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Density functional theory and semiempirical methods were employed to characterize the structure and properties
of sulfur—oxygen-bonded radical cations formed during the one-electron oxidation of various organic sulfides
and methionine-containing peptides. In general, all of the examined swifygen bonds can be described

as two-center, three-electron-bonded systems. The usefulness of approximate computational approaches (SCC-
DFTB, AM1 and PM3) for the reliable description of three-electron-bonded species was examined.

Introduction

The nonbonded interaction between a divalent sulfur (S) and
an oxygen (O) plays an important role for the structure and
activity of organic sulfides and methionine-containing peptidés.
Crystallographic and computational studies of native proteins
have provided many examples for “nonbonded” sutfoxygen
(S—0O) interactions, predominantly for the 1,5-type but also for
the 1,4- and 1,6-typesSuch S-O interactions could possibly
modulate enzymatic activity and control structures of folded
proteins’-8 In addition, such a contingency may accelerate the
one-electron (1e) oxidation of the divalent sulfa#? Usually,
the 1le-oxidation of sulfides leads to sulfide radical cations which
can subsequently complex, preferentially intramolecularly, with
oxygen-carrying substituents such as hydroxy, alkoxy, or
carboxylate groups (reaction 1):3° The stabilization of the
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\
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le-oxidized sulfur through formation of sulfapoxygen bonded
sulfuranyl radicals might potentially accelerate oxidation and
autoxidation processes of substituted sulfides and of Met in

Met35 through association with the=€0 group of the peptide
bond C-terminal to 1I&* may be possible, as the ca. 3.6 A
average SO distance between M&tand 1I€1-C=0 in the
native sequendgis close to the sum of the van der Waals radii
of the two atomg! Our recent molecular modeling restfts
confirmed a “privileged” conformation gf-amyloid peptide
congeners containing tlehelical C-terminal sequence BAP-
(26—40) where structural and dynamic properties can promote
the formation and stabilization of MetS The tendency to
stabilize MetS" in the form of an S-O bond may explain the
tendency of the nativBAP1—40 to reduce Cl*243 generate
free radicals, and induce protein oxidation. We have obtained
direct experimental evidence for sulfide radical cati@mide
association during the le-oxidation of Met in the model
compoundN-acetylmethionine amidé and in Met-containing
model peptided® supporting our hypothesis that such mecha-
nisms may promote Met oxidation jRHAP.

Unfortunately, the direct experimental detection of &
bonded intermediates jJBAP by time-resolved spectroscopy is
yet not possible due to the low solubility of these peptides.
However, some structural and mechanistic details can be
obtained through quantum chemical molecular modeling.

Therefore, in this paper we provide a detailed computational
characterization of SO-bonded radical structures of Met and
Met-containing peptides. These results are directly applicable

peptides and proteins. For example, the electrochemical oxida-to redox processes of the macromolegte®. While ab initio

tion of dialkyl sulfides showed lower peak potentials when
appended with neighboring carboxylate and alcohol grétifs3®
Met oxidation is important during conditions of biological
oxidative stres§:34-37 Specifically, the oxidation of Mét in
B-amyloid peptidesfAP) 1—-40 or 1-42, the major constituents

calculations with large basis sets and including correlation are
now approaching high accuracy, they are still limited to rather
small systems. Semiempirical methods, on the other hand, are
several orders of magnitude faster, thereby providing the
possibility of gaining insight into the chemistry of larger

of senile plaques in Alzheimer’s disease, has been associategystems. Unfortunately, most of the semiempirical methods

with part of the neurotoxicity of these sequenée®. In the
helical C-terminus ofSAP 1—40, the stabilization of oxidized
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today are based on the Hartreéock approximations AM®:47

and PM3%49 which often fail in the accurate description of
hypervalent compound$;>* due to the employment of only a
minimal sp-basis in the parametrization scheme. Specifically
sulfur-containing molecules present a challenging task for
approximate computational methods as calculations need to take
into account the low-energy d-orbitéds.Nevertheless, we
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CHART 1
S X S X
H3C 1 H3C 2
| X Y X Y
1a: COZ- NH3* 2a: COZ- NH3+
b:| COy (H") H b: COy H
c: CONH H c: CONHz H
d: CONH. NH;*
e: CONH_ NHAc
f: CONHMe NHAc
g: | CO(Gly)sNH, NH(Gly):Ac
h: | CO(Gly)sNHMe  NH(Gly)sAc
i: | CO(Gly)sNHMe  NH(Gly);Ac

believe that there is need for a reliable semiempirical methodol-
ogy to investigate the electronic structure of biological systems
with sufficient accuracy and efficiency. Thus, part of this work
focuses on the performance of a novel, approximate density-
functional method (SCC-DFTBY},"5° which runs 2-3 orders

of magnitude faster than regular DFT. Its high transferability
was recently documentéd33-62 where an accuracy close to
full DFT calculation was obtained for a number of molecular
properties. In view of the current interest in sulfur chemistry
and sulfur-containing biomolecules, this novel method was
recently adopted to this elemétt.

Radicals under Investigation. We have computationally
investigated the geometry and electronic composition of the
model cation radicals derived from the compounds schematically
represented in Chart 1. Importantly, structutese methionine
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CHART 22
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S s Sat Sk
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NH3*
Hac/ OQO, O H3C/ ..O, 0 C ..O OH H3C oco NH2
(2dh (2e** (2f*)
. ) H H
NH3 N—-C—CHj N-C—CHs
H3C/ 0 NH2 H3C/ 0 NH2 ch/ e ”—CHS,
(2g™) (2h™)
H H
N-(Gly);~C—CHs N-(Gly);~C~CHs
HaC ""O7 (Gly)yNH, HaC O “Gly)sN-CHs
@)

H
N-(Gly);—-C—-CH
(Gly)r=G=CHs *~(for radicals 2¢’* - 2i"* only

the (1,6)-type structures are shown)

Ll
HiC 'O NGly);N-CHs

aFor radicals2et—i** only the (1,6)-type structures are shown.

The chemical formulas of the chosen reference radicals are listed
in the first columns of Tables 2 and 3.
Computational Methods

The density functional theory (DFT) calculations were
performed for open-shell systems employing a commonly used,

analogues, in which the methionine skeleton has been confor-ngniocal hybrid functional, Becke3LYP which appears to be

mationally restricted within the backbone of a norbornane
system. In contrast, structurBgontain a regular, highly flexible
Met residue.

All radical structures under investigation are displayed in
Chart 2. Experimentally, the radicals™, 1b°, 1bH*", 2a™,
2b*, and 2d*" have been obtained through tr@H-radical-
induced oxidation oéxo2-aminoendae6-(methylthio)bicyclo-
[2.2.1]heptaneende2-carboxylic acid 18), ende6-(methylthio)-
bicyclo[2.2.1]heptanendae2-carboxylic acid {b), methionine
(2a), 4-(methylthio)butyric acid Zb), and methionine amide
(2d).1516.18,28 31,44Rqdicals 2e™ and 2f" are derived from
N-acetyl+-methionine amide2g) andN-acetyl+-methionine\'-
methylamide 2f). The formation of the first structure has been
experimentally documented through pulse radiol§sB8pecies
2gt and2h** are models of radicals observed in synthetic poly-
Gly-Met peptides® whereas radicaRi*™ is a poly-Gly-Met
peptide radical adapted to the backbone conformation reflecting
the native conformation gfAP.

Since higher level calculations of polypeptides would require
an exceptional computation effort, we have limited the usage
of “full-DFT” calculations accounting for water solvation,
affecting the radical geometry, only to the radicals derived from
compoundsla—2f.

All radicals were treated by the SCC-DFTB procedure, which
was extensively tested for the reproducibility of higher level
calculated geometries 0of~5, S-N, and S-O three-electron-
bonded radicals and radieatations of small molecules. Most
of our reference radicals have been thoroughly studied with
different levels of theory, and are well qualified as benchmark
systems for checking the accuracy of the new met{&&."4

particularly useful for the computation of optimized molecular
geometrie®70.76.77and spin densitie®.’883 The DFT optimiza-
tions and energy calculations were done utilizing the standard
6-314+-G(d) and the 6-311G(d) basis seb8:84786 offering the
compromise between proper description of the anion-like species
with a good performance at a modest computational cost, due
to inclusion of diffuse and polarization functions on the heavy
atoms only2 The radical structures were fully optimized by
using the analytical gradient technique, and the nature of each
located stationary point was checked by evaluating harmonic
frequencies. The vibrational frequencias)( obtained from
conventional harmonic normal-mode analysis of the respective
geometries, are shown without any corrections. To account for
the effect of the solvent on the geometry of the radicals the
gas-phase structures were reoptimized in the integral equation
formalism model (IEFPCM§? The theoretical estimates of both
the location of the dominating absorption bandg.() and an
approximate description of the intensity (electronic oscillator
strengthf) and electronic composition of the transition were
obtained from time-dependent density functional response theory
(TD-DFRT)8 The TD-DFRT-B3LYP/6-314G(d) calculations
were done at the geometries obtained at the B3LYP/6+&-1
(d) level. Additional attempts to calculate the UV transitions
were done employing CIS calculations with the ZINDO/S
semiempirical Hamiltoniaf?°* Similarly to TD-DFRT, ZIN-
DO/S calculations were done at the B3LYP/6-313(d)-
optimized geometries.

Since, the TD-DFRT method within Gaussian’98 does not
collaborate with any implemented solvation models, we did
attempt to estimate a solvatochromic shift on the low computing-
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cost level, utilizing semiempiric2d and molecular mechanié®.
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oxygen with the carboxylate carbon fis—cos = ca. 1.23 A.

The general idea of our approach was partially adapted from The electronic structure dfer* can be approximately described

the work of Karelson and Zerné&t,who pointed out that the
solvatochromic shift of thetr — #* and the n— x* type

as a two-center, three-electron (2c,3&)-type, with the
computed oxygensulfur bond lengthrs-o = 2.350 A. Note

absorption, which occurs in hydrogen-bonding solvents, dependsthat the relative position of the carboxylate group is maintained

on specific first-solvation-shell effects, and that calculation for
“a supermolecule” containing a solute and explicit solvent

molecules surrounded by continuum solvent gives better quan-

titative agreement with experiment then for a molecule of solute
itself. In our approach, the B3LYP/6-3+5(d) geometries of
radicals have been placed into a periodic box of water with
constant dielectric permittivity. We used the three-site TIP3
model of Jorgensen et #.for water in a box of 20 A edge
length (nearly five shells of water molecules), optimized
employing the CHARMM?>®8 force field in its HyperChem
implementation8? The single point ZINDO/S calculations were
performed on the “supermolecule” containing the radical and
its first hydration shell, surrounded by the rigid solvent, creating
a field of classical potential, which perturbs the semiempirical
Hamiltonian. Then, the expected solvatochromic shift was
calculated from the equatioAUVsoy = As — Ag, Where A

by an intramolecular hydrogen bond with the amino group with
On-H-0) = ca. 124.85andry_o = ca. 1.73 A, ca. 60% of the
sum of the van der Waals (vdw) radii of hydrogen and oxygen
(2.9A%1),

Water-Phase Geometryhe IEFPCM reoptimization afa™
results only in a small deformation of the gas-phase structure.
(The root-mean-square distance (rmsd) of the Cartesian coor-
dinates of all atoms in radicdkr™ vs its solvated form is equal
to ca. 0.094 A) While forlal, rso = 2.352 A (nearly
identical with the gas-phase structurg),-o (=2.01 A) is ca.
16% longer compared to the gas-phase structure.

Spectral PropertiesThe energy of the most intense one-
electron transition ilar™ (3.18 eV, 390 nm) calculated by TD-
DFRT shows ca. 30 nm deviation from the experimental data
obtained in aqueous solution (see Tablé31).

The calculated energy band is essentially described by a one-

represents the lowest absorption band calculated with theglectron transition between the occupiedand the singly

ZINDO/S mixed model for the IEFPCM-B3LYP/6-3315(d)
optimized geometry, andy is the lowest absorption band
calculated with the ZINDO/S for the gas-phase B3LYP/6-
311+G(d) level optimized geometry.

Simultaneous with the DFT calculation, the geometries of

occupiedo* molecular orbitals, as evident by the weighting
coefficients displayed in Table 1. The ZINDO/S calculation of
the UV absorption of radicalsda™® and 1a;E predicts a
hypsochromic shift of ca. 35 nm, bringing the computed bands
very close to the experimentally observed value (see Talie 1).

investigated radicals were optimized in the gas phase by theragicalla* exhibits a vibrational frequency of ca. 755 ¢

SCC-DFTB procedure. The SCC-DFTB model is derived from
DFT by a second-order expansion of the DFT total energy with

respect to the charge density fluctuation at given reference

which can be assigned to the-® bond-stretching mode.
Radicals from endo6-(Methylthio)bicyclo[2.2.1]heptane-
endo2-carboxylic Acid (1b): Gas-Phase Geometr¥he fully

density. The SCC-DFTB method has been previously describedre|axed gas-phase B3LYP/6-31G(d), R and R1-geometry opti-

in detail51~58,60-62

The DFT calculations were performed with the Gaussian’98
suite of program¥° in the Department of Pharmaceutical
Chemistry of the University of Kansas and the Interdisciplinary
Center for Mathematical and Computation Modeling University
of Warsaw (ICM UW), Poland. The SCC-DFTB calculations
were performed in ICM UW applying the dftb software
developed at the University of Paderborn, Germany. The
ZINDO/S and force field calculations were performed in the
Institute of Nuclear Chemistry and Technology with use of the
HyperChem 4.8 molecular modeling package. The input file

mization of radical 1b* leads to one stable -8D-bonded
conformer. Radicallb® adopts thes*-type arrangement with
the odd electron on the*-orbital, an antibonding combination
of the sulfur 3p orbital with the 2p orbital of the carboxylate
anion (in R1, the torsion anglgo-c-o-s) = 161.953). The
oxygen 2p orbital of 1b*, involved in S-O bond formation, is
mainly of s character (sp??), as evident fromJc-o-s) =
119.032 andrc_os = ca. 1.30 A; instead, the length of the
bond connecting the second oxygen with the carboxylate carbon
is ro—cos ca. 1.23 A. The electronic structure db* can be
approximately described as 2c,3e with the computed oxygen

structures of radicals were prepared on a PC computer, usingsyifur bond lengtits o = 2.395 A (R1). With the protonation

the ISIS Draw 2.2.%2 graphic program. The visualization of
the computation results and the molecular fitti¥gvere done
with the gOpenMol 2.8 program. The file format conversions
between modeling programs were done with the Babei4.6
freeware program.

Results

Radicals from exo-2-Amino-endo6-(methylthio)bicyclo-
[2.2.1]heptaneendo2-carboxylic Acid (1a): Gas-Phase Ge-
ometry. The fully relaxed gas-phase R and R1-geometry
optimization of radicalla* leads to only one stable SO-bonded
conformer (R refers to the B3LYP/6-315(d) level of theory
and R1 to the B3LYP/6-3HG(d) level). Radicallar™ adopts
the o*-type arrangement with the odd electron on tteorbital,
an antibonding combination of the sulfur 3prbital with the
2p, orbital of the carboxylate anion (for R1, the dihedral angle
Oo-c-o-s) = 139.463). The oxygen 2p orbital of lat
involved in SO bond formation possesses partidlcmaracter
(sp~?4), as evident fronilc_o-s) = 114.823 andrc_os = ca.

of the carboxylate functionalitylpH**) the rs—o bond length
increases up to 2.468 Al(c_o-s) = 117.927).

Water-Phase Geometryhe IEFPCM reoptimization ofb
results only in a small deformation of the gas-phase structure.
(The root-mean-square distance (rmsd) of the Cartesian coor-
dinates of all atoms in radicdlb* vs its solvated fornib;, is
equal to ca. 0.043 A) Ib;, rs-o = 2.367 A, which is ca.
12% shorter compared to the gas-phase structure.

Spectral PropertiesThe energy of the most intense one-
electron transition irlb* (3.07 eV, 403 nm), calculated by TD-
DFRT, shows an ca. 13-nm red shift compared to the experi-
mental data in aqueous solution (390 nm; see Tablé The
protonated form of radicalbH** exhibits two one-electron
transitions (2.88 eV, 431 nm; 3.01 eV, 412 nm), which are by
41 and 22 nm red shifted compared to the experimental data.

The calculated energy bands are essentially described by a
one-electron transition between the occupiednd the singly
occupiedo* molecular orbitals, as evident by the weighting
coefficients displayed in Table 1. The ZINDO/S calculation of

1.27 A; instead, the length of the bond connecting the secondthe UV absorption oflb*/1b;, predicts a hypsochromic shift of
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TABLE 1: Structural and Spectroscopic Parameters of Radicals Derived from Compounds la2f2

Iso wso F uv, uv,
[A] [cm™ [Ncm™ Amax(e€xptl) [nm] Amax(calcd) [nm] f clp— g
lat 2.350 755 1.96 390 0.15 0.82 ¢ — 0¥
391°
1a, 2.352 360 356°
b 2.395 644 1.74 408 0.19 0.84 ¢ — 0¥
41F
1b;, 2.367 396 385
1bH+ 2.468 683 135 43 0.04 0.836— o*)
4118 0.04 0.68 0 — o*)
1bH'a+q 2.460
lct 2.412 638 0.71 48 0.12 0.76 ¢ — 0¥)
321°
1c5, 2.411 322
2a" 2.386 741 1.82 406 0.19 0.74 6 — 0¥
400°
2a) 2.391 380
2b 2.460 541 0.87 476 0.23 0.73 6 — 0¥
451°
20, 2.406 406 3220
2bH-+ 2.499 652 0.70 478 0.11 0.92 ¢ — 0%
341°
sz;; 2.495 4006 386°
2ct 2.443 527 0.33 47 0.15 0.736— 0¥
34F
2cst 2.432 358
22 2.619 468 0.38 455 0.07 0.94 ¢ — o)
41§
2675 2.411 506 0.42 408 0.13 0.93¢— 0¥
’ 33F
267 oy 2.399 396 3210
zq-fn 2.438 513 0.43 453 0.06 0.94 ¢ — 0¥
’ 394 0.01 0.96 1 — o*)
41F
26 2.400 548 0.62 476 0.12 0.92 ¢ — 0¥
407
2 gyaq 2.405 338

aKey: (A) Observed in aqueous solution. Data redeconvoluted compared to the original presented in ref 23. (B) TD-DFRT-R1//R1. (C) ZINDO/
S//R1. (D) ZINDO/S//IEFPCM-R1 in the 20 A edge length@periodic box, mixed-mode. (E) Observed in aqueous solution. Reference 18. (F)
Observed in aqueous solution. Reference 16. (G) Observed in aqueous solution. Reference 44.

ca. 28 nm, bringing the computed band to a little below the
experimentally observed value (see Tablé®Radicalslb* and
1bH** exhibit vibrational frequencies of ca. 644 and 683¢m
respectively, which can be assigned to theCsbond-stretching
modes.

Radicals Derived from endce6-(Methylthio)bicyclo[2.2.1]-
heptaneendo2-carboxylic Acid Amide (1c): Gas-Phase
GeometryThe fully relaxed gas-phase B3LYP/6-31G(d), R and
R1-geometry optimization of radicdlb* leads to only one
stable SO-bonded conformer. Radidai™ adopts thes*-type
arrangement with the odd electron on tl&-orbital, an
antibonding combination of the sulfur 3prbital with the 2p
orbital of the carbonyl oxygen of carboxylate ani@i{-c-o-s)
= 151.532). The oxygen 2porbital of 1ct, involved in S-O
bond formation, is mainly of Spcharacter (sp?9, as evident
from Oc-o-s)= 117.528 andrc_os = ca. 1.25 A, where the
length of the bond connecting the amide nitrogen with the
carbonyl carbonin—cos is ca.1.34 A. The electronic structure

of 1c* can be approximately described as 2c,3e with the  gpectral PropertiesThe TD-DFRT calculation predicts an
computed oxygensulfur bond distances-o = 2.412 A. energy of 3.02 eV (411 nm) for the most intense one-electron

Water-Phase Geometryhe IEFPCM reoptimization afc™* transition in1c*. The calculated energy is for a one-electron
(Figure 1) results only in a small deformation of the gas-phase transition between the occupiedand the singly occupied*
structure. (The rmsd of the Cartesian coordinates of all atoms molecular orbitals, as evident from the weighting coefficients
in radical1ct vs its solvated formLc;g is equal to ca. 0.046  displayed in Table 1. Radicalct exhibits a vibrational
A) In 1(;;:, rs.o = 2.411 A, i.e., a little shorter than that frequency of ca. 638 cm, which can be assigned to the-8
calculated for the gas-phase structice'. bond-stretching mode.

Figure 1. The DFT-IEFPCM calculated geometry of radidagg.
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Figure 2. The DFT-IEFPCM calculated geometry of radi@ng(lvey

Radicals Derived from L-Methionine, 4-(Methylthio)-
butyric Acid, and Their Respective Amides (2a-d). In
principle, radical®a*—c** can be derived from radicals™—

c* by relief of the conformational constraints imposed through

Pogocki et al.

energies and geometries for a test set of 30 molecules, including
radicals 1at—2f*, which covers the le-oxidized sulfur in
almost all three-electron bond systems, which can be expected
in biological systems. These include-8, S-S, and SN
bonded radical and radicatationic intermediates. We com-
pared the performance of the approximate methods AM1, PM3
and self-consistent charge, density-functional tight-binding
(SCC-DFTB) to density-functional theory (DFT), Hartreleock
(HF), MP2, and QCISD. Most of the Cartesian coordinates of
the reference molecules were taken from the literature. If the
original Cartesian coordinates were not available, we recalcu-
lated them based on the originally published level of theory,
whenever possible. Tables 2, 3, and 4 list the results of the SCC-
DFTB calculations together with those of AM1, PM3, ab initio,
and DFT calculations.

The SCC-DFTB method yields qualitatively correct geom-
etries, which compare better to the DFT-computed than to the
ab initio-computed results. The SCC-DFTB-derived three-

the norbornane skeleton. This results in a substantial increaseelectron bond lengths compare well with the corresponding

of the computed oxygensulfur bond lengths;s—o, in radicals
2at—ct. Such increases of thes—o bond lengths cause a

values obtained with higher level theories, showing small
deviations in the range of-3.1 to 6.5%. The SCC-DFTB

decrease of the energies for vertical one-electron transitions andmethod fails only in two cases predicting the 8 bond length
the S-O bond-stretching modes. The presence of an extrain 3-(methylthio)propylamine-derived radical cations with a

positive charge on the amino group of radi2ei?* pronounces
these effects (see Table 1). Similarlta™—1°", the electronic
structures of radical@a*—d*?* can be described as 2c,3e of a
pyramidal o*-type S—O-bonded arrangement. The optical

relative error of ca—15%. The semiempirical methods AM1
and PM3 show systematic deficiencies underestimating the
three-electron bond lengths by9 to —36%.

Generally all approximate methods (SCC-DFTB, AM1, PM3)

absorption bands in all these radical cations are attributable toreproduce the energetic ordering of the three-electron-bonded

a moderately strong — o* transition in thes-space (see Table
1).

Water-Phase Geometrie3he IEFPCM reoptimization of
radicals2a—2c results in a small deformation of their gas-

conformers quite well, correctly picking the lowest energy
conformer (see Table 4). However, the AM1 and PM3 methods
substantially overestimate the conformational energy differences
of the S-S-bonded systems (by ca. 10 to 31 kcal mpl

phase structures. The rmsd of the Cartesian coordinates of al\yhereas the SCC-DFTB method shows-& kcal mol?
atoms in the radicals are equal to ca. 0.193, 0.033, 0.078, andgiscrepancy compared to the DFT values (see Table 4). We

0.077 A for pairs2a/2a;;, 2b/ 2b, 2bH"/2bHj;, and
2c+/2c;;, respectively. For all radicals, excepdr™, solvation
results in a decrease of the o length (see Table 1).
Radicals Derived from N-Acetyl-L-methionine Amide (2e)
and N-Acetyl-L-methionine N'-Methylamide (2f). The geom-
etries of the SO-bonded cation radic&is™ and 2f* derived

from N-acetyl+-methionine amide antl-acetyl+-methionine

found that the SCC-DFTB gas-phase calculations have difficul-
ties with the correct description of radicdla™ and2a* derived

from the zwitterionic amino acidsa and2a. In both cases, the
acidic proton is bound to the carboxylate instead of the amino
group. For botila* and2a™, this results in exceptionally high
(0.217 and 0.234 A, respectively) root-mean-square distances
(rmsd) of the Cartesian coordinates of all atoms compared to

N'-methylamide were computed on the basis of assumedthe DFT-calculated structures. However, we know that the

similarities with the geometries of radicdle™ and2c*. Thus,

in the initial structures of radicalge™ and 2f**, prior to
optimization, the 4-(methylthio)butyric acid chain was set in
the conformation corresponding to the conformation of radical
1c™, then freely optimized on the R1-level. It resulted in
optimized structures, which reflect the chemical bondingdrt
(see Table 1). For the radicals derived fr@mand2f not only
the 1,6-type of SO bonding but also the 1,7-type may exist.
In the following, a subscripty) added to the radical specifica-
tion indicates the type and ring size of the respectiv®©$ond.
We performed a fully relaxed energy minimization 2#* in
the vicinity of a hypothetical 1,7-type-80-bonded structure,
obtaining radical2q‘f7), which is ca. 3.1 kcal mot higher in
energy than2e{f6). Similarly to the radicals characterized
above, the IEFPCM reoptimization of radic@l; 4 andeEIG)

majority of gas-phase calculations point to the zwitterionic form
of an amino acid as its isomer of higher energy; thus, we cannot
expect the SCC-DFTB method to perform much better. On the
other hand, for the majority of radicals the rmsd’s of Cartesian
coordinates of all atoms are on the level comparable to that
observed for the DFT-calculated vs the DFT-IEFPCM-calculated
solvated forms.

Radicals Derived from Model Poly-Gly-Met Peptides and
PAP. Encouraged by the good performance of the SCC-DFTB
method we utilized it for the calculation of geometries of model
radicals2gt, 2h*t, and2i** derived from (Gly)-Met-(Gly)n-
type peptided® For radical2g™ and2h** the initial structures
were set as a 3i6helix. A slightly different approach was
utilized for radical 2i**, for which the initial structure was
derived from the published solution structure @AP1-40,

results only in a small deformation of their gas-phase structures. previously obtained by distance geometry calculation employing
The rmsd of the Cartesian coordinates of all atoms in the radicalsNMR-derived NOE restraint® To obtain an initial structure

are equal to ca. 0.096 and 0.017 A for paleyl o/2€]; )., and
2f1 6/2f1 5)aq TESPECiVEly. The geometry of radicdy g is
shown in Figure 2.

Application of the SCC-DFTB Method. To test the per-
formance of the SCC-DFTB method we calculated relative

of 2i** the structure ofAP1—-40 was truncated t6AP30-37,
then all residues except Métwere mutated to Gly. Initially,
the SAP-like secondary structure di*™ was preserved by
“freezing” of the internal coordinates of the atoms of the peptide
backbone (except that belonging to the Keand IISGly
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TABLE 2: SCC-DFTB Calculated Bond Lengths, in A, of the (31S)-Bonded Radicals in Comparison to the Literature Data
Obtained by Using ab Initio/DFT Methods and Root-Mean-Square Distance (rmsd), in A, of the Cartesian Coordinates of Al
Atoms in the SCC-DFTB vs ab Initio/DFT Optimized Structures?

Radical rs-s rs-s rmsd rg.s rmsd rg.g rmsd Reference Method
Ref. DFTB DFTB AM1 AM1 PM3 PM3

H,S..SH," 289  2.80 2.11 2.05 BP86/TZ2P"
2.78 PW91/TZ2P"
2.73 0.261* 0.200" 0.209*  MP2/6-311++G(2df,2pd)®
2.84 0.198% 0.2294 02514 MP2/6-31(d)°

Me,S..SMe," 284 278 0056 227 0150 211  0294" HF/6-31G(d)°

2.80 0.0444 0.1374 0.307%  MP2/6-31G(d)©

E,S.- SEt2+ 2.87 2.80 0.395" 2.05 0.480%  2.05 0.480* C, — conformer, HF/6-3 lG(d)C

S,
E:'>—CH3 2.62 2.79 0.074 2.39 0.086 2.39 0.086 BHHLYP/6-311+G(d,p)®
S

CH3_S
+2)—CH; 269 278 0093 240 0054 221 0351  BHHLYP/6-3114+G(dp)°
CHy—S
S,
< :'>—CH3 2.68 2.76 0.061 241 0.118 2.23 0.202 BHHLYP/6-311+G(d,p)°
S

/\ + 2.70 2.75 0.058 2.35 0.078 2.34 0.088 Boat structure, BHHLYP/6-31 1+G(d,p)D
S S 342 3.44 0.051 3.29 0.224 3.34 0.324 Chair structure, BHHLYP/6-311+G(d,p)°

3.34 3.43 0.329 3.29 0.149 3.34 0.111 Twist structure, BHHLYP/6-311+G(d,p)"

/

St 2.70 2.73 0.051 2.27 0.121 2.18 0.156 All cis structure, BHHLYP/6-311+G(d,p)°
<: j 3.55 3.47 0.066 3.42 0.306 3.53 0272 All trans structure, BHHLYP/6-311+G(d,p)°
S

<:S:> 2.73 2.76 0.048 2.19 0.140 2.05 0.165 All ¢is structure, BHHLYP/6-311+G(d,p)°
+oe
S

T 276 2.77 0.076 2.17 0.185 2.05 0.835  All cis structure, BHHLYP/6-311+G(d,p)°
Csj 555 555 0051 526 0106 526  0.107  All trans structure, BHHLYP/6-311+G(d,p)°
S
aKey: (A) the reference DFT/ab initio Cartesian coordinates have been recalculated (see text); (B) ref 69; (C) ref 115; (D) ref 74.

residues), then pre-optimized. Finally, after removal of all investigated radicals this is assigned to a moderately stwong
constraints, the molecule was freely optimized. Fully relaxed — o* transition in thej-space. The notable decrease of the

SCC-DFTB gas-phase geometry optimizations of radizgils, energy of thes — ¢* transition with the increase of the[8D

2h**, and 2i** in the vicinity of hypothetical 1,(&3n)- and bond length is in accord with the intuitive interpretation of data
1,(7+3n)-type S-O-bonded structures (here, any transient for the SIS bond® which can be extended to th&l® bond’3
sulfur—oxygen association would be of the H{8n)-type with The optical absorption energy of a three-electron bond depends
amide bonds C-terminal of Met and the H{3h)-type with on the relative position of the ando™* levels, and one parameter

amide bonds N-terminal of Menh(= 0, 1, 2,...)), obtained by  affecting the latter would be the extent of p-orbital overlap. An
rotation of the Met-residue along its,€Cs bond, led to the increase of p-overlap is associated with a lowering oftevel,
following radicals (in the case of close distances of the Met S and a rise of the*-level, and, consequently, an increasing*
atom to more than one peptide bond oxygen, the subscriptseparation. Thus, an increasing overlap results in a blue shift,
defines all possible SO bond types): 29{16;1,]5), 29&3), 2 while a decreasing overlap results in a red shift of the absorption.
his11s 2hi1s 201 and 2iye. Their physicochemical — Obviously, p-overlap is expected to be a function of the
properties are summarized in Table 5. The structures of radicalsinternuclear distances, i.e., the bond lengths. This phenomenon
20 6:1.19) 241 15y 2i() 16y aNd2it ¢ are shown in Figures 3and s illustrated by the relationship that emerges on plotting the
4. TD-DFT-calculated energies of the vertical transition against
the R1-optimized lengths of the [8D) bonds in radical¢a™—
Discussion ¢t and2at—f** (see Figure 5). The useful relationship shown
The Sulfur—Oxygen Bond, Geometry, and Physicochem- iq Figure 5 can be utilized for the rationalization of the observed.
ical Properties. Our work demonstrates the possibility for discrepancies between the TD-DFT-calculated and the experi-

formation of S-O bonds between an oxidized Met sulfur and Mentally measured UV-absorption bands. The TD-DFT-
the oxygen of carboxylate and amide functionalities. All the calculated Amax are somehow red-shifted compared to the
DFT-calculated radical structures are characterized by two- €xperimental values obtained in water (see column 5 in Table
center, three-electron ¢2l*) bonds and can, therefore, be 1). As the presence of Water results in “solvatlon-lnduced"
represented by the notatiorlI®; however, their geometries ~ Shortening of so (see column 2 in Table 1), this should generate
vary based on the local chemical environments. The variation @ Negative solvatochromic shift, as experimentally observed.
of the S-O bond lengthriso = 2.35-2.62 A) is reflected in a The difference between the energies of the lowest absorption
change ofimax for the lowest energy optical band. For all bands in radical¢a™and1b* can be explained by the extent of
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TABLE 3: SCC-DFTB Calculated Bond Lengths, in A, of the (S1N)- and (SJ 0)-Bonded Radicals in Comparison to the Data
Obtained by Using ab Initio/DFT Methodsand Root-Mean-Square Distance (rmsd), in A, of the Cartesian Coordinates of All
Atoms in the SCC-DFTB vs ab Initio /DFT Optimized Structures?

Radical rsoxt reex rmsd  rg.x rmsd  rs.x rmsd Reference Method
Ref. DFTB DFTB AM1 AM1 PM3 PM3
H,S..NH;" 2.46 250  0.227° 1.79  0.341° 1.87  0.331° HF/6-311G(d,p)"
2.54 0.197° 0.364° 0.351%  B3LYP/6-311G(d,p)°
2.44 0.246" 0.340° 0.333*  QCISD/6-311G(d,p)©
2.52 2.24 na 1.94 na 1.89 na 3E — conformer, HF/6-311G(d,p)°
[ +NH, 2.58 3E — conformer, B3LYP/6-311G(d,p)°
See 2.54 222 na 1.94 na 1.89 na  E,—conformer, HF/6-311G(d,p)°
CH; 2.59 E; — conformer, B3LYP/6-31 lG(d,p)C
Me,S .OH," 2.88 288  0.227° 1.91 0.3418 1.86  0.331%  HF/6-31G(d)°
Me,S..OH 2.05 205  0.344° 173 02938 1.73 0.293%  MP2/6-31+G(2d)"
o CHs
Eh 248 254 02377 1.83  0300°  1.82 0268 B3LYP/6-31G(d)
(0]
J\ NH
H 2
N
O
0
2.41 2.46 0.049 1.79 0.570 1.78 0.576  °E — conformer, B3LYP/6-31+G(d)®
s-’9 241 2.44 0.050 1.79 0516 1.78 0.520  E; — conformer, B3LYP/6-31+G(d)®
|
CH,
0
2.39 2.44 0.027 1.81 0.358 1.79 0.333  B3LYP/6-311+G(d)°
?.‘o
CH,4
(AcCys(Me)NMe, )+ 2.42 2.50 0.008 1.85 0.330 1.83 0.348  B3LYP/6-31+G(d)"
1a% 2.35 2.48 0.217 1.80 0.153 1.80 0.142  B3LYP/6-311+G(d)"
1b° 2.40 245 0.075 1.77 0.167 1.77 0.176  B3LYP/6-311+G(d)"
1bH"* 247 2.50 0.054 1.86 0.144 1.83 0.152  B3LYP/6-311+G(d)"
1c™ 241 248 0.083 1.83 0.136 1.82 0.149  B3LYP/6-311+G(d)"
22 2.39 2.51 0.234 1.80 0.242 1.80 0.230  B3LYP/6-311+G(d)"
2b° 2.46 2.49 0.071 1.77 0.272 1.77 0320 B3LYP/6-311+G(d)"
2bH* 2.50 2.51 0.059 1.87 0.177 1.83 0.199  B3LYP/6-311+G(d)"
2c* 2.44 2.49 0.071 1.84 0.169 1.82 0210 B3LYP/6-311+G(d)"
24 2.62 2.54 0.101 1.87 0.373 1.79 0.415 B3LYP/6-311+G(d)"
207 241 252 0.636 1.83 0.614 1.81 0.535  B3LYP/6-311+G(d)"
2 2.44 2.53 0.207 1.82 1.022 1.81 1.047  B3LYP/6-311+G(d)"
2 2.40 2.49 0.825 1.83 0.836 1.81 0.746  B3LYP/6-311+G(d)"

aKey: (A) X =0 or N. (B) The reference DFT/ab initio Cartesian coordinates have been recalculated (see text). (C) Reference 68. (D) Reference
116. (E) Reference 117. (F) Reference 71. (G) Reference 73. (H) Reference 118. (I) This work.

p-orbital overlap leveraging the relative position of ihend Such extorted orbital arrangement Ia* is forced by the

o* levels. However, the simple dependence of the extent of rigid, norbornane-type “frame” of the methionine chain and the
p-orbital overlap on the SO internuclear distance change formation of the intramolecular hydrogen bond between the
cannot explain the entire observed effect. We believe that the second carboxylate oxygen and the nitrogen of the amino
relative increase of the separationiéindo* levels in 1a*/1 functionality, which “turns” the plane of the carboxylate. The
a;; compared with1b"/1b;, is due to the participation of  energy of the intramolecular H-bond may be estimated based
electron density from the,porbitall® of the carboxylate group  on the hydrogeroxygen distanceo, using the extrapolation

in the S-0O bond. Thus, the comparison of the total spin density formula introduced by Krygowski et at%7 E = —110.7 exp-

in 1a;;g andlb;q, shown in Figure 6, reveals a remarkable shift {4.012(0.975- ryo)} kcal molt. Here,E represents the gain
toward the thioether sulfur ir[La;;. The m-electron may  of energy as the oxygen atom approaches a proton of the amino

participate in the SO bond Ofla‘a'; since the 2p and 2p function from infinity to the equilibrium distance, giving ca.
orbitals of carboxylate partially overlap. To form ar© bond —5.8 kcal mot* for radicalla™ and ca.—1.75 kcal mot* for

in 1ar*/1a;, the 2p-orbital of the carboxylate oxygen ibel; its hydrated formial,.

is ca. 37 bent from the plane of the carboxylate group, Importantly, the formation of different-SO bonds may result

compared to ca. P4for 1b; . Geometrically, this results in a  not only in different UV-absorption spectra but also in different

ca. 2.5 times higher projection of the angular part of thg 2p  reactivities of the radical transients and, consequently, in the
orbital on the direction of theporbital, which is perpendicular ~ formation of different final products. For example, the geometry
to the plane of the carboxylate. of the SO bond may determine the reduction potential of the
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TABLE 4: Conformational Energies (kcal mol~1) of
Three-Electron-Bonded Radicals for the DFT, SCC-DFTB,
AM1, and PM3 Calculations®

Radical Conformer/ DFT SCC-DFTB AM1 PM3
Isomer
+ Boat 0.0% 0.0 0.0 0.0
§ % Chair 0.54 23 18.0 14.6
_/ Twist 4.4 23 18.0 14.6
SU)F
“All cis” 0.0* 0.0 0.0 0.0
S “All trans” 17.8" 14.3 325 316
i
S “All cis “ 0.0" 0.0 0.0 0.0
S “All trans” 2340 19.8 43.5 54.5
[ +NH, °E 0.0° 0.0 0.0 0.0
§ee E; 03" 03 0.1 02
CH,4
0 .

[ ¥ °E 0.1¢ 0.0 0.0 0.0
oL E; 0.0 0.5 3.9 0.03
|
CH;4
2" SO(1.6) 0.0 0.0 0.0 0.0

SO..7) 3.1 4.1 25 6.0

aKey: (A) BHHLYP/6-311-G(d,p), ref 74. (B) B3LYP/6-311G(d,p),
ref 68. (C) B3LYP/6-3%#G(d), ref 73.

TABLE 5: Physico-Chemical Properties of Radicals Derived
from Compounds 2g-2i2

rsd uv, Enyd®

[A] mad [NM] [kcal molY] log PP

29;;6;1'15) 2.65 627 —14.98 -3.61
2.75 406

2g;1f13 2.46 570; —15.39 -3.61

ZhZIG;l,ls 2.69 515 —-11.25 —3.38
2.75 490

2 b1 2.30 401 —-10.25 —3.38
' 360

2 i:@*m) 2.449 634 —17.12 —4.20

2itte) 2,511 415 -22.29 —4.29
’ 404

aKey: (A) ZINDO/S//SCC-DFTB. (B) ZINDO/S//SCC-DFTB. (C)
QSAR calculated for “neutral” compounds of respective peptide radial
conformation, ref 119. (D) QSAR calculated for “neutral” compounds
of respective peptide radial conformation, refs 120 and 121.

thioether sulfur. As the energy of the orbital of the 3e/2c
system is quantitatively correlated with tlaéo* separation,
which itself is reflected in thémay for the electronic transition

o — o*, one should expect a quantitative correlation between
the Amax data and the orbital energy of. By analogy to the
S—S-bonded systeni$® the latter is related to the ionization
potential of reaction 2. More importantly, the energiesodf

2+
_1e O_R
— (]
S\
(2)

will affect the first ionization according to reaction 1. Moreover,

0O-R
e
S

\

if the solvation energies of reactants and products of reactions
1 and 2 are more or less constant, then even quantitative
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Figure 3. The SCC-DFTB calculated geometries of radicals
Zngﬁ;l,ls) (lower panel) ancﬁg{lm (upper panel).

an S-O-bonded configuration. However, not all of the structures
are equally probable. For example, for the simplest Met-
containing peptidéN-AcMetNH, (2€) DFT calculations show
the possibility for formation of at least two-8D-bonded radicals
through 1,6- and 1,7-cyclization, respectively, with the 1,6-type
bonded specieg€; ¢ lying ca. 3.1 kcal mot® below 2€; .

We believe that numerous local and global fotéEs!4
stabilizing the secondary and tertiary structure of proteins may
also influence the formation of-80-bonded species. Even one
specific interaction comparable to the energy of one H-bond in
radical 1la™ may provide the energy gain sufficient for quite
dramatic changes of the properties of particularCsbonded
species or the selectivities of their formation.

The SCC-DFTB calculations for radicals derived from model
peptides2g, 2h, and2i show that the secondary structures of
the peptides may support the formation of particularCs
bonded radicals. The “purei-helical conformation of peptides
2g and 2h allows the 1,6-, 1,15-, and 1,13-type cyclization
whereas in peptid@i (the model of3AP) the 1,16- and 1,6-
type cyclization may occur. The SCC-DFTB results suggest that
in the gas phase the isom@itzfe) is thermodynamically more
stable therQiZIe). Also QSAR calculations suggest thaﬂ,e)
should be a preferable isomer @f** in aqueous solution.
However, the formation oQi;IG) may be kinetically difficult

since it requires a substantial rearrangement of the Met side

correlations between vertical ionization energies and reduction €hain compared to the native conformationséf. Therefore,

peak potentials might be possilBRs:110
Formation of Multiple Structures of S—0O-Bonded Radi-
cals in Peptides.In peptides, the oxidized sulfur center can

molecular modeling shows a negligible propensity for the
formation oniZIG) in the representative congenersA#P 42
The obtained SCC-DFTB geometries of the-G-bonded

associate with various peptide bond carbonyl oxygens, forming radicals in peptides suggests that their electronic structure should
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Figure 4. The SCC-DFTB calculated geometries of radiczi[§ 16) (Upper panel) anai;lfe) (lower panel).

not be substantially different from that observed for small from that observed experimentally for compoubd (0.85 V
molecules, which are quite completely described by experi- (vs Ag/AgNG)).1°

mental and higher level computational techniques. However,

more detailed physicochemical properties, important for the Conclusions

investigations of the redox-dependent mechanismgaP

toxicity, require theoretical studies that are more detailed.  Hybrid density functional (B3LYP) calculations give impor-
Nevertheless, based on the analogy between #@ Bonds in tant information on the structures and properties-ef>&three-

the peptides and in the model compourds 2¢, 2d, and 2e electron-bonded radicals. Their calculated physicochemical
we may attempt to estimate the reduction potential ofAhE- properties show a reasonable agreement with experimental
(Met3) sulfur radical cation, stabilized through—® bond results.

formation: we believe that the peak reduction potential of the  The novel SCC-DFTB method is able to reliably reproduce
thioether sulfur involved in the interaction with the oxygen atom structures and relative energies of various three-electron-bonded
of the amide functionality should not be substantially different radicals previously computed by DFT methods. Instead, AM1
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Figure 5. Variation of the TD-DFT-computed wavelengths ofax
with the DFT-optimized §0O bond length.

Figure 6. Two-dimensional (2D) contour plot of the DFT-IEFPCM
calculated total spin density in radicals‘;g and 1b;,.

and PM3 methods show substantial deficiencies in describing - .
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