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Processes by which an electron, initially attached to a protonated or fixed-charge side chain, can (i) undergo
through-bond transfer to migrate to an S—S ¢* orbital and cleave a disulfide linkage, or (ii) undergo

through-space transfer from that charged site to another positively charged side chain are examined
using ab initio electronic structure methods. Earlier work from this group along these lines is extended
in two directions:
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. The spacer units along which through-bond electron transfer occurs are extended to include olefinic as
well as aliphatic units (because polypeptide backbones and side chains contain 1 as well as o bonds).

. The electron binding energies of positively charged side chains can vary substantially. In earlier work,
protonated amine —NHs3* and fixed-charge —N(CH3);* units were used as model systems. In this work,
two positive units with more similar electron binding strengths are employed to see whether more facile
electron transfer occurs when two such groups collide.

The primary findings are

. That through-bond electron transfer through combined olefinic-aliphatic linkages is not qualitatively
different (in rate) than through aliphatic linkages.

. That through-bond transfer can occur to S—S bonds at experimentally relevant rates but only over ca. 7
intervening bonds.

. That through-space transfer from one positive side chain to another can occur but only if the electron

binding strengths of the two side chains’ positive sites are similar.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction and background

Electron-capture dissociation [1] (ECD) and electron-transfer
dissociation [2] (ETD) mass spectroscopic methods have shown
much utility and promise for sequencing peptides and proteins.
A strongpoint of both techniques is their propensity for selectively
cleaving disulfide and N—C, bonds and for doing so over a wide
range of the backbone, thus producing many different fragment
ions. Parallel with many advances in the experimental develop-
ment and improvement of these methods, theoretical studies have
been carried out to try to determine the mechanism(s) [3] by which
electron attachment leads to these bond cleavages.

* Corresponding author. Tel.: +1 801 581 8023.
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URL: http://simons.hec.utah.edu (J. Simons).
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In our earlier efforts [3h-3m,30,3p] to explore how ETD or ECD
electrons can cleave S—S or N—C,, bonds in positively charged gas-
phase peptides (e.g., as exist under electrospray conditions in mass
spectroscopy experiments), we proposed that electrons can attach
directly (i.e., in a nearly vertical exothermic process) to S—S o* or
OCN amide 7* orbitals, but only under special conditions. In par-
ticular, we suggested that such low-lying empty orbitals can have
their energies lowered by attractive Coulomb interactions with one
or more positively charged groups (e.g., the protonated amine or
fixed-charge groups on side chains that usually exist in ECD/ETD
experiments) thus rendering the electron attachment exothermic.
In Scheme 1, we illustrate the mechanisms by which such electron
attachment events are proposed to lead to cleavage of disulfide or
N—C, bonds through what we termed Coulomb-stabilized direct
electron attachment.

We know from others’ work on dissociative electron attachment
[4] that, in the absence of Coulomb stabilization, vertical electron
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Scheme 1. Direct electron attachment to a Coulomb stabilized S—S ¢* or OCN 7*
orbital to cleave a disulfide or N—C, bond.

attachment to an S—S ¢* or amide m* orbital is ca. 1eV and ca.
2.5eV endothermic, respectively. Using the fact that the Coulomb
potential varies with distance R (A) as 14.4 eV A/R (A), we predicted
under what structural circumstances such direct electron attach-
ment should be expected. For example, we proposed thata disulfide
linkage must experience Coulomb stabilization exceeding 1eV to
render our direct-attachment mechanism feasible; this stabiliza-
tion could, for example, arise from a single positively charged site
closer than ca. 14 A, from two positive sites each 7 A distant, or from
adoubly charged site 28 A away. We also predicted that a single pos-
itive charge 14.4/2.5 =6 A from an OCN 7* orbital could render this
orbital amenable to exothermic direct electron attachment.

To further explain our ideas about how the Coulomb-stabilized
direct electron attachment takes place, in Fig. 1 we show qualitative
depictions of the potential energy hypersurfaces of model species
containing an S—S bond that is subject to such cleavage.

In our proposed mechanism, an electron (either a free elec-
tron as in ECD or one transferred from an anion as in ETD) can
attach exothermically (red arrow in Fig. 1) to the S—S o* orbital
if the positively charged site on the Lys side chain is within 14 A
of the SS bond (red curve in Fig. 1). Once an electron attaches to
the o* orbital, rupture of the S—S bond occurs promptly. On the
other hand, if the positive site is more than 14 A away from the
SS bond, electron attachment would be endothermic (blue arrow
and blue curve) and thus would not occur under ECD/ETD condi-
tions. Of course, in a multiply positively charged polypeptide, it
is the total Coulomb stabilizing potential at the SS bond site that
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Fig. 1. Model disulfide containing peptide (bottom) with protonated Lys side chain
together with energy profiles (top) along the S—S bond length for the parent com-
pound, ground- and excited-Rydberg states with an electron attached to the Lys
—NHj5* site, and the state in which the excess electron resides in the S—S o™* orbital.

will determine the placement of the S—S ¢* curve relative to that
of the parent and Rydberg-attached species. Moreover, the magni-
tude of this Coulomb potential will depend on the location, along
the backbone, of the positive sites and can fluctuate significantly as
the charged side chains undergo dynamical motions.

In summary, our proposal was that the S—S o* curve will lie
vertically (i.e., near the equilibrium bond length of the S—S bond)
below the parent if the total Coulomb stabilization at the S—S bond
site exceeds ca. 1 eV, and, under such conditions, direct exothermic
electron attachment to the S—S bond can occur. We and the Turecek
group made an analogous suggestion for cleaving N—C, bonds via
direct Coulomb-stabilized electron attachment to OCN 7* orbitals
as suggested in Scheme 1. The energy profiles along the N—C,, bond
axis for a model parent, Rydberg-attached, and OCN r*-attached
species are shown in Fig. 2.

A significant difference between the S—S and N—C, cleavage
cases is that, in the latter, the electron attaches vertically to the
OCN 7* orbital to form the carbon-centered radical species shown
in Fig. 2, but bond cleavage does not occur promptly as it does in the
disulfide cleavage case. Instead, elongation of the N—C, bond must
occur (e.g., through thermal motions) to induce a crossing of this
OCN mr*-attached state with a state in which the excess electron
resides in the N—C, ¢* orbital. Evolution of the electron density
into this latter state allows the N—C, bond to break upon which a
new C—N 7 bond is formed and the radical center moves to the
a-carbon site as shown in Fig. 2 and Scheme 1. Thus, although
both disulfide and N—C,, cleavages are proposed to be initiated by
Coulomb-assisted electron attachment, bond cleavage is prompt in
the former case but requires surmounting a barrier (where the OCN
m* and N—C, o* curves cross) in the latter.
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Fig. 2. Model peptide (bottom) with protonated Lys side chain together with energy
profiles (top) along the N—C, bond length for the parent compound, ground- and
excited-Rydberg states with an electron attached to the Lys —NH3* site, and the
state in which the excess electron resides in the N—C, 7* orbital (as shown in the
model compound).
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2. Overview of our earlier studies

The Coulomb-stabilized direct attachment model was used in
Ref. [3]] to rationalize the distribution of fragment ions observed
[5] under ECD conditions for the doubly charged peptide shown in
Fig. 3.

Specifically, regardless of whether the number (n) of alanine
units is 10, 15, or 20 and whether the parent ion is doubly pro-
tonated or doubly sodiated (presumably at the Lys sites), the main
fragment ions arise from

a. S—S bond cleavage at the central site, or
b. N—C,, cleavage along the Ala backbone but only within the four
Ala units closest to the positively charged Lys termini.

We noted that, even for n = 20, where the positively charged sites
reside ca. 30 A from the S—S bond, the Coulomb stabilization at the
disulfide linkage (2 x 14.4eV A/30A) s ca. 1 eV-just enough to ren-
der exothermic Coulomb-stabilized attachment to the S—S bond.
We also noted that the four Ala units nearest the termini lie ca.
6 A from the positive sites, so their Coulomb stabilization energy!
(1x14.4eVA[6A)is ca. 2.5 eV—again, just enough to stabilize the
OCN T* orbital to electron attachment.

! In making this estimate, we ignore the Coulomb stabilization from the more
distant Lys terminus, so the total Coulomb stabilization is a bit larger than this
estimate.

Of course, the agreement between our model’s predictions for
the species shown in Fig. 3 may be fortuitous. Experiments in which
the number of Ala units exceeds 20 (so the Coulomb stabilization
at the S—S bond drops below 1 eV) or in which ETD rather than ECD
is used (so electron attachment at the S—S site might be rendered
endothermic for n=20 because of the need to overcome the elec-
tron binding energy of the anion used as the electron source) would
be welcome contributions to such studies.

In other studies exploring the Coulomb-stabilization model, we
needed to address the possibility that electron attachment (ETD
or ECD) could occur initially at a positively charged site (e.g., at
one of the Lys termini of the species shown in Fig. 3) after which
an electron could migrate to an S—S or OCN bond site to effect
cleavage. This migration might occur in a through-space man-
ner if the positively charged site’s Rydberg orbital occupied by
the excess electron were to come into spatial overlap with an
S—S ¢* or an OCN * orbital. Alternatively, the migration could
occur in a through-bond manner in which the positive site’s
Rydberg orbital overlaps with orbitals on intervening functional
groups which subsequently overlap with an S—S o* or an OCN 7*
orbital.

For the species shown in Fig. 3, the terminal Lys groups are so
far from the S—S bond that through-space transfer to the S—S bond
is not feasible. So, for this species, we focused on through-bond
electron transfer by computing energy profiles analogous to those
shown qualitatively in Fig. 1 for model compounds of the form
H3C—S—S—(CH,),—NH3"*. In these studies [30,3q,3r], we held fixed
the distance between the nitrogen atom and the S—S bond to sim-
ulate a fixed total Coulomb stabilization potential whose strength
depended on the numbed n of methylene units. We then evaluated
the energies, as functions of the S—S bond length, of states in which
an excess electron is attached to a Rydberg orbital of the —NH3* or
to the Coulomb-stabilized S—S o* orbital. An example of our data
is shown in Fig. 4 for the n=3 case.

We also show in Fig. 4 the S—S o* (left), excited Rydberg (cen-
ter), and ground Rydberg (right) orbitals so one can appreciate the
spatial extent of these orbitals. In Fig. 5 we show these same sets
of orbitals for the n=3, 2, and 1 species again to allow the reader
to appreciate how their spatial extent can produce significant cou-
plings and thus allow electron migration to occur.

By examining the potential energy curves in regions where the
S—S o™ curve crosses either the ground or excited Rydberg curve,
we were able to extract the electronic coupling strengths (denoted
Hj;) connecting these pairs of states. In Fig. 4, we give the val-
ues of these coupling strengths for the n=3 species. As expected,
we found the magnitudes of these electronic couplings to decay
exponentially with the distance R between the S—S o* and Rydberg
orbitals between which the through-bond migration takes place.
In Fig. 6, we show how these couplings vary with distance [3q].
In this plot, the error bars relate to our estimated uncertainties in
evaluating the Hq; values, and the points shown as open circles and
squares are extrapolations of our data forn=1, 2, 3, to the n=4 case.

Using these data and Landau-Zener surface-hopping theory we
were able to estimate that through-bond electron migration occur
at rates that could lead to S—S bond cleavage within times appro-
priate to ECD/ETD conditions, but only over 4 or 5 bonds separating
the nitrogen and sulfur atoms.? Thus, we are able to conclude that
the S—S bond cleavage observed for the species shown in Fig. 3 did
not arise from electron attachment at a positive Lys site followed
by through-bond electron transfer to the S—S bond; the number of
intervening bonds is far too large. At this stage in our studies, we

2 As we will show later, the combination of our earlier data and that obtained in
the present work suggest that this estimate should probably be increased to 7 bonds.
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Fig. 3. Assumed structure of doubly charged (AcCA,K+M),%* cations (M =H or Na) in gas phase (redrawn from Ref. [3j]).
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Fig. 4. Energies of the parent H3C—S—S—(CH,);—NH3* cation (open circles),
ground Rydberg-attached (open squares), excited Rydberg-attached (filled squares),
and S—S o*-attached (filed diamonds) states as functions of the S—S bond length.

cannot rule out the possibility that cleavage of the N—C, bonds in
the four Ala units closest to the Lys termini occurs by through-bond
transfer from Lys, but most of our evidence aligns against this. First,
there are more than 4-5 bonds separating the Lys’ —NH3* nitrogen
atom and all but the closest of the Ala OCN units. Second, because
the Hq, couplings decay exponentially with distance, one would
expect the yield of N—C, cleavage to also decay sharply as the dis-
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Fig. 6. Variation of the natural logarithm of the H;, couplings between the S—S o*
and ground Rydberg (left curve) or S—S o* and excited Rydberg (right curve) states
as functions of the distance R between the pairs of orbitals.

tance to the Lys terminus increases; to our knowledge, the yields
for cleaving all four of the Ala N—C, bonds near the Lys termini do
not differ considerably. For these reasons, we believe that the pre-
ponderance of experimental data and theoretical findings suggest
that it is through Coulomb-stabilized direct electron attachment
that the S—S and N—C, cleavages occur for the compound shown
in Fig. 3.

';"\"\ : ‘ (/‘ — / S\
;,\‘ N \ (! \ =
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Fig. 5. S—S o™ (top), excited Rydberg (middle), and ground Rydberg (bottom) orbitals for n=3 (left), 2 (center), and 1 (right) species. All orbitals have outermost contours

within which 60% of the electron density is contained.
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Fig. 7. Triply positively charged ions containing protonated side chains (top) or fixed-charge side chains (bottom) used in the experiments of Ref. [2e].

Our studies of through-space electron transfer were motivated the S—S o* orbital when the Rydberg orbital comes into spatial
by ETD data from the McLuckey lab [2e] in which S—S bond cleavage overlap with the o* orbital?
was observed to be a significant channel in the fragmentation of two 2. Can an electron initially attached to a protonated or fixed-charge
kinds of ions shown in Fig. 7. site migrate to another such site as the Rydberg orbitals on the
Based on the McLuckey data, we were faced with addressing two two positive sites come into spatial overlap?
issues:

To address the first question, we computed and examined
1. Could an electron initially attached to a Rydberg orbital of a pro- the energy profiles for model systems composed of a MeS-SMe
tonated or fixed-charge side chain transfer (through space) to molecule with either an NH4* ion (to simulate a protonated site)
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or an N(CH3)4" ion (to simulate a fixed-charge site) at various dis-
tances Rys from one another. In Fig. 8 we show the energy profiles,
along the S—S bond axis, of the parent cation, the species with an
electron attached to a ground or excited Rydberg orbital of the pos-
itive site, and the species with an electron attached to the S—S o*
orbital with the positive site at various distances Rys away.

Also shown in Fig. 8 are the values of the H;; couplings that
pertain to electron migration from the Rydberg states to the S—S
o* states at each curve crossing. In Ref. [3p], we showed that these
couplings also decay exponentially with the distance Rys between
the two sites over which electron transfer takes place.

By identifying the Rys distances at which the S—S ¢* state’s curve
crosses the ground or excited Rydberg curve near the equilibrium
S—S bond length, we were able to say how close the protonated
or fixed-charge site must come to the S—S bond to effect through-
space electron transfer. As the data shown in Fig. 8 indicate, the
positive site must come within ca. 5 A of the S—S bond for electron
transfer to occur. Moreover, because protonated and fixed-charge
side chains are known to decay, by N—H or N—C bond cleavage,
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Fig. 9. Energies of low-lying electronic states of [NHy4---N(CH3)4]* as functions of
the distance between the two nitrogen atoms. The energy of the system with no
electron attached is shown in open diamonds.

within a few s after electron attachment, these findings sug-
gest that the protonated or fixed-charge site must be within 5A
of the S—S bond at the time ECD or ETD electron attachment takes
place.

To address the second question posed above, we computed
potential surfaces for several low-energy electronic states of a
model system composed of an electron bound to a framework
consisting of an NH4* ion (to simulate a protonated site) and an
N(CH3)4* ion (to simulate a fixed-charge site) separated by various
distances. In Fig. 9, we show the energies of several such elec-
tronic states as functions of the distance between the two nitrogen
atoms.

Because the ground and various excited Rydberg orbitals of pro-
tonated and fixed-charge sites have different energies (due to the
differential shielding of the positive charge in the two species), the
states shown in Fig. 9 correlate to either protonated or fixed-charge
states at large N—N distances. For example, the state shown in filled
squares corresponds to ground-Rydberg NH,4 plus an N(CH3 )4* ion
far away. The next two states correlate to excited NH4 plus an
N(CH3)4* ion, while the fourth state relates to NH4* far away from
N(CH3)4 in its ground-Rydberg state. The most important aspect
of the data shown in Fig. 9 is that there are no crossings between
states that correlate to NH,4 with those correlating to N(CH3)4. This
finding allowed us to conclude that there is too much of an energy
gap between the Rydberg states of protonated and fixed-charge (at
least of the type modeled by N(CH3)4*) sites to permit efficient
through-space electron transfer via surface hopping.

Thus, with regard to the kind of species studied by McLuckey and
illustrated in Fig. 7, we suggested that some of the S—S bond cleav-
age occurs by Coulomb-stabilized electron attachment to the S—S
o* orbital and that through-bond electron transfer was unlikely.
Regarding the possibility of through-space transfer, we suggested
that transfer between protonated and fixed-charge sites is proba-
bly not facile, although it may be for transfer from one protonated
(or fixed-charge) site to another. The latter conclusions allowed us
to offer (see p. 163 of Ref. [3p]) a rationalization of the McLuckey
group’s data in terms of a model in which

a. It is assumed that synthesis of the fixed-charge species shown
in Fig. 7 containing zero, one, or two fixed-charge sites (the
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remainder being protonated sites) retains the Ala site in proto-
nated form (in Ref. [3p] it is argued that this lowers the internal
Coulomb repulsion and thus the thermodynamic stability of the
ion).

b. For species containing zero or three fixed-charge sites, electron
attachment to a charged site can, via through-space transfer,
allow the attached electron to migrate to the Ala site, which is
closest to the S—S bond, and thus to subsequently transfer from
the Ala site to the S—S o* orbital. It was suggested this is why
compounds containing zero or three fixed-charge sites have the
highest yield of S—S bond cleavage.

c. For species containing two fixed-charge sites (by assumption on
the Thr and Lys side chains) any electrons captured at the (fixed-
charge modified) Thr or Lys sites cannot be transferred to the
nearby Ala site, so S—S bond cleavage is low for such species.
Only electrons that attach to the (protonated) Ala site or that
attach directly to the S—S o orbital can cleave the S—S bond.

d. Species with one fixed-charge site should have intermediate
yields of S—S bond cleavage because they can fragment by direct
attachment to the S—S o* orbital, by attachment to the nearby
(protonated) Ala site, or by attachment to whichever of the Thr
or Lys sites is protonated followed by through-space transfer to
the Ala site and subsequent transfer to the S—S o™ orbital.

These trends in S—S bond cleavage yields are what was seen in
Ref. [2e].

3. Strategy in the present work and methods used

In the present work, we extend the kind of studies outlined
above in two directions:

1. We consider the possibility that through-bond electron transfer
can be more facile if the spacer groups separating the S—S bond
and the positive site involve olefinic as well as aliphatic link-
ages. In our earlier work, we used —(CH> ),— units to connect the
two sites; in the present work, we employ a —CH=CH—(CH; ),—
spacer.

2. We examine the possibility of through-space electron trans-
fer between fixed-charge sites of different electron binding
strengths. In our earlier work, we considered transfer from a
protonated amine site to an N(CH3)4* site. Now, we will con-
sider electron transfer between an N(CH3 )4* and a C(NH;)3* ion
representative of the positive site in protonated arginine. These
two sites have Rydberg orbitals with considerably closer electron
binding energies than do NH4* and N(CH3)4*.

Based on our earlier experience in electron transfer modeling,
we decided to first perform our calculations at the Hartree-Fock
(HF) self-consistent field (SCF) level of theory and to then extend
our investigations to the unrestricted second-order Meller-Plesset
(UMP2) level of theory.

In our studies of through-bond electron transfer in
H3C—S—S—CH=CH—(CH,),—NH3", the structures (bond lengths
and angles) were first partially optimized at the Hartree—Fock level
with the distance between the nitrogen atom and the midpoint
of the sulfur-sulfur bond held fixed throughout the optimization
calculations. Then in subsequent UMP2 calculations, we retained
this frozen geometry because we were attempting to model the
environment within a peptide or protein in which an S—S o* orbital
is Coulomb stabilized by a positively charged site whose location
remains quite fixed. In addition, we wanted to extract information
about the distance-dependence of the electron transfer rates, so
it was important to have the distance from the S—S bond to the

—NH3* site held fixed. In our studies of through-space electron
transfer between N(CH3)4* and C(NH;)s3*, we froze the distance
between the nitrogen and carbon atoms of the respective cations
while optimizing other internal coordinates.

The addition of one set (1s1p) of extra-diffuse basis functions
[6] centered on the positive sites’ central atom to the aug-cc-
pVDZ basis sets [7] was necessary to properly describe the ground
and excited Rydberg states of the NH4, N(CH3)s and C(NH;)3
species. This kind of basis was shown earlier [6] to be capable
of reproducing the energies of such low-energy Rydberg states of
nitrogen-centered radicals. With only four such extra diffuse func-
tions in our basis, the number of Rydberg levels that we can describe
is, of course, limited.

To evaluate the probabilities for electron transfer in our through-
bond study, we generated the necessary energy surfaces at the
unrestricted second-order Mgller-Plesset (UMP2) level and exam-
ined the energies of the ground-Rydberg, excited-Rydberg, and
S—S o*-attached states as functions of the S—S bond length (with
the other internal coordinates of H3C—S—S—CH=CH—(CH, ),—NH3*
held fixed for the reasons noted earlier). The use of an unre-
stricted method was necessary both to achieve a qualitatively
correct description of the homolytic cleavage of the S—S bond and
because the various electron-attached species are open-shell sys-
tems. Because the methods we used are based on an unrestricted
Hartree-Fock starting point, it is important then to make sure
that little, if any, artificial spin contamination enters into the final
wave functions. We computed (S2) for species studied in this work
and found values not exceeding (after annihilation) the expected
value of 0.75 by more than 0.06 in all open-shell doublet neutral
cases.

Special difficulties arise when carrying out computations of
not just the lowest-energy electron-attached state at each S—S
bond length, but the energies of several such states. In such cases,
great care must be taken to avoid variational collapse. For the
ground-Rydberg state, this was not an issue, but it was for the
excited-Rydberg state and for the o*-attached state at some geome-
tries. For the excited-Rydberg case, we found it adequate to use
the “alter” option in the Gaussian program to begin the iterative
SCF process with the desired orbital occupancy. Convergence to
the desired (excited Rydberg) state was then verified by visually
inspecting the singly occupied orbital after convergence. For the
state in which the electron is attached to the S—S o* orbital, we had
to use another approach because variational collapse took place
during the SCF iterations even when we used the “alter” option. In
the method we used to overcome the problem for this state, we
introduced a device that we have employed in many past applica-
tions [8]. Specifically, we artificially increased the nuclear charges
by a small amount §q of the atoms (the sulfur atoms for the S—S o*
state) involved in accepting the transferred electron, and carried
out the UMP2 calculations with these artificial nuclear charges. By
plotting the energies of the states for several values of the charge
increment 8q and extrapolating to q =0, we were able to evaluate
the true energy of these states.

In our study of through-space electron transfer between
N(CH3)4 and C(NH;)3, we had to evaluate the energies of the
ground- and several excited-Rydberg states. To avoid the misery
of variational collapse in this case, we employed the outer valence
Greens function (OVGF [9]) option within the Gaussian code. In
this way, we obtained the energies of the various electron-attached
states in terms of OVGF electron attachment energies of the parent
[N(CH3)4- - -C(NH)3]?* doubly charged species.

Finally, we note that all calculations were performed using the
Gaussian 03 suite of programs [10], and the three-dimensional plots
of the molecular orbitals were generated with the MOLDEN pro-
gram [11].
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Fig. 10. MP2-level energies of the parent H3C—S—S—CH=CH—(CH;),—NH3*
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4. Results
4.1. Through-bond electron transfer
In Fig. 10, we show the energy profiles pertinent to

electron attachment to two of our model compounds
H3C—S—S—CH=CH—(CH,),—NH3* as functions of the S—S bond

6.0
56
52

-

2 i S

: s~ =N
36

32

28

2.4

2-0 1o}
16
12

—T T T T 1
80 88 96

InH

¥ T y T x T T ¥ T ¥ T ¥ 1
104 11.2 120 128 136 14.4 15.2
R[A]

Fig. 11. Variation of the Hy coupling matrix elements as functions of the distance
R between the mid-point of the S—S bond and the centroid of the Rydberg orbital
(ground or excited) for the ground (left) and excited (right) Rydberg state coupling
to the S—S o* state. The error bars indicate 50 cm~! uncertainty in the values of
the Hq, elements. The open square symbols show the value of InH;, obtained by
extrapolation to a compound containing 2 methylene units and one olefinic unit.

length. Also shown are the S—S ¢*, ground, and excited Rydberg
orbitals and the Hy ; couplings associated with each curve crossing.

In Fig. 11, we plot the natural logarithm of the H;, couplings
as functions of the distance between the S—S bond and the out-
ermost point on the ground- or excited-Rydberg orbital contour
within which 60% of the electron density is contained (we call
this the centroid). We made this choice for defining the distance
between the orbitals to be consistent with what we plotted in Ref.
[3q] where we studied through-bond transfer for species of the type
HgC—S—S—(CHZ )n—NH3.

One conclusion from the present work can be reached by
comparing the magnitudes of the H;, elements that arise in
the present H3C—S—S—CH=CH—(CH;),—NH3* model compounds
to those found for the compounds H3C—S—S—(CH,),—NH3*
containing only aliphatic linkages in the spacer groups.
As one can glean from Figs. 6 and 11, the distances
between the S—S bond and the centroids of the ground
and excited Rydberg orbitals in H3C—S—S—(CH;),—NHs3* are
very close to those in H3C—S—S—CH=CH—NHs*, and the
distances in H3C—S—S—(CH,)3—NH3* are close to those in
H3C—S—S—CH=CH—(CH;)—NH3"*. These similarities in distances
are, of course, not surprising because an olefinic linkage —C=C—is
similar in length to two methylene units (Table 1).

From these data, we conclude that through-bond electron trans-
fer over 3-5 bonds spanning a given distance is not qualitatively
different if all of these bonds involve aliphatic linkages or one of
the bonds is olefinic. That is, we do not see any reason to expect a
major enhancement in through-bond transfer when olefinic link-

Table 1

Coupling strengths (cm~') between ground or excited Rydberg states and S—S o* state for aliphatic (data on the left) and mixed olefinic/aliphatic (data on the right) spacers
Species Hffgd I8 Hf’;‘d HE, Species

H3C—S—S—(CH, )—NH3* 7812 8097

H3C—S—S—(CH,),—NH3"* 3532 3542 122 277 H3C—S—S—CH=CH—NH3*
H3C—S—S—(CH,);—NH;" 682 824 82 45 H3C—S—S—CH=CH—(CH;)—NH;"
H3C—S—S—(CH,);—NH;"* 5P 15P 49> 7° H3C—S—S—CH=CH—(CH;),—NH3*

3 These data first appeared in Ref. [3q].

b Values for these longer compounds were obtained from extrapolating as indicated in Figs. 6 and 11.
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ages are present. Therefore, the conclusions we reached earlier in
Ref. [3q] should remain valid even when the bonds connecting the
Rydberg and S—S o™ orbitals are not all aliphatic.

It was shown in Ref. [3q] that coupling strengths in the 300 cm™!
range produce surface-hopping probabilities (using Landau-Zener
theory) of ca. 0.1-0.5 [12]. Thus, as long as the S—S ¢* curve inter-
sects the ground or excited Rydberg curve near the equilibrium S—S
bond length (so the crossing is accessible by thermal motions of this
bond), we can estimate the rates of through-bond electron transfer
by multiplying the S—S vibrational frequency vss (ca. 1.5 x 1013 s~1)
by the surface hopping probability (0.1-0.5) and then scaling by the
ratio of the square of (H;,/300):

-~ 12 (Hi2)? -1
Rate ~ (1.5-7.5) x 10 (300> s 1)

For the through-bond migration to be effective in cleaving the
S—S bond, it must occur before the Rydberg species from which the
electron is transferred can decay by some other mechanism. It is
believed that electron attachment (in ECD or ETD) at a positively
charged side chain initially occurs into an excited Rydberg orbital
after which a decay cascade leads to formation of the ground Ryd-
berg species. It is known [13] that excited Rydberg states belonging
to protonated or fixed-charge amine site undergo radiationless
relaxation to the ground Rydberg state in a few ps. Moreover, we
know that the excited Rydberg states do not decay by N—H or N—C
bond cleavage, but the ground Rydberg states do (in ca. 10-12s).
Hence, to be effective in cleaving an S—S bond, the through-bond
electron transfer must occur within ca. 106 s of the time the elec-
tron attaches to an excited Rydberg orbital. This fact allows us to
estimate the smallest Hy, coupling strength that could produce
S—S bond cleavage by solving Eq. (1) for a rate of ca. 106 s~1. This
gives an estimate of H{‘}izn =0.11-0.24cm™". Using the data shown

in Figs. 6 and 11 with this range of H;‘?izn values, we conclude that
through-bond electron transfer can occur at a rate capable of yield-
ing S—S bond cleavage if there are up to 7 bonds (aliphatic or
olefinic) separating the sulfur and nitrogen atoms.

4.2. Through-space electron transfer from one positive site to
another

In our earlier study [3p] of through-space electron transfer
between positive sites, we used NH4* and N(CH3)4* to represent
protonated amine and fixed-charge sites. As shown earlier in the
discussion surrounding Fig. 9, that study allowed us to conclude
that the electron binding strengths for the Rydberg orbitals of
NH4* and N(CH3)4* (4.5 eV and 2.5 eV, respectively, for the ground-
state Rydberg orbitals) differ so much that curve crossings do
not occur (at least for lower states), as a result of which electron
transfer between such sites is unlikely. In Fig. 12, we show the
ground and (first) excited Rydberg orbitals associated with the two
positive sites considered in the present study. These orbitals are
shown at a separation between the two sites corresponding to the
minimum-energy for the ground state of [N(CH3 )4- - -C(NH3)3]*. At
such distances, one can see that the Rydberg orbitals of the two sites
overlap considerably. One of the positive species N(CH3)4* is cho-
sen to simulate a fixed-charge side chain’s positive site, while the
other C(NH>)3* is chosen to simulate protonated arginine’s positive
site. These two species have ground-state electron binding energies
thatdiffer by ca. 0.5 eV (in contrast to the >2 eV energy difference for
NH4* and N(CH3)4*), so we expect that electron transfer between
them may be possible.

In Fig. 13, we show the energy profiles, as functions of the inter-
ion distance, of the ground and several low-energy states of the
N(CH3)4*---C(NH;)3* system to which one electron is attached.

Excited ARG*

Excited N(CH;),*

Ground ARG*

Ground N(CH,),*

Fig. 12. Ground and orbitals of the

low-energy
N(CH3)4*---C(NH3)3* species evaluated at the inter-ion distance corresponding to
the minimum on the energy surface of the lowest state of [N(CHs3)4---C(NH3)3]*.
The four orbitals shown correlate, at large inter-ion separation, to the ground and
lowest Rydberg states of N(CH3 )4* and of C(NH;)3* as labeled.

excited Rydberg

The nature of some of the states (i.e., whether they are domi-
nantly arginine or N(CH3)4* localized) was difficult to determine
(i.e., they were very “mixed”). In these cases, we have not labeled
them in Fig. 13.
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Fig. 13. Energies of the ground and low-lying excited states of [N(CH3 )4- - -C(NH2 )3 ]*
with the species and state to which these states correlate at large inter-ion distance
labeled on the right.
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Nevertheless, the data of Fig. 13 suggest that, aside from the
lowest-energy state, there are numerous curve crossings that, in
turn, tell us that

a. An electron initially bound to the ground Rydberg state of
N(CHj3)4* will not transfer to C(NH> )3* because the ground-state
curve (filled squares), which correlates to ground-state N(CH3 )4
plus C(NH;)3*, does not undergo a crossing with any other state.
Most likely, such a N(CH3)4 species (i.e., the side chain it repre-
sents) will undergo N—CH3 bond cleavage as discussed earlier in
this paper.

b. An electron initially bound to the ground Rydberg state of
C(NH3)3* can transfer to an excited Rydberg state of N(CH3)4*
because the surface (filled circles) correlating to ground-state
C(NH3)3 undergoes crossings with states that correlate to excited
Rydberg states of N(CH3 )4*.

c. An electron initially bound to an excited Rydberg state of
N(CH3)4* can transfer to a Rydberg state (excited or ground) of
C(NH>)3* because the curves associated with such excited states
undergo crossings that permit these events.

d. An electron initially bound to an excited Rydberg state of
C(NH,)3* can transfer to a Rydberg state (excited or ground) of
N(CH3)4* because the curves associated with such excited states
undergo crossings that permit these events.

So, the combination of our earlier studies (using NH4* and
N(CH3)4*) and the present findings (using N(CH3 )4* and C(NH;)3*)
suggest that through-space electron transfer from one positively
charged side chain to another can occur but

a. not from the ground Rydberg state of the side chain having the
highest electron binding strength, and

b. only if the electron binding strengths of the two side chains are
similar (e.g., as in N(CH3)4* and C(NH,)3* where they differ by
ca.0.5eV).

Of course, the excited Rydberg states of all these species can also
undergo radiationless relaxation to lower states in s timescales.
Moreover, the ground Rydberg states may be susceptible to decay
by bond cleavage (over timescales of ca. 1012 s).

As Fig. 13 suggests, there are multiple curve crossings among the
excited Rydberg states belonging to the two charged sites. Although
we were able, in our earlier study of through-bond electron transfer
in which few such crossings appear, to extract H; ; couplings, we do
not feel confident in doing so in the present through-space trans-
fer study. There are just too many crossings and they are not even
“isolated” in the sense that only two curves are in close proximity
near a given crossing. For this reason, we do not venture to approxi-
mate the rates (i.e., use Landau-Zener theory) for the through-space
transfer processes studied here. We prefer to simply use the data
from Fig. 13 to conclude that through-space electron transfer can
occur for species with electron binding energies differing by ca.
0.5eV as in our model systems.

5. Summary

The primary findings of the present study are

1. That through-bond electron transfer rates through combined
olefinic-and-aliphatic linkages are not qualitatively different
than through aliphatic linkages of similar length.

2. That through-bond transfer can occur from Rydberg orbitals of
protonated or fixed-charge sites to S—S bonds at experimentally
relevant rates but only over ca. 7 intervening bonds.

3. That through-space transfer from a Rydberg orbital of one pos-
itive side chain to a Rydberg orbital of another side chain can
occur but only if the electron binding strengths of the two side
chains’ Rydberg orbitals are similar.

When applied to the data [5] obtained in the Marshall group on
the species shown in Fig. 3, these findings suggest that it is highly
unlikely that the disulfide cleavage, which was found to occur in
substantial amounts, could arise from initial electron attachment at
one of the charged Lys termini followed by through-bond electron
transfer to the S—S bond. There are just too many intervening bonds.
Moreover, the rigidity of the (Ala), helices do not allow the charged
Lys to come close enough to the S—S bond to allow through-space
transfer from Lys to the S—S bond. Therefore, we are left concluding
that the disulfide cleavage in these species most likely arises from
direct Coulomb-assisted electron attachment to the S—S o™ orbital
as first suggested in Ref. [3]].

In the Marshall-group data [5], some cleavage of N—C, bonds
occurred within the four Ala units closest to the charged Lys termini.
Our present findings cannot rule out that these cleavages take place
by through-bond electron transfer from a Lys terminus to an Ala
OCN m* orbital. However, if this were the dominant mechanism, one
would expect to see an exponential decrease in the yield of N—Cy
cleavage as the distance from the cleaved Ala to the Lys increases.
The data of Ref. [5] do not seem to show such a decrease along the
Ala chain, so this argues against through-bond electron transfer
being the dominant mechanism. What about through-space elec-
tron transfer from a Rydberg orbital of Lys to the nearby Ala OCN
T* orbitals? We are not convinced that the length and flexibility of
the Lys side chain are adequate to allow the Lys terminus to come
close enough to the fourth Ala from the Lys terminus, but, until we
(or someone else) carry out molecular dynamics simulations, we
cannot further exclude this possibility. However, geometric argu-
ments alone argue that the frequency with which a Lys —NHs3 unit
encounters, via thermal motions, an Ala OCN 7* orbital would vary
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Fig. 14. Fragmentation patterns found by the Marshall group [5] for species
(AcCA,K+H),2* shown in Fig. 3 (taken from ref. [5]).
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inversely as the square of the distance between the Lys and Ala
orbitals. This, in turn, suggests that the yield of N—C, cleavage
within the four Ala units closest to the Lys termini should vary in
like fashion. However, the fragmentation patterns of Ref. [5], which
we reproduce in Fig. 14, show very similar yields for cleaving the
four Ala N—C, units closest to the Lys termini.

For example, for (AcCA15K+H),2*, we see in Fig. 14, fragment
ions cyg, C15, C14, and cq3 in similar abundances. It is for these reasons
that we think the N—C, cleavage of the four Ala units closest to
the Lys termini also most likely occurs by direct Coulomb-assisted
electron attachment to the corresponding OCN 7 orbitals. However,
we admit that sufficient data to be confident in this claim are still
lacking.

The observations of the present work also relate to findings from
the McLuckey lab [2e] on species similar to those shown in Fig. 7. In
particular, our data suggest that electron transfer among positively
charged sites on side chains can take place but only if the electron
binding energies of the Rydberg orbitals on these sites are similar
(e.g., differing by ca. 0.5eV but not by 2 eV or more). Small differ-
ences in binding energies allow the attractive interactions between
two charged side chains (once an electron is attached to one) to
induce curve crossings and thus to effect electron transfer.
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