ansfer_of an - are nearly absent in protein ECD spec*aAs a mechanistic
gxtra H to the most highly charged species, possibly as indicated alternative, the Matom affinity of CHSSCH is calculated
in eq 6. to be 23.9 kcal/mobreaterthan that of CHCONHCH;, with
H* addition yielding (eq 4) the hypervalent intermediate that
g should spontaneously cleave to §3tH and*SCHs.

S—§ SH S~
H . For confirmation of this basic mechanisnr, &ffinities were
calculated for other protein functionalities. The &ffinity of
SH S SH S the 3-methylindole functionality of tryptophan was found to 4.3
EE" OE™ kcal/mol morefavorable than that of SS. There are two Trp
residues in myoglobin and one in ubiquitin; the fauand z
ECD also yields B;s, an even-electron ion whose formation ions® resulting from cleavage on the C-terminal side of these
is consistent with initial intra-ring, z cleavage followed by’ Trp residues (possibly as in eq 7) are five times more abundant
attack on the adjacent-5 bond (eq 5). Unexpectedly, the
relative proportion of these double cleavage products could be I
greatly increased by collisions or IR irradiatiéhof the ions H \
during their exposure to electrons (designated ag’,"Figure A H
4, top). Thus ECD during (“in beam® collisional trapping of Q ¢
the electrosprayed ion beam in the FTMS celll0~> Torr Ar) R NH-CHR- R NH + .CHR-
yields B*" in an abundance comparable to that of {MoH)*** ¢ =
and produces the new double-cleavage even-electron products
Bzi—2zs As found for vasopressin, nocBproducts from than the average of, z ions for 514 ECD fragments from
intrachain cleavage were formed. This spectrum also ltas B Proteins containing 451 amino acitfdn the same way, in the
Bcs, Bzi1* (@ new B-chain cleavage) peaks not shown in the ECD spectrum of a 15-mer peptide (N-terminal Cys) the Trp
normal ECD spectrum. The B chair-3on mixtures from ECD  (ninth residue) C-side products exhibit abundances 2tose
were subjected to CAD to yield, y products (designated as Of any other residu& However, for the corresponding sym-
“4b” and “4y” in Figure 4, top), as expected from the metrical 30-mer dimer, RSSR, the ECD spectrum of the
dissociation of even-electron ions. These represent seven B-chairfombined 7 and 5 ions, like Figure 1, again showed dominant
cleavages not seen in the CAD spectrum of V6H)5*, but monomer peaks (RSH- 3H)** and (RSH+ 2H)**, and
none between Cys-7 and Cys-19; that of—W? is not cleavages at the C-side of Trp gave ions seventh in abundance
represented in any other spectrum. vs those of the other residues. If Eapture at Trp is actually

In the ECD or CAD spectra, cleavages have occurred on the More favorable than that atS5, the subsequent eq 4 cleavage
terminal side of each of the four cysteines, defining the at S-S apparently is more favorable than that of e 7.
sequences of the 23 amino acids of these termini except for the Nonergodic DissociationThe electron affinity of a quaternary
pairs PA—V3A and BA—Q5A. The only cleavages within the ring  ammonium ion (e.g., Lys, RN§) is ~90 kcal/mol?®> while
are those of ECD yieldinguen-electrorzions of eq 5, not the  that for such a species in a multiply protonated protein should
z ions of eq 2. To the extent this behavior is true for other
S-S cyclic proteins (as it is, above, for the vasopressins), the éﬁf)lé?) FSL,J\;"EIIHI; I\a-c;Lipfi%r?';FB?/L\;’JD?dcci\;l ;le%géd'\/'-sgi‘/-b%“g‘gé ; P
combined data from ECD and CAD spectra appear useful for o5'760-703. (5) Wood, T. .. Chorush, R. A Wamplier, F. M., I Litte,

sequence characterization, including the intrachain bond posi-D. P.; O’Connor, P. B.; McLafferty, F. WProc. Natl. Acad. Sci. U.S.A.
tions, for such cross-linked-SS structures. 1995 92, 2451-2454. (c) McLafferty, F. W.; Guan, Z.; Haupts, U.; Wood,

. . . . . . T. D.; Kelleher, N. L.J. Am. Chem. S0d.998 120, 4732-4740.
Ribonuclease A, 13.7 kDa, is a single chain protein with four 20y Schnier, P. D.; Gross, D. S.; Williams, E. R. Am. Chem. Soc.

intrachain S-S bonds. ECD of (M+ 9H)*f gave (M + 1995 117, 6247-6757.

9H)®-8)* but no fragment ions. However, a 30 min exposure (il) Ngwyen, V. Q.; Turecek, Fl. Mass Spectroml996 31, 1173~

of these gaseous ions to T0Torr of D,O exchanged-32 D (22) Kruger, N. A.; Zubarev, R. A.; Carpenter, B. K.; Kelleher, N. L.;
atoms (vs 29 D measured earli€ffor (M + 9H)**, 38 D for Horn, D. M.; McLafferty, F. W.Int. J. Mass Spectronin press.
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0.8 -8 cleavage, instead producing the reduced protonated molecule,
as found for ECD of proteins 20 kDa.
077 — Two related methods lower the ion charge without causing
0.6 such dissp_ciations. In Beynon_‘s “electron _capture induced
T L 0% decomposition” method, the multl_pl_y charged ion (e. ghi€")
= 054 Ltetime j= captures an electron from a collision gdso that the energy
E:m k3 deposited is less than that from a free electron by the difference
2_:) 0.4+ m11g in ionization energied? IE(e”) = 0. Interaction of (M4 nH)"*
Y 2 with negative ions gives mainly proton abstraction and associa-
2 034 o . : . . -
~ L 159 tion, with multiply protonated proteins yielding no, z
02 products?®
L s The reaction of K atoms (2% I in H, generated in an
0.1 exterior microwave discharge) with small gaseous odd-electron
molecular ions abstracts a counterparttbl form the even-
0 T T ; T T -14 electron (M— H)™ + H,.3% However, CHS™CHs; + H* gave
0 25 50 75 100 125 CH3SH™ + *CH3 (AH = +3.6 kcal/mol) instead of the favored
Excess Energy (kcal/mol) CHs=SH" + CH, (AH = —46 kcal/mol), consistent with H

Figure 5. Branching ratios for the competitive losses of hydroxyl H capture at the S atom f°"9V§’ed by “If'net'ca”y pontrqlled
and N-substituted Cfrom CH:C(OH)NH from RRKM calculations ~ cleavage’® Here electron pairing of Hwith the radical site
using B3LYP/6-31G(d) geometries and frequenées. on sulfur apparently provides the excess energy necessary for
the thermodynamically unfavored reaction, similar to that of
be even higher. Thus neutralization should form an excited Figure 4. The reaction of Hwith CH;CON(CH),™* yielded
species (e.g., the hypervalent R} that immediately ejects ~ HN™*(CHa), and BN*(CHj); this corresponds to tttack on
He with high kinetic energy® Capture of this Hat the amide ~ N**,*°not on the carbonyl as in eq 2. Application of this novel
carbonyl (eq 2) could thus supply substantial excitation energy H* reaction scheme to even-electron protein ions could test this
to the odd-electron product that is basically unstable; for the ECD mechanism further.

reverse reaction of the model system LKOH)NHCH; — H- Other H* Reactions.Intramolecular hydrogen transfer reac-
+ CH3CONHCH; AG°gayp = —2.9 kcal/molt” RRKM tions (i.e., rearrangements) have been studied extensively. Thus
calculations (Figure 5) indicate that the competitive z the favorable M affinity shown here for the amide carbonyl

cleavage CHC(OH)NH—CHjz is more favorable at high excita-  parallels the characteristic hydrogen rearrangement of carbonyl
tion energies, consistent with the increased dissociation with compounds in photochemistry (Norrish Type Il reaction) or in
“in beam” excitation. These-1071?s lifetimes should be almost  electron ionization mass spectra. Thierehrrangement RGIS—
as short for the corresponding protein backbone cleavageR' ™ — RCH=S"H + *R' in the latter spectra of sulfides is not
—CHRC(OH)NH—CHR —, consistent with nonergodic dis- observed for the corresponding oxygen-containing spégies.
sociatiort® as postulated previously for the mechanism in which
the neutralized proton was already bonded to the amide Conclusions
carbonyl? Further, randomization of the 90 kcal/mol neutral- ) ) )
ization energy over the whole protein would have a negligible = Electron capture by a multiply-protonated peptide or protein
effect on the rate of the eq 2 reaction. However, if ther is a high-energy process that can release an energetic hydrogen
cleavage is nonergodic, why does the presence of #& Snd atom. Its subsequent chemistry, with a transition state that
greatly reduce the probability of this backbone cleavage? A @Ppears to involve an intramolecularly mobileatom, has little
possible explanation is that-S5 can capture more energetic Precedentin solution reactions. Instead of escaping the gaseous
He atoms than can the amide carbonyl; thesatdms otherwise ~ Protein, the M apparently is collisionally de-excited until its
would be collisionally cooled for carbonyl capture. Further, the Kinetic energy is favorable for capture by a functional group of
latter is reversible (first step of eq 2) so that a re-released H the gaseous protein ion. The capture tendency appears to be
atom would have an additional opportunity for nonreversible relatively independent of the intramolecular distance to the
S—S capture. functionality, and ma!nly 'dependent on its &tom afflnllty. For
Extending this postulate, larger protein ions will have more €d 2 cleavage, the kinetic energy of thedd capture is also a
extensive tertiary structures (also more stable conformers thanfactor; this must supply sufficient excess energy for near-
those in solution}% providing more nonreactive collisions of ~ iNstantaneous (nonergodic) dissociation (Figure 3) despite
the released Hatoms as well as more stabilization of the ¢conformational protein stabilization that generally increases with
backbone bonds. From Figure 5; hptures by larger protein ~ increasing molecular weight. As predicted by theoretical H
ions would have a lower probability of causing backbone affinity calculationst’ capture and cleavage at the disulfide bond

(23) John Brauman has made a novel suggestion as an alternative to our (27) Vekey, K.; Brenton, A. G.; Beynon, J. H. Phys. Cheni1986 90,

proposal for M atom capture at the disulfide bond. The originaloapture 3569-3577.
could form a high-n Rydberg state, expected to be long-I#&that would (28) McLafferty, F. W.Sciencel99Q 247, 925-929.
have a favorable intersystem crossing to arSSlissociative state. Long- (29) Ogorzalek-Loo, R. R.; Udseth, H. R.; Smith, R.DAm. Soc. Mass

lived ion—electron complexes are postulated as intermediates in the ion  Spectrom1992 3, 695-705. Stephenson, J. C., Jr.; McLuckey, S.JA.
electron recombination proce¥$. These proposals are under further Am. Chem. Sod.996 118 7390-7397. McLuckey, S. A.; Stephenson, J.
investigation. C., Jr.; Asano, K. GAnal. Chem1998 70, 1198-1202.
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