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ABSTRACT: Bonds between sulfur atoms are prevalent in natural products, peptides, and

proteins. Disulfide bonds have a distinct chromophore. The wavelength of their maximal
absorbance varies widely, from 250 to 500 nm. Here, we demonstrate that this wavelength
derives from stereoelectronic effects and is predictable using quantum chemistry. We also
provide a sinusoidal equation, analogous to the Karplus equation, that relates the
absorbance maximum and the C—S—S—C dihedral angle. These insights provide a facile
means to characterize important attributes of disulfide bonds and to design disulfides with

specified photophysical properties.

B INTRODUCTION

Disulfide bonds between cysteine residues of proteins are
pivotal in a variety of fundamental biological processes,
including oxidative protein folding, redox homeostasis, and
signal transduction.”® Disulfide bonds are also key compo-
nents of peptides’ " and natural products.'’™"* Noncovalent
interactions, molecular conformation, and the local chemical
environment are all known to influence the physicochemical
properties of disulfide bonds."”*”'® We reasoned that these
properties could also correlate with the interaction of disulfide
bonds with light.

Early investigations into the disulfide chromophore resulted
in a description of the mechanism of disulfide photolysis. In
the 1950s, Calvin and his co-workers measured a quantum
yield of up to @ = 0.865 for photolysis upon irradiation at the
excitation maximum.'”*° They proposed a mechanism
involving photo-induced sulfur—sulfur bond scission to form
two thiyl radicals. They found that the C—S—S—C dihedral
angle and a-substituents modulate the frequency required to
cleave the disulfide bond. The pattern that emerged from these
early studies was simple—a more eclipsed conformation
increases the energy (E) and decreases the wavelength (1 o
E™ required to excite an electron from the ground state, Sy,
to the first excited state, S;. Notably, Calvin’s work on the
disulfide bond in lipoic acid led ultimately to his renowned
investigations of photosynthesis.”""**

Extended Hiickel theory has implicated electron—electron
repulsion in hydrogen disulfide and dimethyl disulfide as the
origin of the wavelength dependence of their chromophores.”*
This granular treatment matched early experimental data. For
example, smaller R—S—S—R dihedral angles were found to
correlate with hi§her energy sulfur—sulfur bond vibrations in
Raman spectra."” Modern experimental investigations have
described the excitation pathway more thoroughly.”**>

Here, we investigate the quantum origins of disulfide
chromophores and ensuing consequences. We find that the
excitation energy and thus the wavelength of maximal
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absorbance (4,,,,) of a disulfide bond rely on stereoelectronic
effects. Moreover, we demonstrate a correlation between the
value of the C—S—S—C dihedral angle and that of 4. This
correlation has important implications in the exploration and
exploitation of disulfide bonds in chemical and biochemical
systems.

H MATERIALS AND METHODS

UV-Vis Spectroscopy. Lipoic acid and oxidized dithio-
threitol (Cleland’s reagent26) were obtained from Sigma-—
Aldrich (St. Louis, MO). UV—vis spectra of 10 mM oxidized
lipoic acid and oxidized dithiothreitol were recorded in 20 mM
BIS-TRIS buffer, pH 7.5, with an Agilent Cary 60 UV—vis
spectrophotometer (Figure S1). Other experimental absorb-
ance maxima are listed in Table S1.

Effect of the Dielectric Constant on UV-Vis
Absorbance. Solutions of lipoic acid disulfide and dithio-
threitol disulfide were prepared at 1 mM in water or dioxane.
The absorbance of these solutions was measured before and
after mixing in 1:3, 2:1, and 3:1 ratios. The dielectric constant
of the five solutions was interpolated from literature data.””

Computational Methods. Quantum mechanical calcu-
lations were performed with Gaussian 16, revision C.01 from
Gaussian (Wallington, CT) at the M06-2X/6-311+g(d,p) level
of theory.”® Ground-state (S,) geometries were found to
possess no imaginary frequencies. Excited-state calculations
were performed using time-dependent density functional
theory (TD-DFT) as implemented in Gaussian 16, revision
C.01. A total of 20 singlet-state excitations were calculated at
the M06-2X/6-311+g(d,p) level of theory, and the lowest
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Figure 1. Relationships between experimental absorbance maxima, computed absorbance maxima, and computed C—S—S—C dihedral angles for
cyclic disulfides containing 1—6 methylene groups. (A) Graph of the experimental absorbance maxima versus the computed C—S—S—C dihedral
angle (M06-2X/6-311+G(d,p) level of theory). Data were fitted to eq 1 with A = 460 nm, B = 207 nm, and C = 8.42 nm; R* = 0.98. (B) Graph of
the computed absorbance maxima versus the C—S—S—C dihedral angle. Data were fitted to eq 1 with A = 496 nm, B = 238 nm, and C = 8.98 nm;
R?=0.96. (C) Graph of the experimental absorbance maxima versus the computational absorbance maxima. R* = 0.98; slope = 1.17. Data are listed

in Table S1.

energy excitation is reported as A F. Visualization of the Sy—
S, transition was achieved by employing Martin’s natural
transition orbitals as implemented in Gaussian 16, revision
C.01.”” Natural transition orbitals were visualized with
GaussView 6 from Semichem (Shawnee Mission, KS),*
using an iso-value of 0.045. Conformationally constrained
calculations with diethyl disulfide were performed by
optimizing the molecule while holding the C—S—S—C dihedral
angle, 6, at a constant value. From these conformationally
constrained calculations, values of E — E, were obtained by
subtracting the energy of diethyl disulfide in the fully
unconstrained conformation (E,) from the conformationally
constrained energy, E. Values of AG, omeic = Ganomeric —
Gagnostic Were calculated from the difference in the free energies
of symmetric anomeric and non-anomeric substituted dimethyl
disulfides.

Data Analysis. Graphs of A3F, versus 6 (Figure 1A) and
Ase® versus 0 (Figure 1B) were fitted to a sinusoidal function
with MATLAB R2018A software from MathWorks (Natick,

B RESULTS AND DISCUSSION

To begin, we considered cyclic disulfides. Their value of the
C—S—S—C dihedral angle, 6, relies on the number of
methylene groups within the ring. Comparison of experimental
absorbance maxima and the value of € in energy-minimized
structures produces a sinusoidal curve (Figure 1A). An
analogous plot of computational absorbance maxima leads to
a nearly superimposable curve (Figure 1B). The agreement
between the experimental and computational absorbance
maxima is evident (Figure 1C). Moreover, both the
experimental and the computational data fit well to a sinusoidal
function

Apx(0) = A — Bsinl@l + C sin 216! (1)

where —90° < 6 < 90°.*" Equation 1 enables the prediction of
6 based on the value of A,,,.*” This capability is analogous to
that enabled by the Karplus equation, which is an empirical
sinusoidal function that describes the relationship between H—
C—C—H dihedral angles and ]y ;; coupling constants observed
with NMR spectroscopy.””>"*

Natural transition orbitals provide an intuitive depiction of
the re-organization of electron density between a ground state
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and an excited state. We visualized the S;—§; transition of
cyclic disulfides containing 1—6 methylene groups. As shown
in Figure 2, the highest occupied molecular orbital is

Cyclic Disulfide
(Methylene Groups)

dithiirane

M

1,2-dithietane
(2)

1,2-dithiolane
(3)

1,2-dithiane
4)

1,2-dithiepane
(5)

1,2-dithiocane
(6)

Figure 2. Images of the natural transition orbitals for the excitation of
cyclic disulfides containing 1—6 methylene groups, as calculated at the
MO06-2X/6-311+G(d,p) level of theory.

composed of the lone pair located on sulfur with additional
contributions from atoms a and (to a lesser extent) f to the
sulfur atoms. Increasingly eclipsed conformations of disulfide
bonds have markedly lower electron density on methylene
group a to sulfur, indicating that their S states are destabilized
by less efficient overlap. These orbital depictions are consistent
with the experimental and computational correlation depicted
in Figure 1. As §—0, hyperconjugative interactions with groups

https://dx.doi.org/10.1021/acs.jpcb.0c02272
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Figure 3. Effect of the C—S—S—C dihedral angle on the energetics of diethyl disulfide. (A) Images of the natural transition orbitals of S, and S,
states. (B) Graph of computed conformational constraint energies and absorbance maxima versus C—S—S—C dihedral angles. Calculations were at

the M06-2X/6-311+G(d,p) level of theory.
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Figure 4. Anomeric effects on the energetics of disulfide bonds. (A) Conformations of XCH,—S—S—CH,X that disfavor or favor an anomeric effect
(here, ng—0*c_p). (B) Graph of computed absorbance maxima versus computed changes in free energy upon adoption of an anomeric
conformation. (C) Images of the natural transition orbitals for the excitation of FCH,—S—S—CH,F. Calculations were at the M06-2X/6-

311+G(d,p) level of theory.

a to sulfur are diminished, and electron—electron repulsion
from the sulfur lone-pair electron density is enhanced. Hence,
the energy of the HOMO is increased, and the energy of the
photon required for the Sy—S,; transition is decreased. We
conclude that the excitation is tunable via the dihedral angle of
the disulfide bond and that hyperconjugative interactions could
provide a means to tune the properties of disulfide bonds.

Next, we examined a larger range of 8 values using an acyclic
disulfide. Specifically, we optimized diethyl disulfide with
constraints on its C—S—S—C dihedral angle (Figure 3A). TD—
DFT calculations revealed that the excitation energy is
dependent on the value of . Inspection of the natural
transition orbitals for S,—S; transitions revealed that sulfur
lone pairs interact less efficiently with a methylene groups in
more eclipsed conformations (Figure 3A). The S, orbitals of
diethyl disulfide at & = 0 and 45° are similar to those of the
cyclic dithiirane and 1,2-dithietane, although the sulfur lone
pairs appear to mix more efficiently with surrounding moieties
in the cyclic systems, perhaps because of differences in C—S—S§
bond angles.

Then, we searched for a correlation of E — E;, which is the
conformational constraint energy, and the value of 6. We found
that the value of E — E; is mirrored by the energy of a photon
required to elicit the Sy—S; transition (Figure 3B). This
correlation describes the origin of the experimental data
(Figure 1A) and suggests that perturbation of the local
electronic environment influences the properties of the
disulfide chromophore. The low energy conformation has a
value of @ near +90°, which is the C/—S/—S5,’—C,” dihedral
angle (y’) commonly observed for disulfide bonds in
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. 3536 s . . 37
proteins,””” even those formed by vicinal cysteine residues.

When y* = 6 = £90°, eq 1 and the parameters from Figure 1
predict values of 4., = A — B = 257 nm (experimental data)
or 262 nm (computational data). These values are in gratifying
agreement with the known absorbance of cystine residues in
proteins at ~260 nm.””

We reasoned that compounds with more eclipsed C—S—S—
C dihedral angles would have smaller molar absorptivity
because of less overlap between the orbitals in their Sy and S,
states (Figure 2). We found that both the experimental
extinction coefficient at A, and the computed oscillator
strength do indeed decrease with increasing C—S—S—C
dihedral angle (Figure S2A,B). Furthermore, we measured
the absorptivity of oxidized lipoic acid and oxidized
dithiothreitol in solutions of different dielectric constants.
We observed an inverse relationship—absorptivity decreases
by twofold in polar solvents (Figure S2C), presumably because
of subtle perturbations to transition dipole moments. The
higher absorptivity of disulfide bonds in nonpolar environ-
ments could facilitate the analysis of disulfide bonds in the
hydrophobic core of folded proteins. In comparison to
absorptivity, the wavelength of maximal absorbance of disulfide
bonds is insensitive to the solvent polarity or protic/aprotic
character.®

Finally, we sought a means to determine if hyperconjugative
interactions between the sulfur lone pairs and o substituents
could influence the Sy—§; excitation energy. The anomeric
effect is a well-known example of a hyperconjugative
interaction that stabilizes molecular conformations and
influences chemical reactivity.**™** We asked whether the
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conformation of an X-substituted dimethyl disulfide could
benefit from an anomeric effect, in which the sulfur lone pair
donates electron density into the o orbital of the C—X bond
(Figure 3A). Specifically, we considered substituted dimethyl
disulfides with the formula XH,C—S—S—CH,X and X = Me, F,
Cl, or OMe. We computed optimized structures in a
conformation that would benefit from the anomeric effect
and in an agnostic one (Figure 4A). We performed TD—DFT
calculations to assess the excitation maxima of the disulfides in
their anomeric conformation. We found that the difference in
free energy between the anomeric and agnostic conformations
(AG pomeric) correlates with the excitation wavelength max-
imum in the anomeric conformation (Figure 4B). This
correlation supports the stabilization of S, as being an effective
mechanism for increasing the energy needed to elicit the §—
S, transition. Inspection of the natural transition orbitals for
the S, ground state reveals that substitution at the anomeric
position redistributes electron density into the 6%-_yx orbital
(Figure 4C). Together, these results indicate that stereo-
electronic effects can perturb the photophysical properties of

disulfide bonds.

B CONCLUSIONS

We conclude that the photophysical properties of disulfide
bonds are predictable and manipulatable. The absorbance
maximum arises from electron—electron repulsion, which
increases the energy of the §, state at C—S—S—C dihedral
angles approaching @ = 0°. Secondary orbital interactions can
modify the absorbance maximum further. In particular, an
anomeric effect can be induced by stabilization of the S, state.
Finally, the C—S—S—C dihedral angle of a disulfide can be

estimated simply from its absorbance maximum.*”
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