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Ab initio electronic structure calculations are used to explore the effect of nonneighboring positively charged
groups on the ability of low-energy<(@L eV) electrons to directly attach to-S ¢ bonds in disulfides to

effect bond cleavage. It is shown that, although direct vertical attachment &6 tireital of an S-S ¢ bond

is endothermic, the stabilizing Coulomb potential produced in the region of t& ®nd by one or more

distant positive groups can render theSo* anion state electronically stable. This stabilization, in turn, can
make near vertical electron attachment exothermic. The focus of these model studies is to elucidate a proposed
mechanism for bond rupture that may, in addition to other mechanisms, be operative in electron capture
dissociation (ECD) experiments. The importance of these findings lies in the fact that a more complete
understanding of how ECD takes place will allow workers to better interpret ECD fragmentation patterns
observed in mass spectrometric studies of proteins and polypeptides.

I. Introduction SCHEME 1

It has been observed that disulfide linkages in proteins and
peptides containing such bonds are most likely to be ruptured
when low-energy electrons attach to effect fragmentation

H A
H: )
€
electron-capture dissociation (ECD) mass spectrometric experi- o " o — H
ments. Although breaking the weakest—&) bond is not %‘,)k “»\,.)k ﬂ«u/t
surprising, the mechanism by which electron capture induces N N e
the bond rupture has not been fully characterized. In such ECD H H
samples, the molecule to which the electron attaches is positively
charged and has more than one positive site. In such species, it I
has been suggested that electron capture can occur at protonated
sites to form a hypervalent radical that subsequently induces H OH
very specific fragmentation, as shown in Scheme 1. N
That is, an electron is attracted by Coulomb forces toward ,H
the protonated site (I) and attaches to a diffuse Rydberg-like V‘%/l

II III

orbitaP to form the hypervalent radical (). Subsequently, an

H atom is releasédrom the hypervalent site and a fraction of °
such H atoms ejected toward a nearby carbonyl group attack
the oxygen atom of that group (carbonyl groups are known to

be susceptible to such H atom attack) to form acarbon-centered[hrough an analogous electron capture and H atom migration

:gdlllc_alcsgitr:]lg Scfgg\;ggéagﬁ’dr?ﬁg?grgni?tﬁﬂ]t (())]; tff;g;ﬁgﬁzl If()a:gs process similar to that discussed above as illustrated in Scheme

monly labeled ¢ and z, the latter of which typically retains the
radical center. It is through the observation of characteristic ¢
and z fragments that ECD is used to probe protein primary
structures. Indeed, recent experimental Hataand several
excellent theoretical studiesuggest the mechanism detailed
in Scheme 1 as a dominant pathway by which fragmentation
patterns arising in ECD experiments can be interpreted.

It has also been suggested thatSSbond cleavage in proteins
and peptides containing such disulfide bonds might proceed

In this scheme, the H atom migrates after leaving the nascent
R—NH; radical site and eventually makes its way to the
neighborhood of the disulfide bond, which has been sHd#n
to be a site of high H-atom affinity. Once near the Sbond,
the H atom attacks this bond and effectsSbond fragmenta-
tion to produce an RS radical and H-S—R'. Alternatively, it
has also been suggestetiat if, after electron attachment to
the R-NH3" site, a (likely solvated) proton migrates close to
the S-S bond, the presence of the latter positive charge may

- — - allow the R-NH3 group’s attached electron to transfer to the
; Corresponding author. E-mail: simons@chemistry.utah.edu. partially protonated SS bond region, thus cleaving the bond
University of Utah. . , : .
* University of Gdansk. and generating RS and HS-R'. In either case (i.e., H atom
8 York University. migration or proton-mediated electron transfer), one would
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Figure 1. Structure of an (AcCAK+H)?" disulfide-linked dimer from N
ref 8. The disulfide linkage is at the center and the two protonated H
sites are at the left and right ends. +
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momentum and kinetic energy via impulsive collisions with
nuclei. Instead, it is most common for electrons to induce
electronic excitation or ionization or to attach to the molecule.
Because ECD electrons have very low energies, they are not
able to cause ionization of the molecule and are able to induce
only very low energy electronic excitations. However, as we
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expect the efficiency of SS bond cleavage to decrease as the
distance between the disulfide bond and thé&lH; site
containing the attached electron increases.

However, recent experimental studi€®sn S-S bond con-
taining synthetic peptides charged with alkali cations instead
of protons also showed significant fragmentation of theSS
bond, so it may be that transfef@H atom from a hypervalent
site to the S-S bond is not necessary. In another recent sttfdy,
disulfide-linked dimers of Ac-Cys-AlaLys (with n = 10, 15,

discuss in this paper, such low-energy electrons can induce
major structural changes by attaching to vacant orbitals such
as the S-S o* orbitals.

The problem with suggesting that disulfide bonds can directly
attach electrons in ECD experiments is that dfierbital into
which the electron must attach is known to lie ca. 1 eV above
the energy of the neutral-RS—S—R' species at the equilibrium
S—S bond length appropriate to vertical electron attachement.
However, the ECD soura&loes not have many electrons with

and 20) protonated at the Lys sites were used to study how thesuch high kinetic energy. Specifically, electron transmission

S—S cleavage yields varied with the distance from the pro-
tonated sites to the-SS bond. Because the Alainits are

spectroscopy (ETS) experimeft®an MeS; clearly show the
S—So* Me,S,™ shape resonance state to lie 1.04 eV above the

expected to form a helical quasilinear structure, as shown in neutral MeS, and to have a half-width of ca. 0.5 eV. This
Figure 1, we expect that the distance between the two protonatedHeisenberg width suggests an autodetachment lifetime @10

sites grows monotonically with. However, in the study of ref
8, the yield of S-S cleavage was observed not to significantly
decay, even for tha = 20 dimer, in which the SS bond is
thought to be ca. 32 A from either protonated site.

s, so the §S bond has little time to move prior to autodetach-

ment of the electron. This same work shows theCo* state

in Me,S; to lie at 2.7 eV at the equilibrium €S bond length.
Recent Rydberg electron transfer (RET) experiments, which

It should also be mentioned that the density of doubly charged are designed to probe the adiabatic rather than vertical electron
cations in the ICR cell is sufficiently low that it is safe to ignore attachment process, shbwthat MeS-SMe™ at its equilibrium
the possibility that an H atom ejected from one molecule attacks S—S distance lies ca. 0.1 eV below MeSMe at its optimal
the S-S bond of a different molecule. In summary, the above S—S distance. However, unlike the RET experiments, where
findings suggest that there may be another mechanism operativehe electron is thought to transfer in an adiabatic manner in
in ECD fragmentation, and it is this possibility that we address which the nuclei have time to move, the ECD electron
in this paper. We emphasize that the data discussed above andttachment process occurs in a more nearly vertical manner.
the analysis we put forth here do not suggest that the Hence, the above experimental data suggest it is improbable
conventional Schemes 1 and 2 are not operative; rather, we argug¢hat ECD electrons attach directly (i.e., vertically) te Sbonds
that an additional mechanism may also be operative in ECD and persist long enough for the-S bond to move to longer
fragmentation. distances and rupture in the absence of any effect that can alter

Specifically, following the suggestion made in ref 7, we the energy of ther* anion.
examine the possibility that low-energy electrons may also attach  The alternative mechanism we explore here invobliiesctly
directly to S—S bonds to effect fragmentation. Because even attaching a low-energy electron to an'S bond whose™* anion
low-energy electrons have high speeds (e.g., a 0.1 eV electronstate has been lowered in energy (relative to the neutral) by the
moves ca. 18 A s1), the duration of their close interaction Coulomb stabilization potential produced by distant positively
with any chemical bond is very short. As a result, any excitation charged sites elsewhere in the molecule. For example, as we
or other change they effect occurs in a “vertical” manner; that show in Scheme 3, this initially generates a® radical and
is, the molecule’s internal geometry remains essentially un- a “S—R—NH3" ion paif? that contains the protonated site; the
changed. Moreover, because they are much lighter than thelatter could subsequently undergo proton transfer to generate
molecule’s nuclei, it is very inefficient for electrons to transfer HS—R—NH,. Note that the final products of Scheme 3 are
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exactly the same as in Scheme 2 and are consistent with what 10
is found experimentally. A
In invoking the process outlined above, we posit thatd¢he 8 .

anion’s energyk relative to the energy of the neutral at its

equilibrium S-S bond length can be approximated by lowering
the intrinsic ca. 1 eV instability of the anion state by the sum
of Coulomb stabilizations due to positive sites in the molecule

Relative energy (eV)
s

E=lev—},144 eVR, ! 1)

whereR; is the distance from th&" positive site to the midpoint
of the S-S bond in A. In the ab initio quantum calculations , . , i , i
that we describe below, we examined a series of model systems 1.0 15 20 25 30 35 4.0 45
designed to test this hypothesis. It should be noted that for the
kind of synthetic peptide shown in Figure 1, there are also local
dipoles within then alanine groups that can also contribute to
the total electrostatic potential in the region of theSSbond.

In the present study, we have not td&tb include in our model
such dipolar potentials, but we do intend to examine them in
future simulations.

oN >o

Il. Methods

The equilibrium geometries of the neutral MeSMe and
anionic MeS-SMe™ and their harmonic vibrational frequencies N
were calculated at the unrestricted second-order Mghégsset 01 89 2 o o ¢
(UMP2) perturbation level of theory with aug-cc-pVDZ basis
sets!* In addition, partial MP2 geometry optimization (i.e., with -2 i - - ' N y )
only the S-S bond distance frozen) calculations were employed Lo s 20025 30035 40 4S
to achieve the energies for relaxed scans of the potential energy R(S-S)

SP”aces of MeSSMe and MeS-SMe" as functions of the SS Figure 2. Variation (top) of the neutral (circles) and anion (triangles)
distance. _ energies (eV; relative to the neutral’s minimum) along theSSond

In all calculations, the values 6¥(never exceeded 0.7511 length (A) with all other geometrical parameters relaxed to minimize
(after annihilation) for the doublet states, so we are confident the neutral or anion energy. Comparison (bottom) of the BSSE-corrected
that spin-contamination effects are negligible. To examine the results (squares for the neutral and diamonds for the anion) and
effects of basis-set superposition errors (BSSE), we used theuncorrected results (circles for the neutral and triangles for the anion).
procedure described in ref 15. The noncorrected relaxed scans . I
for the neutral and anionic MeSSMe are plotted with those anion state. However, thes_e lifetimes are reas_onably Well-k_nc_)wn
obtained with the BSSE eliminated to illustrate the unimportance and are not the focus of this work. Our focus is on Qeterm|n|ng
of these effects in Figure 2. However, since the BSSE-corrected@t WhatR value and what energy the neutral and anion surfaces
results were very similar to those obtained when BSSE were €70SS and when the anion is electronically stable and when it is
not removed, we decided to limit our discussion to the latter not. o . .
case. The electronic instability of the MeSSMe™ anion does not

These same procedures were followed with positive chargesPerSist for larger (i.e.>2.2 A) S-S bond lengths where the
(simulating the two protonated amine sites discussed earlier) ®XC€SS electron7 can be localized on eitherCst; fragment,
placed 10, 20, or 30 A from each of the disulfide bond's S which is knowrt” to possess a positive electron affinity of ca.
atoms. The distance from each positive charge to the nearest &9 €V- Moreover, the electronic instability of MeSMe™ is
atom was held fixed as the=S distance was scanned and the &n issue only in the absence of the additional positive stabilizing
other geometrical degrees of freedom were optimized. charges. As we show below, when these charges are present,

While carrying out the relaxed scans of the potential energy '.[he anionic energy curve is shifted qlown to lower energies where
surface (PES) of MeSSMe-, we had to examine the PES it remains “below” the corresponding neutral energy curve for
region, where this anion is electronically unstable (for srRall ~ @ny S-S bond length. This is because the resonance anion (with
values, wherd® denotes the SS bond length). In such cases the o* orbital singly occupied) is stabilized by the electrostatic
we were able to achieve the proper electronic configuration of Courlloml? potentla}l of the Pols'“"e porllnt ch?rges added. d
the anion by altering the virtual molecular orbitals of the neutral | € €électrostatic potential maps shown later were generate

MeS—SMe and forcing the SCF procedure to converge to the with the MOLDEN prograni8 All calculations were performed
doublet anionic state in which the-$ antibonding¢*) orbital with the GAUSSIAN98 prografi on AMD Athlon 950 MHz

is singly occupied. In the absence of such care, the anion and Pentium 1V 2.0GHz computers, as well as on SGI and

calculation would, as is well-known, undergo variational col- C0MPaq Sierra numerical servers.
lapse and yield an energy essentially equal to that of the neutral
plus a free electron very far away. These difficulties relate to
the fact that ther* anion is embedded in a continuum of other In Figure 2 we show how the neutral and anion electronic
statesl® Even when employing such devices to properly energies vary along the-S5 bond length with all other internal
characterize the metastalat& anion, our computations are not geometry variables relaxed to minimize the neutral or anion
able to yield an estimate of the autodetachment lifetime of this energy, respectively. This allows us to examine where the

Relative energy (eV)
=

I1l. Results
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Figure 3. Neutral (circles) and* anion (triangles) energies (eV) as  Figure 4. Neutral (circles) and* anion (triangles) energies (eV) as
functions of the S-S bond length (A) when twe-1 charges are located  functions of the S-S bond length (A) when twe-1 charges are located
10 A from each S atom. 20 A from each S atom.

anion’s energy surface lies relative to that of the neutral. This, having to overcome any barrier to access a curve crossing as in
of course, is of direct relevance for a process in which a free Figure 1. Note that the energy of the anion relative to the neutral
electron strikes the neutral molecule containing thesSond atR = 2.08 A (the neutral' k) moves from 0.69 eV in Figure

and attaches to the* orbital of that bond. 2 t0 —1.93 eV in Figure 3. This 2.62 eV stabilization is very
The data used to construct Figure 2 allow us to make the close to that predicted by eq 1 for two positive charges at
following estimates: 10 A: 2(14.4/(10+ 2.08/2))eV= 2.6 eV.
(1) The dissociation energy for MeSSMe— 2 MeS is 2.2 This success of such a simple Coulomb stabilization model
eV or ca. 50 kcal matt; may be surprising, but we remind the reader that this same kind
(2) The electron affinity of MeS is 1.75 eV, a bit smaller of model has proven highly succes@ulvhen used to predict
than the experimental valtfeof 1.9 eV; the electronic stabilities of multiply charged anions. In such
(3) R(MeS—SMe) = 2.08 A; cases, the vertical electron detachment energies can be computed
and (4)we{(MeS—-SMe) = 508 cnT™. reasonably accurately by reducing the intrinsic binding energy

We note that the* anion lies 0.69 eV above the minimum  of a given anion site (i.e., its electron binding energy in the
of the neutral species in these calculations, which is somewhatabsence of any other negative sites) by the Coulomb repulsion
lower than the experimentally determined 1.04 eV for the peak energy produced by the other negative sites in the multiply
in the ETS spectrum (although this peak is 0.5 eV broad, and charged anion.
recall that the peak in the dissociative electron attachment yield Before examining the results obtained with the twd
lies below 1 eV). The anion and neutral curves cross ca. 0.33 charges placed 20 or 30 A from each S atom, let us see what
eV above the neutral’s minimum; this corresponds to between the Coulomb model would predict in those two cases. Specif-
the fourth and fifth excited vibrational state of the-S bond, ically, it predicts the anion to be located relative to the minimum
which suggests that the-$ bond would have to be consider- of the neutral by the following amounts:
ably vibrationally excited to access the point where the curves
cross. Itis this energy requirement that likely produces a barrier 0.69-2(14.4)/(21.04= —0.68 eV
to electron attachment in this case and that would preclud® S with the two+1 charges 20 A away
bonds from undergoing direct ECD cleavage in the absence of
the stabilizing Coulomb potential that we discuss below. Another 0.69-2(14.4)/(31.04)= —0.24 eV
factor that makes the crossing point of the neutral and anion with the two charges 30 A away
curves important is the fact that the anion is very short-lived
(with respect to electron detachment) Rwalues smaller than  So, in either case, we expect the S bond to be able to attach
that at the crossing. That is, electrons can attach for bond lengthsan electron with no energy barrier.
shorter than that of the crossing point, but the nascent anion In Figures 4 and 5 we show the neutral arichnion energies
will undergo autodetachment within ca. 26 s. Finally, we when two+1 charges are placed 20 and 30 A from the S atoms,
also note that the anion surface has a shallow minimum lying respectively.

0.31 eV below the minimum of the neutral surface, thus Clearly, even when the two protonated sites are 30 A away,
suggesting a positive adiabatic electron affinity that is a bit larger the o* disulfide anion is electronically stable with respect to
than the RET adiabatic electron affinity estimate mentioned the neutral near the equilibrium bond length of the neutral. So,
earlier. direct electron attachment to the-S bond to effect fragmenta-

In Figure 3 we show the corresponding neutral and anion tion seems to be possible when two positive sites are present
energies for the case in which twiel charges have been located and as distant as 30 A.

10 A distant from each of the two sulfur atoms (and along the  These findings and the Coulomb attraction potential model
S—S bond axis). The positive charges are used to represent thehat seems to be consistent with them suggest that when the
Coulomb potential presented by two protonated amine sites as,two protonated sites are further away than ca. 41 A ok

for example, in the dication shown in Figure 1. anion will not be vertically stabfé relative to the neutral, so

We note that in Figure 3 the anion is electronically stable direct electron attachment would then require energy input (e.g.,
for all values of the SS bond length. As such, the neutral vibrational excitation to access the surface crossing). Alterna-
species is predicted to be able to attach an electron withouttively, these same data and the Coulomb model suggest that a
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10 side of this molecule’s dipole moment are attractive. Most
importantly, there is no attractive region near theSSbond
8 1 . that would tend to guide an incident electron toward thesSS

orbital.

In Figure 7 we show the electrostatic potential (with the same
color convention) for four cases: with Rel charges and with
two +1 charges 30, 20, and 10 A from each sulfur atom.

° These figures make it clear that an ECD electron is most
. . strongly attracted to regions near the positively charges sites
° where deep potential wells clearly exist. Hence, it is likely that
the mechanism described in Scheme 1 will attract the majority
of the electrons, because these deep wells likely dominate the
electron-capture process. However, it is also clear that other
local minima in the potential energy surface experienced by

R(S-S) such electrons exist in the regions of the Sbond when the

Figure 5. Neutral (circles) an@* anion (triangles) energies (eV) as  POSsitive charges are present at the three distances treated here.
functions of the S-S bond length (&) when twe-1 charges are located It is through the operation of such attractive potentials that we
30 A from each S atom. suggest a fraction of the ECD electrons enter th&8* orbital

single protonated site 20 A distant or closer is adequate to and thuls effect SS bond pleavage. It shou_ld behnoted thbat mf
stabilize the anion sufficiently to permit direct electron attach- mos_t. electrospray gxpgrlments on proteins, the number o
ment. Single positively charged sites more distant than 20 A p_osmvely Cf_‘?“ge_d sites Is usually large enough to producg the
are not expected to permit direct attachment. These predictionsk'nd of stabilization discussed here: For example, a protein of
should be subjected to further experimental tests. mass 12 kDa such as cytochromtypmally has seven or eight
Because the Coulomb potential plays a central role in the p?]5|t|\{e chargztes \(/jvhgzn tmta compact state aneAbcharges
model outlined above, it is important to examine the full when in an extended state.
electrostatic potential experienced by an electron as it approache
the S-S bond region both in the absence of ah§ charges
and with such charges present. First, in Figure 6, we show the Our results show that

Relative energy (eV)
.

A A A
A 4 A A4

2

1.0 L5 2.0 25 3.0 35 4.0 45

?V. Summary

electrostatic potential for MeSSMe in the absence of any (2) In the absence of Coulomb stabilization, direct vertical
positive charges, with blue coloring denoting attractive regions dissociative attachment of an electron to anSSo* orbital
and red coloring labeling repulsive regions. requires the electron to have a kinetic energy of ca. 0.5 eV

Clearly, the regions where the lone-pair orbitals of the two (experiments probing the position of tla& shape resonance
sulfur atoms exist are repulsive while regions on the positive and the onset of dissociative electron attachment give somewhat

~—~—

Figure 6. Electrostatic potential of MeSSMe with countours spaced by 0.0015 atomic units (i.e., 0.0408 eV as an electron experiences the
potential). Red regions are repulsive; blue are attractive.
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Figure 7. Electrostatic potentials showing attractive (blue) and repulsive (red) regions for-BM8 with no charges (upper left) and with two
+1 charges 30, 20, and 10 A from each sulfur atom, respectively, clockwise from upper right.

higher values). Alternatively, substantial excitation of theSS consideration direct fragmentation ofS, C-0, and C-S (as
vibration would be required to access the bond length at which well as C-C) ¢ bonds in proximity to protonated sites. That is,
the neutral and anion surfaces cross and thus could attach arfragmentation through the processes outlined in Schemes 1 and
even lower energy electron. These observations suggest tha are likely operative and may even dominate because the
direct attachment of ECD electrons te-S bonds in the absence electrostatic potential causes most ECD electrons to be directed
of any nearby positive sites is endothermic and very unlikely. toward and to attach to the protonated sites. However, additional

(2) In the presence of two stabilizing positive charges closer fragmentation via a direct-attachment mechanism such as that
than ca. 41 A to the SS bond, thes* anion surface of the discussed in this paper may also be operative; if so, it is
disulfide is stabilized relative to the neutral surface to an extent important to include such possibilities in interpreting fragmenta-
that renders direct vertical electron attachment no longer tion patterns.

endothermic.

(3) A single positive charge closer than 20 A should also  Acknowledgment. This work has been supported by Na-
allow direct dissociative attachment to occur with no energy tional Science Foundation Grants 9982420 and 0240387 to J.S.

requirement. and by the Polish State Committee for Scientific Research

In addition to suggesting how Coulomb stabilization may alter (KBN) in Grant No. DS/8371-4-0137-3 to P.S.. The FT-ICR
a disulfide bond’s ability to directly attach electrons in ECD €xperimental work was supported in part by the NSF National
experiments, we believe it is useful to speculate how such effectsHigh Field FT-ICR facility (CHE-99-09502).
may play roles in rendering other bonds subject to cleavage
via a direct-attachment mechanism. In particular, we note that o _
C—0 o* and C—S o* orbitals have been found in ETS (1.) Zubarev, R.; Kryger, N.; Fridriksson, E. K.; Lewis, M. A.; Horn,
experiment¥ to lie vertically ca. 4.2 eV and3.75 eV above 2"35“4:2%36?_9”” B. K.; McLafferty, F. WJ. Am. Chem. S0d999 121,
their corresponding neutrals. We suggest, therefore, that a single  (2) It is likely that the low-energy electron first attaches to a higher
+1 site within 3.4 A would be needed to renderO o bonds Rydberg orbital to form a very weakly bound electronic state, after which
: : _ : rapid radiationless relaxation leads to lower energy plus ground-state
sgsgeptlble to direct atta,Chm?nt ECD cleavage arlasite Rydberg species. Because the latter (i.eNR®i3 species) lie more than
within 3.8 A could do likewise to a €S ¢ bond. These 3V below the parent cation (i.e., RN, it is highly improbable that the
predictions should also be amenable to experimental verification. electron attaches to the cation to form the ground-state radical in a single
; ; ; ; ; step.
f ltfhthe Squ.eStloTsl ptroY[I.dedtln E)hlstpape_l’t are dete[m?esctg (3) It has also been shown that the-8 bond can break to generate
urther experimental testing 1o be true, It seems tha alternative fragmentation (see, for example, Shaffer, S. A.; Sadilek, M.;

fragmentation patterns may need to be reexamined to take intoTurecek, FJ. Org. Chem1996 61, 5234-5245).
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