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Excess Electron Attachment to Disulfide-BridgedL,L-Cystine. An ab Initio Study

Agnieszka Sawickal,* Piotr Skurski,* -7*and Jack Simong

Department of Chemistry, Usrsity of Gdask, Sobieskiego 18, 8®52 Gddisk, Poland, and Henry Eyring
Center for Theoretical Chemistry, Department of Chemistry,v&rsity of Utah, Salt Lake City, Utah 84112

Receied: October 23, 2003; In Final Form: February 19, 2004

The possibility of excess electron binding to cystine (consisting of itvegsteine molecules linked via a
disulfide bridge) in the gas-phase was studied at the second-order Mlémset perturbation theory (MP2)

level using the 6-31G**+6(sp) basis sets. Several geometrically stable conformers and tautomers were
found on the potential energy surfaces (PES) of both the neutral and anionic species. The most stable neutral
isomer has proven to (i) involve two canonical rather than zwitterionic cysteine monomers, (ii) possess no
inter-monomer hydrogen bonds, and (iii) exhibit an extended structure due to the presence of four intra-
monomer hydrogen bonds. It has also been found that most neutral isomers are capable of excess electron
binding to form geometrically and electronically stable anions of dipole-bound nature. The electron binding
energies for these anions span a wide region of 0.600847 eV (depending on the neutral parent molecule).

In addition, several cystine-based anions were found at geometries where the neutral species are not stable.
The latter anions gain stability from their large electron binding energies (they bind an excess electron by

0.488-1.975 eV).

1. Introduction Even though the number of publications devoted to cysteine-
containing compounds seems large, it is surprising that, to the

It is well-known that covalent disulfide bonds are very best of our knowledae. there have been no papers dealing with
important determinants of the shapes of peptides and proteins u wiedge, v pap Ing wi

because the SS bonds between cysteine building blocks the possibility of an excess electron binding to cystine published

stabilize folded conformatiorisMoreover, the structures and n thg Ilte.raf[ure thus far. The only attempt to s'gudy t.he.
properties of molecules containing sulésulfur bonds have nondissociative electron capture by the species which mimic

been of interest for decades since the disulfide linkage plays anthe d'tSL:jlffe'g“?ged tcylstlnedc_ontal?lngt_on(iﬁs bon%_ls tha.lt i
important role in enzyme and antibiotic structure stabilization reported by Larles €t al. and Investigating thé nondissociative
and in the biological activity of molecular systems. It has also electron capture by a series of saturated disulfides glvengby the
been shown that protein disulfide radical anions are stable in 'IRkT S_S_tR flormu(;a l(wherte R stz::gstor GHCHs, and %Hﬁ'.
aqueous solutions,and the reduction of only one disulfide € neutral model systems were examined using
bridge does not have to modify the protein conformafion. Rydberg electron-transfer spectroscopy (.RETS)’ negative ion
Cysteine (Cys) as a sulfur-containing amino acid, the cysteine photoelectron spectroscopy, and computational techniques (MP2

dimer Cys-Cys (involving two cysteine molecules linked with and DFT methods). It has been shown that the saturated

the S-S bond), cystine-containing peptides, and cystine-basedg'srumc:]e? formlst?:)lﬁ a\l;]\llf? nrf |b UII ciogo;c%)tlrjlre thﬁ;mal_\s\'ﬁimr/
cyclic oligoureas have been the subject of experimental and ero energy) electrons when isolated. As Carles and co-workers

theoretical studigs® recently. In particular, Dahaoui et al. demonstrated, such capturing is possible only when these

studied the electron charge density lo€ystine using X-ray molecules are imbedded in clusters.

diffraction techniques and concluded that the almost tetrahedral Studying Fhe Interaction with an excess electron_ IS a funda-
distribution of the valence shell charge concentration of the mental step in constructing a knowledge base that will ultimately

sulfur atoms suggests Shybridization? In addition, they be of use in all cases. The main goal of the present work is to

showed that the structure ofcystine in crystals is stabilized provide information lacking in the literature about excess

by hydrogen bonds linking molecules via the COgnd NH;* electron binding to various isomers of cystine. Since cystine
groups® Ross and Burrows studied nickel complexes of both consists of two cysteine units, we must consider several possible

cysteine and cystine-containing peptides investigating the tautomers, such as canonical-canonical, canonical-zwitterionic,

spontaneous formation of disulfide-bridged dim&mshereas and so on. In particular, by using ab_ inito Hartrdeock and
Ranganathan et al. proposed and examined a new class 0§econd-order MgllerPlesset perturbation theory treatments, we

hydrogen bonding electroneutral anion receptors (cys'[ine-baseoexam'ne the lowest energy 1ISomers of the neutral cystine and
oligoureasf:” Most recently, Hameka et al. studied the fluo- for each locally geometrically stable structure we investigate

rescence of the neutral cystine by comparing the com‘igurationthded_pOSSIbIIIty (2; f(k)]rmm_g an electr_orlucally stablfe anion. In h
interaction with single-excitations configuration interaction 2ddition, we study the anionic potential energy surface to searc

theoretical results to the results of their experimental measure-for stal:.[)lg lenlor: ;'Itructur:eslthat d? not correspond to locally
ments of the UV absorption and fluorescence spétctra. geometrically stable neutral parents.

*To whom correspondence should be addressed. E-mail: piotr@ 2- Methods

hem.univ.gda.pl. )
¢ ?B;{C'evrgtyao‘} Gdésk. The ground-state potential energy surfaces of the neutral and
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linked via the S-S bond) were studied at the Hartreleock
self-consistent field level of theory, whereas the final estimates
of the relative energies were calculated at the second-order
Mgller—Plesset perturbation theory (MP2)evel. Because the
methods we used are based on an unrestricted Haffi@ek
(UHF) starting point, it is important to make sure that little if
any artificial spin contamination enters into the final wave
functions. We computed the expectation valiéfor species
studied in this work and found values of 0.756D7505 in all
anion cases. Hence, we are certain that spin contamination is
not large enough to significantly affect our findings.

The electron binding energie®) were calculated using a
supermolecular approach (i.e., by subtracting the energies of
the anion from those of the neutral). This approach requires
the use of size-extensive methods for which we have employed
second-order MgllerPlesset perturbation theory. In addition,

D was analyzed within the perturbation framework designed
for dipole-bound anions and solvated electrons described
previously by Gutowski and Skurski.

The simplest theoretical approach to estinfats based on
Koopmans’ theorem (KT3? The KT binding energy{XT) is
the negative of the energy of the relevant unfilled orbital
obtained from a HartreeFock self-consistent field (SCF)
calculation on the neutral molecule. This is a static approxima-
tion to the electron binding energy, which neglects both orbital
relaxation and electron correlation effects. These effects were
taken into account by performing SCF and MP2 calculations
for the neutral and the anion.

The polarization of the neutral ho$t) by the excess electron
and the effect of back-polarization are taken into account when Figure 1. Equilibrium structures corresponding to the neutral minima
the SCF calculation is performed for the aniok),(and the 1-8 of cystine studied in this work (hydrogen bonds are indicated with
accompanying induction effects @ are given by dashes).

ADSCF = pSCF _ pKT (1) with the latter dominated by the correlation correction to the
ind static Coulomb interaction between the loosely bound electron
and the charge distribution d\.

Since the electron binding energies for anionic species
considered in this work were obtained at the MP2 level, the
values ofDMP2 produce our final estimates Bffor each system
scF scF _ studied.
andEy™ and ES™ stand for the SCF energies of the neutral  1he giffuse character of the orbital describing the loosely
and the anion, respectively. bound electron necessitates the use of extra diffuse basis

The dispersion interaction between the qusely bound eleCtrO”functions having very low exponent&In addition, the basis
and N was extracted from the MP2 contribution @ The sets chosen to describe the neutral molecular host should be
dispersion term is a second-order correction with respect to thegeyinje enough to (i) accurately describe the static charge
ﬂ“%‘;?t'on'_'nteracnor? operator and it is approxmat_ed here by istribution of the neutral and (i) allow for polarization and
ADygisp, Which takes into account proper permutational sym- gispersion stabilization of the anion upon electron attachment.
metry for all electrons in the anion The geometry optimization calculations and the vibrational
frequency calculations were performed with the 6-8&F* basis

where

DSCF= EECF _ EiCF (2)

2 |@abrnpd b TP b2 set415 supplemented with a 5(sp) set of diffuse functions
€disp ~ ZW z = —ADyisp () centered either in the center of the-S disulfide bridge or on
ANt Gnpe ™ & T & one of the atoms in the vicinity of the positive end of the

) ) o ] molecular dipole (as indicated in Figures-3 where the
whereg, andgmyeare spin orbitals occupied in the unrestricted  aqgjtional basis functions centering sites are marked with an
Hartree-Fock anion wave function: and¢s are unoccupied  gprow),

orbitals, and the's are the corresponding orbital energies. The g eyaluation of the electron binding energies was performed
subscript mbe denotes the multipole (dipole in this case) bound,yjith the 6-3H-G** basis set supplemented with a 6(sp) set of

electron’s spirorbital. ) diffuse functions centered as described above. The4631
The total MP2 contribution t® defined as basis set was chosen since we earlier showed its usefulness in
describing multipole-bound anions compared to other commonly
MP2 __ MP2 SCF . . .
AD =D -D 4) used one-electron basis s&t$n particular, the 6-3+G** basis

set produces reliable estimates of the electron binding energies
for such species which are only slightly underestimated compar-
ing to those obtained with larger (and thus more time-expensive)
MP2 _ MP2 MP2 N

AD™* = ADyjs, + ADyg isp (5) basis sets as aug-cc-pVDZ ba¥ifor example'® The extra

is naturally split into dispersion and nondispersion terms
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Figure 2. Equilibrium structures corresponding to the neutral minima
9—14 of cystine studied in this work (hydrogen bonds are indicated
with dashes).

C
070
Figure 3. Equilibrium structures corresponding to the anionic minima

15—20 of cystine studied in this work (hydrogen bonds are indicated
with dashes).
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functions from the lowest exponent of the same (i.e., sp)
symmetry included in 6-3tG** basis set designed for sulfur.
As a consequence, we achieved the lowest exponent of 2.5920
x 107% a.u., for the sp symmetry.

All calculations were performed with the Gaussian 98
program!® whereas the three-dimensional plots of molecular
orbitals were generated with the MOLDEN progréi.

3. Results

3.1. Neutral Isomers of Disulfide-Bridged Cystine and
Their Relative Energies. The ground-state potential energy
surface (PES) of the neutral cystine is rather complicated
because of the large number of conformers (mostly rotamers)
that might correspond to local minima. Therefore, we had to
use our chemical intuition while proposing the structures that
could represent locally geometrically stable isomers. While
doing so, we focused on the structures that are derived from
the typical disulfide bridged system by rotating various func-
tional groups around the single-S§, S-C, C-C, C-0, and
C—N bonds. In particular, we tried to generate (as starting
geometries for further geometry optimizations) the structures
in which the maximum possible number of hydrogen bonds is
present. Moreover, we considered not only cystine isomers that
consist of two canonical (i.e., containingNH, and —COOH
groups) monomers but also those involving the zwitterionic
fragments (i.e., in which the proton has been transferred from
—COOH to —NH3 group leading to—COO™ and —NHz™",
respectively). As a consequence, a relatively large set of starting
structures has been generated and the geometry optimization
procedure (followed by harmonic vibrational analysis) has been
employed for each of them to verify whether the resulting
converged structures correspond to local minima on the neutral
PES. This led us to 14 isomers of the neutral disulfide-bridged
cystine (see Figures 1 and 2 and Table 1S), each of which is a
minimum on the PES (i.e., is characterized by all real vibrational
frequencies).

The isomers labeletl—10 are of CC type (where CC stands
for canonicat-canonical) which means that they involve two
canonical cysteine monomers linked via anSsbridge. Isomer
1is the lowest energy neutral species, and its structure is rather
stretched due to the fact that all four hydrogen bonds that are
formed in1 (see Figure 1) are intra-monomer H-bonds that link
the centers belonging to the same monomer only. In other words,
the inter-monomer hydrogen bonds (involving the atoms
belonging to both monomers and causing the whole structure
to be more compact) are absent. The®-S—C dihedral angle
involving the disulfide bridge is close to 9@or 1 (86.75), as
it is the case for all othe2(-14) structures. Sincg is the global
minimum on the ground-state neutral PES, we decided to
provide the energies of the other isomers as relative numbers
(with respect to the energy @fwhich is taken as zero) to show
the isomer-isomer energy gaps in a more convenient way.

The relative energies of the isomers labeedlO are in the
0.000-0.271 eV (0.6-6.2 kcal/mol) range (see Table 1). Isomer
2 (see Figure 1) is 0.088 eV (2.0 kcal/mol) higher in energy
thanl and this energy gap (even though it is not large) indicates
that one might expect isoméito be the lowest energy structure
even when a more sophisticated theoretical treatment is applied.
On the other hand, small energy differences among all CC-
type 1—10 isomers indicate that it is likely that the energy

diffuse functions share exponent values and we used even-ordering of tautomers could be altered if different theoretical
tempered’ six-term sp basis sets (for electron binding energy treatments (i.e., method and basis sets) were used. This

evaluations). The geometric progression ratio was equal t#5.0,

observation is valid especially for those structures whose

and we started to build up the exponents of the extra diffuse energies differ by less than 0.015 eV (0.2 kcal/mol), as it is the
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TABLE 1: Relative Energies (in eV) of Various Neutral and
Anionic Cystine Isomers Studied in This Work (with Respect
To the Most Stable Neutral Tautomer 1 Whose Energy Was
Taken as Zero) Calculated at the MP2 Level with the
6-31+G** +-6(sp) Basis Sefs

Sawicka et al.

two lowest isomersl(and?2), although four H-bonds are also
present in the higher energy isomers (e5gand7, see Figure
1).

We are aware of the fact that the PES of the neutral disulfide-
bridged cystine is very complicated and it is not likely to scan

relative relative ; - . - .
species energy uSSF  uMP2  species energy  uSSF  1MP2 all of_ the possible “minima without employing additional

1 0000 0329 0101 1 unstable techniques as genetic algonthm; for example. Howevgr, our

2 0088 6648 6278 2 0061 6.807 6.424 goal was to explore the possibility of forming electronically

3 0128 5272 4753 3~ 0.109 5.389 4.857 stable cystine anions rather than providing accurate relative

4 0135 4474 3966 4 0.131 4.528 4.013 energies of the neutral cystine isomers.

g 8'%?? g'gzg g'gg 2: 0.145 lfﬁgtlasble 4.794 3.2. Polarity of the Neutral Cystine Isomers.The focus of

7 0191 3864 3119 7- 0191 3.884 3.136 thlg w_ork is on the possibility of _formlng e_Iect_ronlcaIIy stable

8 0224 3069 2334 § unstable anionic states supported by various cystine isomers. Because

9 0.229 4.447 4.088 9 0.228 4.554 4,179 cystine is a valence-saturated closed-shell neutral molecule (i.e.,

10 0271 8421 7679 100 0147 8.697 7.924 it contains no vacant or half-filled molecular orbitals) and is

E g-ggi ig%i 1;-;52 1; 8-2% ﬁ-ggi’ ﬁigi not expected to form stable valence anionic states, we conclude

13 1082 16514 15699 13- 0278 19.139 18.222 that Fhe only electronically stalblle_ anions supported by this

14 1128 3965 3662 14 1125 4059 3.662  Species should be those exhibiting either dipole-bound or
15~ 0.558 10.131  9.375 Rydberg nature. It is for this reason that we consider the polarity
160 0.675 11.851 10.879  of the neutral cystine isomers, manifested by their dipole
17~ 0836 15748 14753  moments, as an important feature. Since it is known that a
18" 0.998 4.841 4.653 neutral closed-shell molecule possessing dipole moment that is
19° 1.529 33.499 32.815 . . .
20 1583 35169 34.281 larger than 2.53.0 D is capable of forming electronically stable

aThe SCF and MP2 dipole moments) for the neutral species are
given for each geometrically stable specie$he energy of the most
stable neutral cystine isomer 181439.7662688 au (as calculated at
the MP2/6-3%G** +6(sp)//SCF/6-3+G** +5(sp) level).

case for structure3 and4, structuress and6, and structure8

dipole-bound anions having significant binding energies, we
analyze the polarity of the isomers studied in this work judging
their ability to support such states.

The dipole moment of the lowest energy neutral cystine
isomer () is only 0.101 D (as calculated from the MP2 charge
density, see Table 1); thus, isonfeis not expected to support

and9 (see Table 1). In those cases, one cannot judge whetherelectronically stable anionic state of dipole-bound nature. The
one isomer is more stable than another (in the gas phase) sincéext four neutral isomers in the relative energy scale (i.e.,
the MP2 method does not offer such an accuracy for the relative structures2—5) are more polar and their dipole moments are

energies.

Structuresl1 and 12 correspond to ZC isomers (where ZC
stands for Zwitterionic-Canonical) which means that they
involve one canonical cysteine monomer and one zwitterionic
monomer linked via an SS bridge (see Figure 2). Relative
energies for these two isomers are in the 0:58B21 eV
(13.4-18.9 kcal/mol) range (see Table 1) with respect to the
most stable structurg. Therefore, we conclude that replacing
one of the canonical monomers in CC-type isomer of cystine
with the zwitterionic monomer raises the total energy of the
isomer by at least 0.3 eV (7 kcal/mol) which is simply the energy
gap between the highest-energy CC isoni®) and the lowest
energy ZC structurel().

The isomers labeled3 and 14 correspond to ZZ isomers
(where ZZ stands for Zwitterionic-Zwitterionic) which means
that they involve two zwitterionic cysteine monomers linked
via an S-S bridge (see Figure 2). Relative energies (i.e., with
respect tol) for these two structures are in the 1.682128
eV (25.0-26.0 kcal/mol) range (see Table 1). Therefore, we
conclude that replacing the canonical monomer in ZC-type
cystine with the zwitterionic monomer raises the total energy
of the isomer by at least 0.26 eV (6 kcal/mol) which is the
energy gap between the highest-energy ZC isoiti®rgnd the
lowest energy ZZ structurel 8).

Surprisingly, neither the number of hydrogen bonds nor the

in the range of 3.976.28 D (see Table 1), even though each
of these structures consists of two canonical cysteine monomers.
We expect these isomers to form electronically stable dipole-
bound anions, as is also the case for structate®, and 10,
whose dipole moments were found to be 3.12, 4.09, and 7.68
D, respectively. By contrast, isoméssand8 possess the dipole
moments (0.43 and 2.33 D, respectively) that are too small to
support dipole-bound anionic states (see Table 1).

The ZC and ZZ isomers (i.e., consisting of either one
zwitterionic and one canonical or two zwitterionic cysteine
fragments, respectively) labeldd—14in this contribution are
much more polar having dipole moments in the 9:16.70 D
range, except isomet4 for which the value ofx is 3.66 D.
Stronger polarity of the ZC and ZZ isomers is obviously caused
by the presence of one or twe-lH3)" sites and the corre-
sponding one or two-{COQ)~ groups. The relatively large
separation between eackhNH3)"/(—COOQO)" pair causes both
(i) an increase of the total energy and (ii) an increase of the
excess electron attachment energy. Although the former effect
is strongly destabilizing (it causes the ZC and ZZ isomers to
be much higher in energy than the global miniminthe latter
is stabilizing in a sense that it leads to larger electron binding
energy of a daughter anion.

We conclude that 7 out of 10 cystine CC isomers as well as
all four ZC and ZZ cystine structures should be capable of an

overall “shape” of the molecule (i.e., compact vs stretched) excess electron binding. In addition, we are aware of the fact
seems to determine the relative energy of the neutral system.that, except those supported by te5, 7, and9—14 neutral
However, we note that the structures in which the carbonyl parents, there could also be other cystine anionic structures that
oxygen atoms are involved in the hydrogen bonds are preferred.correspond to local minima on the ground-state anionic potential
In particular, this is the case for isometsand 2 (where two energy surface. Such minima would not correspond to any
such bonds are present as shown in Figure 1). Certainly, thegeometrically stable neutral parent but develop on the anionic
largest number of hydrogen bonds (four) can be found for the PES due to the large vertical electron binding energy character-
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Figure 5. Singly occupied molecular orbital (SOMO) holding the
excess electron in the ground electronic states of anions supported by
10—14 cystine isomers.

. Supporting Information, for geometrical coordinates of these
9 systems). It can be seen that in each anionic case the extra
electron is localized primarily outside the molecular framework
on the positive side of the molecular dipole, as it has been
)previously observed for other dipole-bound anidh’,18.2+35

The polarity of the CC neutral tautomé&0 and of the ZC
and ZZ tautomerd1—13is larger and these systems (in their
izing certain geometrical structure. We discuss these issues inneutral local minimum energy structures) exhibit dipole mo-
the following sections. ments in the 7.6815.70 D range (see Table 1). This causes
3.3. Anions Formed by Various Isomers of Neutral Cystine the excess electron binding energies for their daugther anions
and Their Relative Energies.Having identified isomeréd—14 to be larger (from 0.11 to 0.95 eV) as indicated in Table 2.
of the neutral disulfide-bridged cystine, we move on to the However, even such large values (characterizing the anions
discussion of the various anions that can be formed by theseformed by an excess electron attachmentl®-13) do not
species. In Table 1, the relative energies of the anionic systemsrender these anions thermodynamically stable with respect to
are given (with respect to the neutral global minimdjnbut the neutral global minimuni plus a free electron. This is
only for those species that are vertically electronically stable. because the energy difference between any of€rel3 neutral
As indicated in Table 1, the anion based on the most stable species and is always larger than the energy lowering due to
neutral () is not electronically stable because of the small the excess electron attachment to this system (see Tables 1 and
polarity of 1 (manifested by its dipole moment of 0.101 D). 2). For example, the energy difference between the neutral
We observe the same situation (i.e., the lack of electronic speciesl0 and 1 is 0.271 eV, whereas the electron binding
stability of their daughter anions) for two other isome&ssa(id energy calculated fat0~ is 0.111 eV. The corresponding values
8) whose dipole moments are also small (not exceeding 2.5 D, for isomers11—-13 are 0.581 eV v = 0.226 eV (forll),
see Table 1). Even though the other low-energy neutral isomers0.821 eV vsD = 0.599 eV (for12), and 1.082 eV vD =
(i.e.,2, 3,4, 5, 7, and9) do support stable anionic states, their 0.947 eV (for13), where the former numbers (for each pair)
polarity is small (the corresponding dipole moments are in the indicate the instability of a given neutral with respect 1o
range of 3.12-6.28 D) and thus the resulting vertical electron whereas the latter numbers are the excess electron binding
binding energies are not large enough to render these anionenergies for the corresponding anions.
adiabatically stable (i.e., with respect to the neutral global = To complete the list of the neutral cystine tautomers that are
minimum 1). It should also be noted that the equilibrium capable of forming electronically stable anions, we should point
geometries of th&~, 37, 47,57, 77, and9~ anions are very  out that the high-energy ZZ tautom&4 which lies (in energy
similar to the geometries of their corresponding neutral parents scale) about 1.13 eV higher than the global minimLire much
and they are depicted in Figures 4 and 5 where the singly less polar than would be expected for a system that contains
occupied molecular orbitals holding the excess electrons in eachtwo separated{NH3)*/(—COO)" groups. Indeed, the net dipole
of these anions are also depicted (see also Table 1S, in themoment of 14 is only 3.662 D which is caused by the

-
*
* e

Figure 4. Singly occupied molecular orbital (SOMO) holding the
excess electron in the ground electronic states of anions supported b
2-5, 7, and9 cystine isomers.
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TABLE 2: Components of the Vertical Electron Binding
EnergiesD (in cm™1) of Dipole-Bound Anions Supported by
Disulfide-Bridged Cystine Calculated with the

6-31+G** +-6(sp) Basis Sets

species DKT ADpS" ADYE? ADpr 4, Sum OMP))

2= neutral geometry 94 9 103 —28 178(0.022)
anionic geometry 105 10 115 —31 199 (0.025) .
3~ neutral geometry 55 8 111 -—58 116 (0.014)
anionic geometry 61 9 120 -—63 127(0.016)
4~ neutral geometry 18 0 24 —15 27 (0.00335)
anionic geometry 18 1 26 —16 29(0.00359)
5~ neutral geometry 26 4 59 —3 86(0.011)
anionic geometry 33 5 73 —4 107 (0.013)
7~ neutral geometry 4 0 5 —6 3(0.000372)
anionic geometry 4 0 6 —7 3(0.000372)
9~ neutral geometry 13 1 15 —8 21 (0.0026)
anionic geometry 15 1 17 —9 24 (0.00297)

10~ neutralgeometry 395 45 417 —174 683 (0.085)
anionic geometry 514 70 533 —224 893(0.111)
11~ neutral geometry 641 54 536 —124 1107 (0.137)
anionic geometry 753 500 770 —196 1827 (0.226)
12- neutral geometry 2228 519 1486 —607 3626 (0.449)
anionic geometry 3163 647 1775 —748 4837 (0.599)
13~ neutral geometry 4117 690 1904 —784 5927 (0.735)
anionic geometry 5496 838 2250 —940 7644 (0.947)
14~ neutral geometry 5 1 11 —6 11 (0.00136)
anionic geometry 6 1 12 —6 13(0.00161)
15~ anionic geometry 2610 608 1729 —788 4159 (0.516)
16~ anionic geometry 2531 545 1559 699 3936 (0.488)
17~ anionic geometry 5349 819 2382-1146 7404 (0.918)
18" anionic geometry 3990 949 2881-1229 6591 (0.817)
19~ anionic geometry 11349 1316 3493—-1176 14982 (1.857)
20~ anionic geometry 12194 1379 3687—1333 15927 (1.975)

a Final estimates of the vertical electron binding ener@iese also

given in eV (see the values in parentheses). Figure 6. Singly occupied molecular orbital (SOMO) holding the

cancellation of the local dipole moments due to the specific XCesS electron in the ground electronic states of cystine-based anions
geometrical structure of this species (see Figures 2 and 5). Inp2r;nztg(;\’ehe'cge(igonr?tslci"fif%%’:g"t;.any geometrically stable neutral
particular, the two—NH3; groups in14 are oriented outward
which causes the net dipole moment to be relatively small. Such
a small dipole moment can be responsible only for relatively
week excess electron binding and the resulting aniah)(is
indeed vertically electronically stable by only 0.00161 eV (see
Table 2). In each of th&0~—14" anions, the extra electron is
localized primarily outside the molecular framework on the
positive side of the molecular dipole, as it has been previously _. . . . Y
observed for other dipole-bound anions (see Figuid-8)3L35 similar neutral pa_rent_). The issue of the gxsten(_:e of such anionic

As far as the issue of geometry relaxation upon excess orpha_ns for cyfstme Is the subject of t.h|s.sect|on. .
electron attachment is concerned, the changes in geometry for While scanning the ground-state anionic PES for cystine, we
14~ (with respect to the corresponding neuttd) are negligible found Fhe total of 17 structures Fhat correspond to local minima
(see Table 1S). The changes in geometry oflire13 species (see E|gure§46, and '_I'able 1_S, in the Supporting Information).
are larger although not significant. In particular, the geometry 'I_'he discussion given in section 3.3 covers 11 of those structures
relaxations in those cases do not lead to qualitatively different (-€-,27, 37,47, 57,7, 97,107, 117, 127, 13", and14") for
structures and the observed changes in the bond lengths as welhich we also found corresponding neutral parents. It turned
as in the valence and dihedral angles allow the final (i.e., Out howevgr, that for 6 (out.of 18) anionic structures we were
anionic) structure to increase the dipole moment of the unable to find any geqmetncally stable neutral structure that
underlaying neutral molecular core (see Tables 1 and 1S).  Matches the existing anion. We numbered these speciés as

3.4. Anions that Develop on the Anionic PES Due to the 2C.r'and their relf'itlve.energles (with respect to the global
Significant Electron Binding Energies. As we mentioned in ~ Minimum 1) are given in Table 1, whereas the structures are
section 3.1., there could also exist other anionic cystine depicted in Figures 3 (see also Table 1S, i the Supporting
structures that correspond to local minima on the ground-state Information, where the geometrical coordinates 6r —20~
anionic potential energy surface but do not have corresponding@re collected). The singly occupied molecular orbitals holding
geometrically stable neutral structures. Such minima would not the excess electron ib5"—20" are depicted in Figure 6. As
correspond to any stable neutral isoner14 described in was observed for the other anions supported by cystine, the extra
section 3.1 but develop on the anionic PES due to the large electron is localized on a diffuse orbital located primarily outside
vertical electron binding energy of the formed anion. A well- the molecular framework.
known example of an analogous situation is the comparison of Most of these six orphan anions are relatively high in energy
the neutral and anionic PES for the water dimer. For this with respect to the neutral structutethat corresponds to the
hydrogen-bonded complex, one finds that there are two locally global minimum. In particular, the energies b5 —18 are
geometrically stable anions (i.e., CIS and TRANS conformers), higher than the energy dfby 0.558-0.998 eV (see Table 1),

whereas only one of them (TRANS) corresponds to the
geometrically stable neutral paréftTherefore, the anionic
“orphan” CIS may be treated as a species whose existence is
caused by the large value of the electron binding energy
characterizing the underlaying neutral core (in contrast to the
TRANS daughter anion which corresponds to a geometrically
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whereasl9~ and 20~ are even higher and lie in the 1.529 second-order correlation effects would be necessary to give the
1.583 eV range. more reliable estimate db in this case). For specigs —57,

Anions 19~ and 20~ are of special interest because their and 9 —14~ the vertical electron binding energies were
underlying neutral molecular core is extremely polar which is calculated for the equilibrium geometries of both the anion and
manifested by large values of the corresponding dipole momentsits neutral parent, whereas for speci&—20" only the anionic
(32.815 and 34.281 D far9 and20, respectively). It should be ~ geometry was considered (since the corresponding neutrals are
stressed though that9 and 20 do not correspond to geo- not geometrically stable). However, to simplify the discussion,
metrically stable neutral species in this case but to the neutralWwe limit it to the electron binding energies obtained for the
structures obtained by removing excess electrons frénmand equilibrium anionic geometries because they correspond to
20~ without changing the geometries of those systems. Such vertical electron detachment energies (VDEs) that are of more
large dipole moments are the result of the fact that the proton direct relevance to photoelectron measurements.
was transferred from the-COOH group belonging to one In the KT approximation, the electron binding energy results
monomer to the-NH, group belonging to another monomer. from the electrostatic and exchange interactions of the loosely
As a result, one monomer gathers the positive charge havingbound electron with the SCF charge distribution of the neutral
both —NH3" (i.e., protonated—NH,;) and —COOH (i.e., molecule. For all of the CC anion2(—5-, 9 —10", and15"),
unchanged carboxyl group) while the other monomer collects one ZC anion 117), and one ZZ anion14"), the DKT values
the negative charge having bothCOO™ (i.e., deprotonated  are relatively small: <100 cnt for 37, 47, 57, 97, and 14,
carboxyl group) and-NH (i.e., unchanged amino group). 105 cnttfor 27, 514 cntt for 107, and 753 cm? for 11~ (see

It is important to notice that in the previously discussed zC Table 2). TheD¥T values for all other anions exceed 2000 ¢m
and ZZ species we observed the intra-monomer proton-transferand are the largest fat9~ (11349 cm?) and 20~ (12 194
only. In the resulting systems (e.d1 and12 of ZC nature13 cm ). In all cases, th®T terms are responsible for 377%
and14of ZZ nature), the transfer of the proton occurred between Of the total value oD (see Table 2).
the sites located very close to each other (i.e., neighboring The SCF binding energies include orbital relaxation and thus
—COOH and—NHj functional groups). Therefore, the distance take into account static polarization of the neutral molecule by

between—NH3;™ and —COO" in each resulting tNH3z)™/(— the extra electron and the secondary effect of back-polarization.

COOY pair was relatively small. Ill9~ and 20~, however, We found these contributions (which can be interpreted as orbital

the proton is moved between distartCOOH and —NH; relaxation corrections t@XT, denotedADiSrij) to be respon-

functional groups which causes both (i) an increase of the total sible for 3-14% of the totalD (see Table 2).

energy of the system and (ii) an increase of the polarity of the  The contribution denoted&D(’;ﬂigj results from dynamical

underlaying neutral molecule. correlation between the loosely bound electron and the electrons
The large dipole moment of the neutf®) and 20 (approach- of the neutral molecule. This stabilization is caused by quantum

ing 33-35 D) causes very strong excess electron binding. mechanical charge fluctuations and is responsible for more than
Indeed, the resulting vertical electron binding energies calculated 50% of the totaD (for 27, 37,47, 57, 97, 107, 117, and14"),

for 19~ and20~ (1.857 and 1.975 eV, respectively) are much and for 23-44% of the totalD (for 127, 137, and15 —20",
larger than those obtained for all other anions studied in this see Table 2).

work. However, the lowering of the total energy due to such a  In addition to the dispersion interaction, other electron
strong excess electron binding does not fully compensate for correlation factors may also affect the charge distribution (and
the energy increase caused by the separation of the chargesultipole moments) of the neutral molecule and thus its
discussed in the preceding paragraph. Therefte,and20~ electrostatic interaction with the extra electron. Such effects first
are predicted to be highly thermodynamically unstable with appear at the MP2 level and are den Dﬁzdisp In all of the
respect to the species labelédind a free electron (by 1.529 cases at hand (excluding which does not support a stable
and 1.583 eV, respectively, see Table 1). anionic state), MP2 electron correlation effects slightly reduce

3.5. Analysis of the Electron Binding Energies of Cystine  the dipole moment of the neutral system (see Table 1).
Anions. We now move on to the discussion of the vertical Therefore, the value oADy %, is destabilizing but always

electron binding energies calculated for various cystine anions. smaller than the corresponding (stabilizirxgpmsﬁ; thus, the
The detailed results that are the subject of our analysis in thistotal MP2 contribution toD remains stabilizing due to the
section are collected in Table 2. Since the contributions to the dominant role of the dispersion component.
electron binding energies of the anions studied were often very  Combining all of these contributions produces our final
small, we decided to use different energy units (i.e., wave- predictions for the vertical electron detachment energies that
numbers instead of eVs) in both Table 2 and this section, which are presented in Table 2. One should keep in mind, however,
should make the discussion more convenient to the reader.that the VDEs given in this work (especially those characterizing
However, to preserve consistency with other sections of this weakly bound anions) might not be accurate enough because
work, the total electron binding energies collected in Table 2 of the neglect of higher-than-second-order electron correlation
are also given in eVs. contributions. We are aware of the fact that the electron binding
The electron binding energy was partitioned into incremental energies presented in this work are likely underestimated and
contributions calculated at “successive” levels of theory (KT, employing more sophisticated treatments (such as the coupled-
SCF, and MP2) as discussed in section 2, and the results forcluster method with single, double, and noniterative triple
2-—57, 77, and9~—20" are presented in Table 2. The neutral excitations) would be necessary to obtain more accurate results.
speciesl, 6, and8 do not form electronically stable anions, so Unfortunately, this was not possible due to the limited computer
they are excluded from the analysis given in this section. In resources available at hand (the species we studied consists of
addition, we do not discuss the anion formedhfor which 14 heavy atoms plus 12 hydrogen atoms).
the final electron binding energy is estimated (at the MP2 level)  Even though the vertical electron binding energies are very
to be only 3 cm?, so we do not feel confident about our large for some of the anions (reaching 1.975 eV, see Table 2),
prediction of its electronical stability (including higher-than- it is important to notice that (i) the anions based on the most
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stable neutral isometis-8 are either electronically unstablg, ( o 3 Eerg'és, J.; Kassab, E.; Comte, D.; Adjadj, E.; Hedkevin, C.J.

; ) ; Phys. Chem. A997 101, 7809.
6, a_nd 8) or weakly vertically bound (i.e., characterized by (4) Dahaoui, S.: Pichon-Pesme, V. Howard, J. A. K., Lecomtel.C.
vertical electron detachment energies that do not exceed 0.02%y,s ’chem. 4999 103 6240.

eV) and (ii) the anions that are strongly bound (by more than (5) Ranganathan, D.; Lakshmi, Chem. Commur2001, 1250.

0.45eV), such a2, 137,15, 16,17, 187, 197, and20, (6) Ross, S. A.; Burrows, C. Jnorg. Chem.1998 37, 5358.
either correspond to structures that are not stationary points on___(7) Ranganathan, D.; Haridas, V.; Karle, I.L.Am. Chem. Sod99§
the neutral PES (a5~ —20") or to high-energy neutral minima 120, 2695.
g ay (8) Hameka, H. F.; Jensen, J. O.; Ong, K. K.; Samuels, A. C.; Vlahacos,

(as12” and13"). Therefore, none of the anions studied in this ¢, p.J. Phys. Chem. A998 102, 361.

work is adiabatically electronically stable with respect to the  (9) Carles, S.; Lecomte, F.; Schermann, J. P.; Desfian&u, S.;
neutral structurd despite the fact that many negatively charged g‘ggeva%-aMs-%ggwe”v K.H.; Bergg J.; Holie-Levin, C.J. Phys. Chem. A
species based on the d|sulf|qle-br|dged cy§t|ne possess large (10) Maller, C.; Plesset, M. $hys. Re. 1934 46, 618.

vertical electron binding energies. However, it seems likely that  (11) Gutowski, M.; Skurski, PJ. Phys. Chem. B997, 101, 9143.
excess electron attachment to neutral cystine may result in  (12) Koopmans, TPhysica (Amsterdan)934 1, 104.

forming anionic states that live long-enough to make their 80(113(;)243'<Uf5kivP-?GUtOWSki:M-?Simonsv'ﬂ'I-J- Quantum Chen200Q

detection experimentally possible. (14) McLean, A. D.; Chandler, G. §. Chem. Phys198Q 72, 5639.
(15) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Phys.
4. Summary 1980 72, 650.

o A L 16) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J.Chem. Phys.
The possibility of electron binding toL-cystine in the gas- 195(;2 %,6' 6796. g Y

phase was studied at the second-order Mgldesset perturba- (17) Schmidt, M. W.; Ruedenberg, K. Ghem. Phys1979 71, 3961.
tion theory level using 6-3tG** +6(sp) basis sets. The lowest- (18) Gutowski, M.; Jordan, K. D.; Skurski, B. Phys. Chem. A998

: e g et 102, 2624.
energy isomer of the neutral disulfide-bridged -cystine (19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

involves two cano_ni_cal (rather than zwitterio_nic)_cysteine M. A.; Cheeseman, J. R.: Zakrzewski, V. G.; Montgomery, J. A., Jr.;
monomers and exhibits an extended structure since it possesseStratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
only intra-monomer hydrogen bonds (i.e., no inter-monomer ,\D/I-?l Kggr':r’n*i(- g-f Sl\}l?r:%u,\cﬂc'icé Faé‘éﬁéﬁ-?gw;zs;n% Bgrlogi’ﬁ\é-r?dcossls'v
H-bonds). This isomer does not support an electronically stable iiyersii, 3; Petersson, G, A.; Ayala, P, Y.; Gui, Q.. Morokuma, K; Malick,
anionic state although several other cystine isomers do. Inp. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
particular, a total of 17 dipole-bound anionic species have beenIOrtiGL J.V, Steéan;\)/lv, B. BaLitJ, C'B: Liaghﬁnklg, 'AH; F;iskzlrzL, F;].; Kon'\wﬂaroAmi,
H H H H ., Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, AL
fo.und with vertical electron detachment energies spanning a g o' " Nanayakkara, A Gonzalez, C.: Challacombe, M.: Gill, P. M.
correspond to their neutral parents (from which they were M. Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
derived), six of them were found to be geometrically stable only '”C(-izo';"t;t;]‘gf?:ﬁ;;' é@%oordik 3. H. MOLDEN: & pre- and postpro
W'th the eXFeSS electron attaCh,ed (i.e.,the corresponding neUtraLessing program for molecular and electronic struc.tu}eeomput.-Aided
is geometrically unstable at this same geometry). Mol. Des.200Q 14, 123.
(21) Skurski, P.; Simons, J. Chem. Phys2002 116, 6118.
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