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ABSTRACT: A systematic conformational mapping combined with
literature data leads to 85 stable neutral cysteine conformers. The
implementation of the same mapping process for the protonated counterparts
reveals 21 N-(amino-), 64 O-(carbonyl-), and 37 S-(thiol-)protonated
cysteine conformers. Their relative energies and harmonic vibrational
frequencies are given at the MP2/aug-cc-pVDZ level of theory. Further
benchmark ab initio computations are performed for the 10 lowest-lying
neutral and protonated amino acid conformers (for each type) such as
CCSD(T)-F12a/cc-pVDZ-F12 geometry optimizations (and frequency
computations for cysteine) as well as auxiliary correction computations of
the basis set effects up to CCSD(T)-F12b/cc-pVQZ-F12, electron
correlation effects up to CCSDT(Q), core correlation effects, second-order Douglass−Kroll relativistic effects, and zero-point
energy contributions. Boltzmann-averaged 0 (298.15) K proton affinity and [298.15 K gas-phase basicity] values of cysteine are
predicted to be 214.96 (216.39) [208.21], 201.83 (203.55) [194.16], and 193.31 (194.74) [186.40] kcal/mol for N-, O-, and S-
protonation, respectively, also considering the previously described auxiliary corrections.

1. INTRODUCTION
The studies of gas-phase amino acids date back long time ago,
both theoretically and experimentally. Their geometries and
vibrational frequencies can be used to identify them
spectroscopically,1,2 especially in interstellar studies,3,4 while
the proton affinities (PAs) and the gas-phase basicities (GBs)
can be helpful to study protonation and formation processes.5−8

PAs and GBs are also used in mass spectrometry processes, since
these properties govern fragment formation.9,10 However, PAs
and GBs can also be useful in biochemical applications, since in
the knowledge of the solvation energies one can convert these
values to liquid state.11 The smallest amino acid, glycine,
underwent many theoretical and experimental studies;12−21

however, if we move forward to more complex molecules, like
the cysteine, the number of publications (and in computations,
the applied level of theory) drop(s) rapidly due to the more
complicated structures (and the higher number of electrons),
which statement holds both for the conformers and for the PA/
GB values.1,2,30,31,22−29 In 2007, a study by Wilke et al.26

mapped the complete conformational space at the HF/3-21G
level of theory and reoptimized the structures at the MP2/cc-
pVTZ level, while the 10 lowest-energy conformers were further
optimized at MP2/aug-cc-pV(T+d)Z. In 2013, Freeman30 took
six conformers with the deepest energy, and they submitted
them to geometry optimization and frequency calculations with
density functional theory (DFT) and at the MP2/6-311+G(d,p)
level of theory. Furthermore, they performed CCSD(T) and
QCISD(T) single-point energy calculations with the cc-pVTZ
basis set. There are recent studies32−35 using algorithms and

machine learning to find conformers, but the finally applied
methods are either DFT or MP2. These techniques are based on
the exploration of the PES of the target molecule going further
than stochastical (Monte Carlo sampling) or deterministic
(molecular dynamics) approaches by metaheuristic (e.g., nature
inspired algorithms) methods to provide cost-efficient alter-
natives. For PA and GB, there are a few theoretical studies, the
most recent ones are from 2011,27,29 where the computational
level is either based on MP2 with single-point coupled-cluster
computations27 or DFT.29 Another weakness present in other
studies that they only consider the lowest-energy conformers for
the protonation and/or only one protonation site.

After our high-level theoretical studies on glycine and
alanine,16,36 here we present an explicitly correlated ab initio
investigation on the conformers of the cysteine and its
protonated counterparts as well as PA and GB values. From
the qualitative side, we map the extended conformational space
of the neutral and protonated amino acid; in the latter case, we
consider three possible protonation sites. These investigations
hopefully reveal new conformers in addition to previous studies
for both forms of cysteine. To achieve quantitatively benchmark

Received: October 6, 2022
Revised: November 30, 2022
Published: December 16, 2022

Articlepubs.acs.org/JPCA

© 2022 The Authors. Published by
American Chemical Society

9667
https://doi.org/10.1021/acs.jpca.2c07035
J. Phys. Chem. A 2022, 126, 9667−9679

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SZ

E
G

E
D

 o
n 

Ja
nu

ar
y 

2,
 2

02
3 

at
 0

9:
01

:2
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andra%CC%81s+B.+Nacsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ga%CC%81bor+Czako%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c07035&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07035?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07035?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07035?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07035?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c07035?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/51?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/51?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/51?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/51?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c07035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


data, in the case of the most important structures, we provide
CCSD(T)-F12a/cc-pVDZ-F12 geometries, which is a unique
feature of our work, and harmonic vibrational frequencies (in the
case of protonated amino acid, only MP2/aug-cc-pVDZ
frequencies), while we consider basis effects up to the cc-
pVQZ-F12 basis set. Many other auxiliary corrections are also
included in this work: post-(T) corrections up to CCSDT(Q),
core−core, core−valence correlation, and finally the scalar
relativity for cysteine and protonated cysteine molecules. These
are necessary to acquire high accuracy, based on our previous
study.16 Finally, we determine PA and GB values based on these
new ab initio results and on statistical mechanics, these values
can be used in mass spectroscopy measurements and in
protonation processes, as, e.g., the fragmentation for particular
amide bonds in peptides can be related to the PA values of the
individual amino acids.9,10

2. COMPUTATIONAL DETAILS
2.1. Conformers of Cysteine and Protonated Cysteine.

The first objective is to find as many conformers of cysteine and
its protonated counterparts as possible. Our investigation of the
neutral amino acid is based on the global minimum structure of
Wilke et al.26 To describe the conformational space, we rotate
the parts of this conformer responsible for the main internal
rotations, namely, the amino, carboxyl, hydroxyl, and thiol
groups and the sidechain by 60°. This means six steps for each
groups (0° and 360° are the same structure) resulting in 65 =
7776 initial geometries, and we cannot decrease this number
since the symmetry of the system is C1. Initially for the geometry
optimization we use the MP2 method with different basis sets: 3-
21G,37 6-31G,37 6-31++G,37 6-31G**,37 6-31++G**,37 and cc-
pVDZ.38 In addition to this, we also utilize the MP2/cc-
pVTZ38,39 and HF/3-21G37 levels of theory, and for the latter,
we increase the resolution of the internal rotation to 30° in the
case of the amino group and the side chain.

The next step is to gather information about the protonated
cysteine. Based on chemical intuition, we have four protonation
sites: the hydroxyl, carbonyl, amino, and thiol groups, leading to
+(H2O)OC−CH−(NH2)−CH2−SH, +(HO)2C−CH−
(NH2)−CH2−SH, HOOC−CH−(NH3

+)−CH2−SH, and
HOOC−CH−(NH2)−CH2−SH2

+, respectively. To validate
these assumptions, we take the previously found cysteine global
minimum and attach a proton to the corresponding groups in
two variations. For the hydroxyl and thiol groups, the difference
between their two cases is that H−O−H and H−S−H planes are
perpendicular; in the case of the amino group, it is rotated with
60° while the two carbonyl-protonated conformers differ in the
cis−trans alignment. For the verification, we use the MP2/aug-
cc-pVDZ level of theory. We indicate ahead, that similarly to
glycine,16 we find that the protonation of the hydroxyl group
does not lead to a stable conformer, whereas the thiol group on
the sidechain can be protonated along with the carbonyl and
amino ones.

To map the protonated conformers, we use a similar
procedure as previously described for cysteine, but here there
are some symmetry properties that are worth exploiting during
the systematic search. For the N-(amino-)protonated case, the
protonated amino group has C3v symmetry, reducing the
number of initial computations to 64 × 2 = 2592. The O-
(carbonyl) protonation introduces a new hydroxyl group that we
need to rotate and this would lead to 66 = 46,656 initial
geometries, but recognizing the C2v symmetry of the {C(OH)2}
group, it can be halved to 23,328. The protonation of the thiol

group (S-protonation) does not make new rotations necessary;
however, we cannot profit from symmetry, so we have 65 = 7776
initial configurations. We note in advance that based on
conformer search for the neutral cysteine, the use of the MP2
method with the 6-31++G** and cc-pVDZ basis sets is advised
for mapping the conformational potential of the protonated
species.

To distinguish the optimized results, we use the same strategy
in both cases and later on too. First, we sort the structures by
their energies relative to the minimum and by their A rotational
constant. We declare two geometries different if there is a
minimum difference of 0.01 kcal/mol in the relative energy and/
or >3 × 10−4 cm−1 deviation in A; these limits are based on the
analysis of the results. Until this point, we do not differentiate
transition states and minima, but to do this, we further optimize
the conformers and compute the harmonic frequencies using the
MP2 method with the correlation-consistent aug-cc-pVDZ basis
set.38 We use MOLPRO

40 and MRCC41,42 programs to perform
the ab initio computations and our python code for data analysis.

2.2. Benchmark Structures and Energies. We subject the
10 lowest-lying minima of the neutral and protonated amino
acid to higher level computations with the explicitly correlated
coupled-cluster singles, doubles and perturbative triples
method43,44 (CCSD(T)-F12a) with cc-pVDZ-F1245 (geometry
and frequencies (the latter is only for neutral Cys)). Using the
cc-pVTZ-F12 and cc-pVQZ-F12 basis sets, we perform single-
point energy computations. In the case of the cc-pVQZ-F12
basis set, we use both the CCSD(T)-F12a and CCSD(T)-F12b
methods, and the latter is utilized for the final benchmark energy
computations as F12b is expected to be slightly more accurate
than F12a with the large QZ basis set.40 In addition, we compute
the following energy corrections based on the CCSD(T)-F12a/
cc-pVDZ-F12 geometries:

The coupled-cluster triples (δT)46 and perturbative quad-
ruples (δ(Q))47 corrections are determined with the 6-31G
basis set. Previous investigations16 compared to smaller (3-21G)
and larger (cc-pVDZ) basis sets showed that the 6-31G basis set
is sufficient to provide satisfying accuracy for glycine.

T CCSDT/6 31G CCSD(T)/6 31G= (1)

(Q) CCSDT(Q)/6 31G CCSDT/6 31G= (2)

We compute all-electron (AE) and frozen-core (FC) energies
at the CCSD(T)-F12a/cc-pCVTZ-F12 level of theory48 and
define the core correlation correction as

AE CCSD(T) F12a/cc pCVTZ F12

FC CCSD(T) F12a/cc pCVTZ F12
core =

(3)

FC methods only correlate the electrons on the valence shells,
whereas utilizing AE computations, we correlate the 1s2

electrons for the C, N, and O atoms and the 2s2, 2p6 electrons
for the S atom.

To determine the scalar relativistic effects with computing the
second-order Douglas−Kroll49 (DK) relativistic energies, we
use the AE-CCSD(T)50 method with the aug-cc-pwCVTZ-
DK51 basis set:

DK AE CCSD(T)/aug cc pwCVTZ DK

AE CCSD(T)/aug cc pwCVTZ
rel =

(4)

Zero-point energy corrections (ΔZPE) are based on the MP2/
aug-cc-pVDZ harmonic frequency results.
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At the end, we obtain the benchmark electronic (equilibrium)
and adiabatic (ZPE corrected) energies by summarizing the cc-
pVQZ-F12 single-point energies with the corrections:

E CCSD(T) F12b/cc pVQZ F12 T (Q)e

core rel

= + +
+ + (5)

H CCSD(T) F12b/cc pVQZ F12 T (Q)0

core rel ZPE

= + +
+ + + (6)

2.3. Proton Affinity and Gas-Phase Basicity Computa-
tions. The PA and the GB equal the enthalpy (ΔH) and the
Gibbs free energy (ΔG) change of the following gaseous
reaction:

BH B H(g) (g) (g)++ +
(R1)

BH+ is the protonated conjugate acid, B is the analogue
gaseous base, and H+ is a free proton. We employ the rigid rotor
and harmonic oscillator models in addition to our ab initio
computations to determine the PA and GB values. Temperature
corrections can be obtained for the translational, vibrational, and
rotational enthalpies and entropies applying standard statistical
mechanics expressions. Since we have conformer mixtures, we
need to calculate the population of each one. We perform this
using a simple Boltzmann-distribution:

x
e

e
i

G RT

j
G RT

/

/

i

j

rel,

rel,
=

(7)

where xi is the relative population of the ith conformer, and
ΔGrel, i

○ is the molar standard Gibbs free energy of the ith
conformer relative to the most stable conformer.

3. RESULTS AND DISCUSSION
3.1. Conformers of the Neutral and the Protonated

Cysteine. The summary of the systematic conformer search for
cysteine can be seen in Table 1 based on the MP2 method with

six different basis sets. The internal rotations were mapped by
60° in the corresponding internal torsional angles for every basis
set. These initial geometries were optimized, and if there was
convergence, we assigned them to a conformer. Finally, we
obtain 48, 44, 39, 51, 49, and 50 stationary points and 45, 41, 37,
47, 45, and 43 minima from the 3-21G, 6-31G, 6-31++G, 6-
31G**, cc-pVDZ, and 6-31++G** basis sets, respectively, at the
MP2/aug-cc-pVDZ level of theory. We distinguish unique
stationary points and minima, which were not described by
smaller basis sets. All in all, we got 55 different minimum

conformers with these methods. The 6-31++G underperforms
both the larger and the smaller basis sets; however, we cannot
obtain general information about the usefulness of the diffuse
functions since while adding them to the 6-31G** basis set
decreases the number of minima from 47 to 43, five unique
conformers get located this way. For larger systems or when the
goal is not to find all the conformers, 3-21G or 6-31G** can be
handy, since their computation cost is quite cheap, while they
lead to a high number of conformers (the former is better in the
<2.5 kcal/mol region, it provided all of the ones found in present
work under this energy limit). For smaller molecules, where it is
feasible, it seems that it is worth using even larger basis sets than
operated here, but not as a standalone, but as expansions to
smaller ones.

Nonetheless, we were not satisfied as we compared our results
with the literature. The neutral cysteine has been studied both in
the past22,24,26,29,52,53 and recently,32,33,35 and there is no
absolute agreement in the number of cysteine minima. The
most comprehensive study was done by Wilke et al.,26 and they
found 71 minimum conformers at the MP2/cc-pVTZ level. To
directly compare our results, we reoptimized our structures with
the former level of theory and performed vibrational frequency
computations to check if the difference origins from imaginary
frequencies, but that was not the case. The number of missing
conformers was not just simply 71−55 = 16, but 31, since some
of our results were not present in their work. It is important to
note, that at this level of theory, we had two new conformers
with less than 3 kcal/mol relative energy to the global minimum.
After this, we tried thinking backward: we reoptimized the
missing minima and computed their frequencies at the MP2/
aug-cc-pVDZ level. We could reduce the 31 by one, since two
geometries converged to the same structure and the frequencies
showed that these are also indeed minima. One difference in the
present work is the starting level of theory: we tried the
reproduction with HF/3-21G used by ref 26. This way we found
2 of the missing 30, so 28 more were needed. Also, it is worth
noting that the rotation with HF/3-21G also resulted in some of
the conformers that was not present in the previous work.
Another difference was in the resolution of the rotation:
previous work did not rotate with 60° uniformly, but with 30°
for the amino group and the sidechain and 120° for the other
torsional angles. We also tried rotating the two former parts of
the cysteine by not 60° but with 30° systematically at the HF/3-
21G level. This produced us only one more of the missing
conformers. Finally, we adapted the remaining 27 conformers to
our 55 + 2 + 1, meaning we have 85 conformers at the MP2/aug-
cc-pVDZ level. We cannot come to conclusion what causes the
difference, we also tried to analyze the structure of the missing
conformers, but this did not show any useful information
regarding any solution or explanation. The inequality might rise
from using different electronic structure packages (different
optimization method) or a different initial geometry, which gives
the base of this kind of conformer search. The occurrence of
each conformer during the conformational mapping with MP2/
6-31++G** and MP2/cc-pVDZ methods can be seen in Figure
1. In general, if one geometry is more or less likely to be found
with one basis set, it is the same with the other, but there are a
few exceptions. For example, conformer number 10 was found in
356 cases with the former basis set, while only once with the
latter. The geometries which were not located by both of the
basis sets are not frequent as they are found in less than 10 times
in every case, usually 1 or 2 times. The two exceptions are
conformer number 11 and 44, which present 340 and 32 times in

Table 1. Number of Stationary Points and Minima Found
While Mapping the Conformational Space of the Neutral
Cysteine Using the MP2 Method with Different Basis Sets

3-
21G

6-
31G

6-31+
+G

6-
31G**

cc-
pVDZ

6-31+
+G**

stationary points 48 44 39 51 49 50
uniquea stationary

points
3 0 7 5 11

minima 45 41 37 47 45 43
uniquea minima 2 0 5 2 5
aBy unique, we mean a geometry that was not found with smaller
basis set(s).
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the cc-pVDZ data set, respectively. 6-31++G** found 6, while
cc-pVDZ located 10 conformers, which were not identified by
the other basis set. As many structures are not so frequent, this
finding also indicates that this kind of conformational space
mapping can be very sensitive to the initial geometry, leading to
the conclusion that there might be some conformers neglected
even in the not so high-energy region.

The relative energy distribution of the aforementioned
conformers can be seen in Figure 2, where we noted the origin

of the structures. The highest energy is 10.91 kcal/mol, while the
lowest is 1.48 kcal/mol, relative to the global minimum, at the
MP2/aug-cc-pVDZ level of theory. Between these two limits,
the values are fairly continuous, with three bigger gaps, one at
number 68 (0.64 kcal/mol), the middle one at number 71 (0.43
kcal/mol), and the last one at number 83 (0.60 kcal/mol). We
also included the origin, i.e., ref 26 or this work, of each

conformer in the figure. It seems that the two studies are nice
complementary to each other, since there are conformers found
by only one of them in practically every energy region.

Protonation tests showed similar results to that in the
case of glycine and alanine: the cysteine protonation can
happen at every predicted site except the hydroxyl, so we can
categorize our structures as N-(amino-), O-(carbonyl-), and
S-(thiol-)protonated conformers. In the case of the protonated
cysteine, we choose the cc-pVDZ and 6-31++G** basis sets with
the MP2 method for the mapping based on the results obtained
for the neutral cysteine. These two combined provided all of the
cysteine conformers found with our original method, yet they
still had structures that were found by only one of them. The
final conformers were optimized at the MP2/aug-cc-pVDZ level
of theory along with harmonic vibrational frequency computa-
tions, and the results were 21, 64, and 37 N-, O-, and S-
protonated conformers, respectively, along with some “by-
product” structures. While the global minimum agrees in our
study with previous reports,29,53 the number of protonated
conformers has been greatly increased as compared to 21 in ref
29 or 6 in ref 53. We can explain the relatively high number of the
O-protonated conformers by considering the conformational
space: in that case we have a new important torsional angle
which leads to more stable conformers just like in the case of
glycine and alanine.16,36 The occurrence of the conformers upon
the three mapping can be seen in Figure 3. With the initially N-
protonated data set (first column), we only got N-protonated
structures, 16 of the final 21. The two basis sets are in good
agreement with the number of points leading to the same
conformer, and it can be seen that the 6-31++G** found 1
(N17), while the cc-pVDZ found 2 (N4 and N21) minima, that
were not present in the other data set with occurrences of 2, 1,
and 6, respectively. Many of the originally O-protonated initial
structures (second column) converged to N- and S-protonated
ones, the former ones are much deeper in energy, while the latter
ones mix with the carbonyl-protonated structures in energy (the
energy distribution will be discussed later). The amino-
protonated N9, N10, and N11 conformers were located only
by this mapping process with the cc-pVDZ basis set from 2, 1,
and 2 initial structures (which already seem very small portion,
especially if we keep in mind, that in this case we have more than
20,000 points in comparison to the over 2000 initially amino-
protonated structures). We find 7 of the 37 thiol-protonated
minima, but none of them are exclusive to this data set. Finally,
we find all the final 64 carbonyl-protonated structures. Again the
number of initial geometries leading to one minimum is usually
in good agreement between the two basis sets, and the minima
limited to one of them (9 for 6-31++G** and 8 for cc-pVDZ)
are not frequent. The initially thiol-protonated data set (third
column) leads to 37 of the 37 S-protonated geometries, also to
many amino- (14 of 21) and some carbonyl- (the first 18 of the
64) protonated conformers for the same energetic reasons.
Here, we can observe much difference between the two basis sets
with respect to the previous searches, and the occurrence is not
in a good agreement between them. For example, the lowest
conformer, S1 was only located by 6-31++G**, but quite
frequently, 245 times (6 unique minima for 6-31++G** and 8
for cc-pVDZ)! From these mapping processes, we can draw the
following conclusions: these two basis sets work well with each
other as it was found in the case of the neutral cysteine. The
rarity of some minima suggests that this kind of search is very
sensitive to the initial geometry, and there might be other, yet
neglected structures even in the low energy region. The energy

Figure 1. Occurrence of the different cysteine conformers during the
mapping of the conformational space with the 6-31++G** and cc-
pVDZ basis sets using the MP2 method.

Figure 2. MP2/aug-cc-pVDZ relative energies of the 85 cysteine
conformers discussed in present work. Red means that the given
conformer was only located by this work, blue means it was only found
by a previous study26 while gray means it was identified by both studies.
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distribution of these minima can be seen in Figure 4. The
deepest energy belongs to the amino-protonated structures,
while comparing the other sites, the carbonyl-protonated
minimum has ∼15.6 kcal/mol while the thiol-protonated
minimum has ∼25.3 kcal/mol relative energy with respect to
the N-protonated minimum and as one can see, the protonation
of the different sites “overlap,” as the highest N-protonated
conformer has higher relative energy than the lowest two O-
protonated ones. Also, from the relative energy levels of the S-
protonation the carbonyl- and thiol-protonated structures mix.
This also explains that during the systematic rotations many
initial structures converged into a geometry with a different
protonation site.

3.2. Byproduct Conformers. Upon searching for the
minimum geometries, we found some “byproduct” structures
that are not relevant for our work, but they are worth
mentioning. MP2/aug-cc-pVDZ harmonic frequency calcula-
tions proved that all of them are indeed minima. The relative
energies are given with respect to the lowest-energy cysteine
conformer for the structures found while mapping the neutral
cysteine, and to the lowest-energy N-protonated cysteine for the

structures found during the protonated cysteine conformer
search.

For the neutral amino acid, we could categorize them into two
classes, called “Broken” and “Rearranged” as can be seen in
Figure 5. For the former ones, one can observe two bond breaks:
an S−C and an H−C, the hydrogen joins to the thiol group and
the SH2 positions itself away from the main molecule. The 23
geometries lie in the 14.86−23.67 kcal/mol relative energy
range. Our last cysteine minimum has a relative energy of 10.91
kcal/mol, so there is a gap in-between, but this indicates that one
should take extra caution in the event of conformer search as in
bigger molecules the difference might disappear. We suggest that
it is useful to have basic visual confirmation, or in the case of
large data sets, some kind of restriction on the atomic bond
lengths to determine, whether we found the target molecule or
something else. The other class of the byproducts is the
“Rearranged.” These geometries at the first glance might look
like a thiol-protonated conformer, but the origin of the proton is
the carbon atom of the side chain. The 20 conformers exist in the
65.91−76.87 kcal/mol relative energy regime, so these are not so
easily mistaken as a neutral cysteine. In agreement with our

Figure 3.Occurrence of the different N-, O-, and S-protonated cysteine conformers (first, second, and third rows, respectively) during the mapping of
the conformational space with the 6-31++G** and cc-pVDZ basis sets using the MP2 method. The three columns represent the three different
mapping process, based on the rotation of an amino- (left), carbonyl- (middle), or thiol- (right) protonated initial geometry.
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previous suggestion, these minima can be filtered by the
constraints.

For the protonated cysteine, we found three classes as it can be
seen in Figure 6: “Broken,” “Rearranged”, and “Cyclized,”

respectively. We have three types of bond breakages differing
whether we find SH2 (Broken1), OH2 (Broken2), or NH3
(Broken3) along with the remnant larger molecule fragment.
There are 40, 5, and 2 minima in the 8.00−49.34 kcal/mol and
31.82−41.16 kcal/mol relative energy ranges and with 26.76 and
29.97 kcal/mol relative energies, respectively. The gap between
the target molecules (protonated cysteine) and the byproducts

ceases to exist in this case, so separation based on the number of
bonds and their lengths comes handy. One could argue that the
system with the OH2 is not broken, rather hydroxyl-protonated,
but the elongated C−O bond (∼2.7 Å) tells us that it is some
kind of a molecular complex at best, in accordance with our
protonation site tests. We have six Rearranged1 structures, where
a hydrogen atom from the carbon atom of the sidechain changes
its position to a possible protonation site. The relative energies
are in the 59.45−64.92 kcal/mol region. We found one
Rearranged2 conformer with a relative energy of 25.37 kcal/
mol, where the N- and O-containing ligands switch carbon
atoms. There is a new class, called Cyclized since here we
observed some kind of ring formation in three different
variations. The first one contains a four-atom ring, C−C−C−
S, we found one of this type with a relative energy of 20.61 kcal/
mol. Cyclized2 and Cyclized3 structures have three-atom rings,
C−C−C and C−C−N. Three structures with their rings made
of carbon atoms have 37.03, 37.25, and 37.57 kcal/mol relative
energies. The remaining 12 lies in the 62.18−73.61 kcal/mol
regime. The nine C−C−N ringed conformers are in the 36.00−
39.83 kcal/mol relative energy range. The byproduct structures
and their relative energies can be found in the Supporting
Information.

3.3. Further Benchmark Structures and Energies.
Applying the Boltzmann-distribution shows us that the
structures with higher energy level quickly become negligible
for reaching the desired high accuracy for PA and GB. Therefore,
we took the 10 conformers (both the neutral and protonated
cysteine) with the lowest relative energies (it is important to
note that the order of the conformers was determined at the
MP2/aug-cc-pVDZ level of theory, since there are multiple
changes in the final lineup with the adjustment of the level of
theory) and subjected them under further analysis.

The 10 selected neutral Cys conformers can be seen in Figure
7, the 10 amino-protonated in Figure 8, the 10 carbonyl-

protonated in Figure 9, and finally, the 10 thiol-protonated in
Figure 10. The geometries are at the CCSD(T)-F12a/cc-pVDZ-
F12 level of theory, the notation of Roman numerals indicates
increasing CCSD(T)-F12b/cc-pVQZ-F12 single-point energies
while the subscript letter refers to the protonation site. In
general, we can say that the structures are usually stabilized by
one or more intramolecular hydrogen bond(s), as expected. The
N-protonation hinders the acceptor role of the N atom, while
the O protonation blocks the same character of the carbonyl O
atom. The cysteine global minimum resembles to the IIN

16 and
IIa

36 structures of the glycine and the alanine with respect to the
dihedral angles related to the α and β carbon atoms, and it is also
stabilized with a hydrogen bond between the lone electron pair

Figure 4. MP2/aug-cc-pVDZ relative energies of the 122 protonated
cysteine conformers. There are 21 N- (blue), 64 O- (red), and 37 S-
protonated (yellow) structures.

Figure 5. Two typical byproduct minima of the neutral cysteine
conformer search at the MP2/aug-cc-pVDZ level of theory. There are
23 Broken and 20 Rearranged structures.

Figure 6. Three typical byproduct minima of the protonated cysteine
conformer search at the MP2/aug-cc-pVDZ level of theory. There are
40 + 5 + 2(47) Broken, 6 + 1 Rearranged, and 1 + 15 + 9(25) Cyclized
structures.

Figure 7. CCSD(T)-F12a/cc-pVDZ-F12 geometries of the first 10
cysteine conformers. It is important to note that the selection was based
on the MP2/aug-cc-pVDZ relative energies and the numbering reflects
the CCSD(T)-F12b/cc-pVQZ-F12 energy order.
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of the N atom and the H atom of the hydroxyl group. There is a
much weaker interaction between the H atom of the thiol group
and the double bonded oxygen, as their distance is ∼2.7 Å. The
amino-protonated minimum, along with the glycine and alanine
minima, has a strong intramolecular H-bond between the
protonated amino group and the lone electron pair of the
carbonyl group. In the case of the two smaller amino acids, we
cannot observe these kinds of interactions for O protonation,
whereas the O-protonated cysteine has stabilizing hydrogen
bonds in many of its conformers, in the minimum, it has a strong
O−H···N and a weaker O−H···S interaction. The S-protonated
minimum is stabilized by the interaction between one of the
hydrogen atoms on the protonated thiol group and the N and O
atoms.

The relative energies, enthalpies, free energies, and auxiliary
energy corrections of the neutral cysteine can be seen in Table 2.
The relative energy order changes at many places at higher level
of theory, coupled-cluster order is noted by Roman numerals,
while the MP2 order by Arabic numerals. The difference
between the MP2/aug-cc-pVDZ and CCSD(T)-F12a/cc-
pVDZ-F12 relative energies can be separated into two sources:

one part originates of course from the higher level of theory,
while the other part’s source is the change in geometry. The
latter can be calculated as the difference between the CCSD(T)-
F12a/cc-pVDZ-F12 energies at the MP2/aug-cc-pVDZ and
CCSD(T)-F12a/cc-pVDZ-F12 structures. Here, this contribu-
tion is not more than a few times 10−2 kcal/mol, so the MP2/
aug-cc-pVDZ structure is quite good. It can also be seen that the
MP2/aug-cc-pVDZ and CCSD(T)-F12a/cc-pVDZ-F12 rela-
tive energies match within a few 10−2 kcal/mol, except for the
two last conformers, where the changes are −0.37 and +0.15
kcal/mol, respectively. Single-point computations with cc-
pVTZ-F12 and cc-pVQZ-F12 basis sets show good agreement
between them, correcting the cc-pVDZ-F12 relative energies
with 0.01−0.04 kcal/mol, proving the good basis-set con-
vergence. The cc-pVQZ-F12 basis set was utilized both with the
CCSD(T)-F12a and CCSD(T)-F12b methods. In general, for
cc-pVQZ-F12 basis set, the F12b method is suggested,40 in
relative energies we do not see much difference, as it only
reaches 0.01 kcal/mol for conformer III. From the comple-
mentary corrections, correlating the inner electrons seems
necessary to achieve high accuracy, as the core correlation value
can be as high as 0.05 kcal/mol (for conformer X), and in 0.03
kcal/mol on average. The Douglass−Kroll relativistic effects
seem to be less important, as the relativistic correction stays
below 0.02 kcal/mol (negative value in every case), but usually it
is 0.01 kcal/mol. The post-(T) corrections are important, as the
sum of the δT and δ(Q) contributions is 0.05−0.06 kcal/mol for
most of the conformers, the exceptions are conformer II with
−0.01 kcal/mol value (the only negative one), conformer IX,
where it can be neglected, and conformer X, where it is 0.04
kcal/mol. The two components (δT and δ(Q)) are similar in
most of the cases. In summary, these improvements change the
relative energies by 0.05 kcal/mol, but for some cases, the
corrections reach 0.08−0.09 kcal/mol. Conformers VI and VII
are very close in energy, with a higher level of theory, conformer
VI seems to be deeper in energy, but after adding the corrections,
VII exchanges with VI in the relative energy order. For the
neutral amino acid conformers, we computed MP2/aug-cc-
pVDZ and CCSD(T)-F12a/cc-pVDZ-F12 harmonic vibra-
tional frequencies. Considering the computational cost vs the
increase in the accuracy, the latter is not advised for protonated
amino acids (as it was found out), but we were interested in the
order of magnitude of the difference between the two methods,
to estimate the accuracy of our final results. In Table 2, we
display the MP2/aug-cc-pVDZ zero-point energy correction; on
average, they differ from the CCSD(T)-F12a data by 0.08 kcal/
mol. Our computations consider a harmonic oscillator model,
and the neglected anharmonicity can have an effect of 0.01−0.1
kcal/mol on the ZPE corrections as shown in previous work for
amino acids.54,55 After the addition of the ZPE corrections, we
finally get the 0 K enthalpy values and we can see changes in the
order in the case of conformers II−III, VIII−IX, and the
difference between VI−VII enlarges. After computing the
thermal contributions with the help of statistical thermody-
namics, we get the enthalpy values at 298.15 K. Here, we also
have changes, as the final order is I, III, II, IV, VII, V, VI, VIII, X,
and IX, and the change in the relative enthalpy of conformers IX
and X seems to be an outlier. Subtracting the TS term, where T
and S denote the temperature and entropy, respectively, we get
the free energy values, and the value of this contribution varies
for the conformers. The thermal corrections are very sensitive to
low frequency vibrations, as mentioned before in the case of

Figure 8. CCSD(T)-F12a/cc-pVDZ-F12 geometries of the first 10 N-
protonated cysteine conformers. It is important to note that the
selection was based on the MP2/aug-cc-pVDZ relative energies and the
numbering reflects the CCSD(T)-F12b/cc-pVQZ-F12 energy order.

Figure 9. CCSD(T)-F12a/cc-pVDZ-F12 geometries of the first 10 O-
protonated cysteine conformers. It is important to note that the
selection was based on the MP2/aug-cc-pVDZ relative energies and the
numbering reflects the CCSD(T)-F12b/cc-pVQZ-F12 energy order.

Figure 10. CCSD(T)-F12a/cc-pVDZ-F12 geometries of the first 10 S-
protonated cysteine conformers. It is important to note that the
selection was based on the MP2/aug-cc-pVDZ relative energies and the
numbering reflects the CCSD(T)-F12b/cc-pVQZ-F12 energy.
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glycine,16 so the 298.15 K enthalpy and Gibbs free energy values
might not be as accurate as our other results.

The benchmark values for the N-, O-, and S-protonated
cysteine can be seen in Tables 3, 4, and 5, respectively. The
notation is similar to that for cysteine, but the subscript (in
CCSD(T)-F12b/cc-pVQZ-F12 order) or the first character
(MP2/aug-cc-pVDZ order) refers to the site of the protonation.

The MP2/aug-cc-pVDZ geometries are accurate for the amino-
protonated ones, the geometry effect is 0.02 kcal/mol on
average, and for the carbonyl-protonated structures, the average
grows larger to 0.06 kcal/mol. In the case of thiol protonation,
we find that the geometry effect is much greater, 0.55 kcal/mol
in general, while it is more than 1.00 kcal/mol for IXS! The
differences between MP2/aug-cc-pVDZ and CCSD(T)-F12a/

Table 2. Benchmark Relative Energies, Corrections, Relative Enthalpies (at 0 and 298.15 K), and Relative Gibbs Free Energies
(298.15 K) of the 10 Lowest-Lying Cysteine Conformersa

Nameb
MP2 CC//MP2 CCSD(T)-F12a

CCSD(T)-
F12b

Δcore
i Δrel.

j δTk δ(Q)l ΔEe
m ΔZPE

n ΔH0
o ΔH298.15

p ΔG298.15
qaVDZc DZd DZe TZf QZg QZh

I/1 0.00 0.00 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00 +0.00 0.00 0.00 0.00
II/2 1.48 1.48 1.49 1.53 1.53 1.53 +0.01 −0.01 +0.00 −0.01 1.52 −0.06 1.46 1.58 1.32
III/3 1.63 1.63 1.61 1.62 1.61 1.60 +0.03 −0.02 +0.02 +0.02 1.66 −0.50 1.16 1.42 0.43
IV/4 1.71 1.75 1.74 1.75 1.74 1.74 +0.04 −0.02 +0.02 +0.03 1.81 −0.44 1.37 1.62 0.72
V/5 1.81 1.78 1.78 1.81 1.80 1.80 +0.04 −0.01 +0.03 +0.02 1.87 −0.44 1.43 1.68 0.81
VI/7 1.98 1.95 1.95 1.95 1.94 1.94 +0.04 −0.01 +0.03 +0.02 2.03 −0.28 1.75 1.86 1.26
VII/6 1.97 1.95 1.95 1.96 1.95 1.95 +0.01 +0.00 +0.03 +0.03 2.02 −0.55 1.46 1.65 1.11
VIII/8 2.27 2.10 2.10 2.11 2.11 2.11 +0.01 −0.02 −0.01 +0.01 2.09 −0.15 1.94 2.08 1.73
IX/10 2.54 2.15 2.17 2.19 2.19 2.19 +0.02 −0.01 +0.00 +0.00 2.20 −0.27 1.93 2.54 1.90
X/9 2.39 2.54 2.55 2.58 2.58 2.58 +0.05 −0.01 +0.04 +0.00 2.66 −0.36 2.30 2.13 1.31
aAll data are in kcal/mol. bConformer name based on the benchmark/MP2 relative energies. cMP2/aug-cc-pVDZ relative energies at MP2/aug-cc-
pVDZ geometries. dCCSD(T)-F12a/cc-pVDZ-F12 relative energies at MP2/aug-cc-pVDZ geometries. eCCSD(T)-F12a/cc-pVDZ-F12 relative
energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. fCCSD(T)-F12a/cc-pVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12
geometries. gCCSD(T)-F12a/cc-pVQZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. hCCSD(T)-F12b/cc-pVQZ-F12
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. iCore-correlation correction obtained as the difference between AE-CCSD(T)-
F12a/cc-pCVTZ-F12 and FC-CCSD(T)-F12a/cc-pCVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. jDouglass−Kroll
relativistic correction obtained as the difference between Douglas−Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and AE-CCSD(T)/aug-cc-pwCVTZ
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. kFull-T correction obtained by CCSDT − CCSD(T) with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. lPerturbative quadruples correction obtained by CCSDT(Q) − CCSDT with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. mBenchmark relative equilibrium energies obtained by CCSD(T)-F12b/cc-pVQZ-F12 + Δcore + Δrel +
δT + δ(Q). nZero-point corrections obtained by MP2/aug-cc-pVDZ harmonic vibrational frequencies. oBenchmark adiabatic relative energies
obtained as ΔEe + ΔZPE.

pRelative enthalpy at 298.15 K. qRelative Gibbs free energy at 298.15 K.

Table 3. Benchmark Relative Energies, Corrections, Relative Enthalpies (at 0 and 298.15 K), and Relative Gibbs Free Energies
(298.15 K) of the 10 Lowest-Lying N-Protonated Cysteine Conformersa

nameb
MP2 CC//MP2 CCSD(T)-F12a

CCSD(T)-
F12b

Δcore
i Δrel.

j δTk δ(Q)l ΔEe
m ΔZPE

n ΔH0
o ΔH298.15

p ΔG298.15
qaVDZc DZd DZe TZf QZg QZh

IN/N1 0.00 0.00 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00 +0.00 0.00 0.00 0.00
IIN/N2 0.52 0.52 0.54 0.56 0.55 0.55 +0.01 +0.00 +0.00 +0.00 0.56 +0.06 0.62 0.69 0.54
IIIN/N3 1.27 1.45 1.44 1.39 1.38 1.39 +0.00 +0.01 +0.00 +0.00 1.40 −0.14 1.27 1.37 1.04
IVN/N4 1.62 1.73 1.75 1.71 1.70 1.71 +0.01 +0.01 +0.00 +0.00 1.73 −0.06 1.67 1.83 1.36
VN/N5 2.77 3.16 3.19 3.20 3.20 3.20 +0.00 +0.00 −0.01 −0.01 3.18 +0.00 3.18 3.19 3.20
VIN/N6 4.07 4.40 4.38 4.43 4.42 4.43 +0.02 +0.00 −0.01 −0.02 4.41 −0.06 4.35 4.48 4.01
VIIN/N7 4.46 4.94 4.96 4.93 4.93 4.93 +0.01 +0.00 −0.01 −0.01 4.90 −0.15 4.76 4.88 4.55
VIIIN/N8 5.27 5.69 5.68 5.67 5.67 5.67 +0.02 +0.00 −0.01 −0.02 5.67 −0.18 5.49 5.72 4.96
IXN/N10 7.56 7.15 7.17 7.18 7.19 7.20 +0.06 −0.01 +0.01 +0.01 7.27 −0.14 7.14 7.32 6.73
XN/N9 7.54 7.31 7.31 7.31 7.32 7.33 +0.07 −0.01 +0.01 +0.00 7.39 −0.18 7.21 7.44 6.33
aAll data are in kcal/mol. bConformer name based on the benchmark/MP2 relative energies. cMP2/aug-cc-pVDZ relative energies at MP2/aug-cc-
pVDZ geometries. dCCSD(T)-F12a/cc-pVDZ-F12 relative energies at MP2/aug-cc-pVDZ geometries. eCCSD(T)-F12a/cc-pVDZ-F12 relative
energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. fCCSD(T)-F12a/cc-pVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12
geometries. gCCSD(T)-F12a/cc-pVQZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. hCCSD(T)-F12b/cc-pVQZ-F12
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. iCore-correlation correction obtained as the difference between AE-CCSD(T)-
F12a/cc-pCVTZ-F12 and FC-CCSD(T)-F12a/cc-pCVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. jDouglass−Kroll
relativistic correction obtained as the difference between Douglas−Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and AE-CCSD(T)/aug-cc-pwCVTZ
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. kFull-T correction obtained by CCSDT − CCSD(T) with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. lPerturbative quadruples correction obtained by CCSDT(Q) − CCSDT with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. mBenchmark relative equilibrium energies obtained by CCSD(T)-F12b/cc-pVQZ-F12 + Δcore + Δrel +
δT + δ(Q). nZero-point corrections obtained by MP2/aug-cc-pVDZ harmonic vibrational frequencies. oBenchmark adiabatic relative energies
obtained as ΔEe + ΔZPE.

pRelative enthalpy at 298.15 K. qRelative Gibbs free energy at 298.15 K.
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cc-pVDZ-F12 relative energies after the geometry optimization
at the corresponding level of theory are 0.29 kcal/mol for N-,
0.21 kcal/mol for O-, and much higher, 1.15 kcal/mol for the S-
protonated minima. Even in the energy order, we can observe
many swaps between the MP2 and CCSD(T)-F12a results. In
the case of the CCSD(T)-F12a method, the energy order of the
conformers remains the same as we increase the basis set from
cc-pVDZ-F12 to cc-pVQZ-F12. Speaking of that, here we can

observe similar basis-set convergence as in the case of the neutral
amino acid, except in the case of thiol protonation. The average
difference between the CCSD(T)-F12a/cc-pVTZ-F12 and
CCSD(T)-F12b/cc-pVQZ-F12 relative energies is still 0.04
kcal/mol, without outliers. The relative energy difference
between the cc-pVQZ-F12 basis set used with the CCSD(T)-
F12a and F12b methods again only 0.01 kcal/mol or less. The
core correlation correction is always a positive value for all of the

Table 4. Benchmark Relative Energies, Corrections, Relative Enthalpies (at 0 and 298.15 K), and Relative Gibbs Free Energies
(298.15 K) of the 10 Lowest-Lying O-Protonated Cysteine Conformersa

nameb
MP2 CC//MP2 CCSD(T)-F12a

CCSD(T)-
F12b

Δcore
i Δrel.

j δTk δ(Q)l ΔEe
m ΔZPE

n ΔH0
o ΔH298.15

p ΔG298.15
qaVDZc DZd DZe TZf QZg QZh

IO/O1 0.00 0.00 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00 +0.00 0.00 0.00 0.00
IIO/O2 1.00 1.12 1.12 1.07 1.07 1.07 +0.00 +0.01 +0.01 +0.00 1.09 −0.08 1.01 1.07 0.83
IIIO/O3 6.63 6.71 6.76 6.81 6.83 6.82 +0.04 +0.00 +0.01 +0.05 6.91 −0.70 6.21 6.24 5.91
IVO/O4 7.25 7.19 7.28 7.27 7.26 7.26 +0.04 +0.01 +0.00 +0.02 7.32 −0.35 6.97 7.05 6.80
VO/O6 7.84 7.46 7.56 7.57 7.56 7.55 +0.04 +0.01 −0.01 +0.06 7.65 −0.61 7.04 7.34 7.01
VIO/O7 7.93 7.55 7.65 7.66 7.66 7.65 +0.04 +0.00 +0.00 +0.07 7.76 −0.55 7.21 7.15 6.83
VIIO/O5 7.62 7.70 7.78 7.78 7.79 7.79 +0.04 +0.00 +0.01 +0.05 7.88 −0.54 7.34 7.29 6.72
VIIIO/O8 8.24 7.84 7.91 7.91 7.90 7.89 +0.05 +0.00 −0.01 +0.06 7.99 −0.51 7.48 7.58 7.13
IXO/O9 8.34 7.89 7.98 7.97 7.96 7.95 +0.02 +0.02 −0.01 +0.07 8.05 −0.41 7.63 7.81 7.31
XO/O10 8.43 8.51 8.60 8.54 8.53 8.53 +0.04 +0.02 +0.00 +0.02 8.60 −0.51 8.09 8.25 7.78
aAll data are in kcal/mol. bConformer name based on the benchmark/MP2 relative energies. cMP2/aug-cc-pVDZ relative energies at MP2/aug-cc-
pVDZ geometries. dCCSD(T)-F12a/cc-pVDZ-F12 relative energies at MP2/aug-cc-pVDZ geometries. eCCSD(T)-F12a/cc-pVDZ-F12 relative
energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. fCCSD(T)-F12a/cc-pVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12
geometries. gCCSD(T)-F12a/cc-pVQZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. hCCSD(T)-F12b/cc-pVQZ-F12
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. iCore-correlation correction obtained as the difference between AE-CCSD(T)-
F12a/cc-pCVTZ-F12 and FC-CCSD(T)-F12a/cc-pCVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. jDouglass−Kroll
relativistic correction obtained as the difference between Douglas−Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and AE-CCSD(T)/aug-cc-pwCVTZ
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. kFull-T correction obtained by CCSDT − CCSD(T) with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. lPerturbative quadruples correction obtained by CCSDT(Q) − CCSDT with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. mBenchmark relative equilibrium energies obtained by CCSD(T)-F12b/cc-pVQZ-F12 + Δcore + Δrel +
δT + δ(Q). nZero-point corrections obtained by MP2/aug-cc-pVDZ harmonic vibrational frequencies. oBenchmark adiabatic relative energies
obtained as ΔEe + ΔZPE.

pRelative enthalpy at 298.15 K. qRelative Gibbs free energy at 298.15 K.

Table 5. Benchmark Relative Energies, Corrections, Relative Enthalpies (at 0 and 298.15 K), and Relative Gibbs Free Energies
(298.15 K) of the 10 Lowest-Lying S-Protonated Cysteine Conformersa

nameb
MP2 CC//MP2 CCSD(T)-F12a

CCSD(T)-
F12b

Δcore
i Δrel.

j δTk δ(Q)l ΔEe
m ΔZPE

n ΔH0
o ΔH298.15

p ΔG298.15
qaVDZc DZd DZe TZf QZg QZh

IS/S1 0.00 0.00 0.00 0.00 0.00 0.00 +0.00 +0.00 +0.00 +0.00 0.00 +0.00 0.00 0.00 0.00
IIS/S3 1.97 0.66 0.81 0.83 0.79 0.79 +0.03 +0.01 −0.02 +0.06 0.86 +0.84 1.70 2.14 2.03
IIIS/S2 1.94 0.40 1.11 1.15 1.11 1.11 +0.02 +0.00 −0.01 +0.03 1.14 +0.87 2.01 1.81 1.76
IVS/S4 3.29 1.72 2.14 2.13 2.08 2.08 +0.03 +0.03 −0.03 +0.05 2.17 +0.61 2.78 3.11 1.77
VS/S5 3.44 2.17 2.49 2.48 2.44 2.43 +0.01 +0.03 −0.02 +0.02 2.48 +0.66 3.13 3.31 2.62
VIS/S6 4.44 2.66 3.06 3.03 2.98 2.98 +0.05 +0.04 −0.03 +0.07 3.11 +0.78 3.88 4.00 3.64
VIIS/S7 4.52 2.71 3.12 3.07 3.03 3.02 +0.05 +0.05 −0.03 +0.07 3.16 +0.70 3.86 3.94 3.75
VIIIS/S9 5.71 4.69 4.01 3.98 3.95 3.94 +0.04 +0.03 −0.06 +0.04 4.00 +1.18 5.18 6.19 6.69
IXS/S10 6.15 3.63 4.68 4.66 4.62 4.61 +0.06 +0.00 −0.04 +0.05 4.69 +0.78 5.47 4.99 4.51
XS/S8 5.32 4.26 5.03 5.07 5.04 5.04 +0.03 +0.00 −0.01 −0.03 5.03 +0.69 5.72 5.40 5.22
aAll data are in kcal/mol. bConformer name based on the benchmark/MP2 relative energies. cMP2/aug-cc-pVDZ relative energies at MP2/aug-cc-
pVDZ geometries. dCCSD(T)-F12a/cc-pVDZ-F12 relative energies at MP2/aug-cc-pVDZ geometries. eCCSD(T)-F12a/cc-pVDZ-F12 relative
energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. fCCSD(T)-F12a/cc-pVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12
geometries. gCCSD(T)-F12a/cc-pVQZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. hCCSD(T)-F12b/cc-pVQZ-F12
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. iCore-correlation correction obtained as the difference between AE-CCSD(T)-
F12a/cc-pCVTZ-F12 and FC-CCSD(T)-F12a/cc-pCVTZ-F12 relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. jDouglass−Kroll
relativistic correction obtained as the difference between Douglas−Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and AE-CCSD(T)/aug-cc-pwCVTZ
relative energies at CCSD(T)-F12a/cc-pVDZ-F12 geometries. kFull-T correction obtained by CCSDT − CCSD(T) with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. lPerturbative quadruples correction obtained by CCSDT(Q) − CCSDT with 6-31G basis set at
CCSD(T)-F12a/cc-pVDZ-F12 geometries. mBenchmark relative equilibrium energies obtained by CCSD(T)-F12b/cc-pVQZ-F12 + Δcore + Δrel +
δT + δ(Q). nZero-point corrections obtained by MP2/aug-cc-pVDZ harmonic vibrational frequencies. oBenchmark adiabatic relative energies
obtained as ΔEe + ΔZPE.

pRelative enthalpy at 298.15 K. qRelative Gibbs free energy at 298.15 K.
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protonated species, 0.03 kcal/mol on average while the highest
one is 0.07 kcal/mol for XN. The second-order Douglass−Kroll
relativistic correction is always a positive value, except for IXN
and XN, and in general it is 0.01 kcal/mol; however, in a few cases
(IVS, VS, VIS, VIIS, VIIIS) they can match the quantity of the core
correction, as they are (0.03, 0.03, 0.04, 0.05, 0.03) kcal/mol,
respectively. The sum of the post-(T) corrections is 0.03 kcal/
mol on average with varying sign; in general, the δ(Q)
component is much larger than δT. The sum of all of the
corrections is 0.06 kcal/mol in general, but it can reach even 0.13
kcal/mol (for VIS and VIIS). With these, we obtain benchmark
relative equilibrium energies, and unlike in the case of neutral
cysteine, there is no change in energy order. Based on the MP2/
aug-cc-pVDZ harmonic vibrational frequencies, we calculate the
zero-point vibrational energy corrections. For the amino-
protonated minima, the sign of the ZPE corrections varies,
and the absolute corrections are usually around 0.11 kcal/mol.
The carbonyl-protonated geometries have this correction with
negative sign in every case, 0.47 kcal/mol on average. For the
thiol-protonated conformers, the average ZPE correction
becomes 0.79 kcal/mol, and it is a positive value for every one
of them. ΔEe + ΔZPE equals to benchmark adiabatic relative
energies, and the order of the minima stays the same except for
VIS and VIIS as their order is switched. The thermal corrections
leading to the 298.15 K enthalpy values are usually a few tenth
kcal/mol, except for some outliers like VIIIS, where it is over 1
kcal/mol. We finally obtain the 298.15 K Gibbs free energy
values considering entropy effects. The amount of these effects
varies between 0.01 and 1.34 kcal/mol, and it has negative sign
except for VIIIS. The uncertainty of the relative enthalpies and
that of free energies are similar as in the case of cysteine.

3.4. Proton Affinity and Gas-Phase Basicity. The newly
obtained proton affinity and gas-phase basicities with the
auxiliary corrections can be seen in Table 6. We included both
the 0 K and the 298.15 K values, since the latter ones can be used
in practice. We also calculated these quantities for the
protonation of the different sites, since if we use a global
mixture, the amino protonation dominates the process,
overshadowing the carbonyl and thiol protonation. The
separation of the sites is even broken up further: there are
values for the protonation of the global minimum to the global
minimum of each site and the values for equilibrium mixtures.
The population of the conformers in each case was calculated by
Boltzmann-distribution, where needed. The effects of the

previously computed corrections are also considered. The sign
of the δT corrections is negative, except for the O protonation,
and the δT values are in the 0.02−0.04 kcal/mol range, while the
δ(Q) ones are also negative, except for the thiol protonation.
The δ(Q) corrections are in the 0.01−0.04 kcal/mol range, and
finally, the sum of the two corrections (post-(T) corrections) is
negative. The post-(T) correction is the largest in case of the N-
protonation (−0.04 kcal/mol considering only the cysteine
conformer with the lowest energy and its lowest energy N-
protonated counterpart, and −0.05 kcal/mol for the conformer
mixtures), while it is −0.02 kcal/mol for every other site. The
core correction is contributing more to the benchmark results,
since it is 0.10 kcal/mol for the amino protonation, 0.05 or 0.04
kcal/mol for the carbonyl-protonation (if we consider the lowest
energy conformers or mixtures, respectively), while it has the
value of −0.06 kcal/mol for the thiol protonation. The last of
these additions originates from the relativistic effect. It is a
positive component in the range of 0.02−0.06 kcal/mol and is
the most relevant for the S-protonation. The sum of these
corrections is 0.09 kcal/mol for the amino, 0.05/0.04 kcal/mol
(minima/mixture) for the carbonyl, and −0.03 kcal/mol for the
thiol site. Based on the above correction values, we estimate an
uncertainty of about 0.1 kcal/mol for the equilibrium PA values.

From the equilibrium PA values, we can get the enthalpy
change of protonation at 0 K. The ZPE effect is roughly
−8.5/−8.7; −7.5/−7.7; and −5.5/−5.8 kcal/mol depending on
which protonation site we consider (minima/mixtures). The
amino protonation ΔZPE value is lower, than in the case of
glycine,16 but the carbonyl-protonation is almost the same
(approximately −9.1 and −7.7 for both minima and mixtures).
We convert the value to 298.15 K to get PAs by calculating
rotational and vibrational thermal corrections and considering
the translational enthalpy of the proton (1.48 kcal/mol at 298.15
K). This means an increase of 1.30/1.43 kcal/mol for the amino
site, 1.57/1.72 kcal/mol for the carbonyl site, and finally, 1.30/
1.43 kcal/mol for the thiol site. Finally, we get the gas-phase
basicity values by calculating the entropy contributions. This
lowers the PA values by 7.35/8.18; 8.17/9.39; and 7.16/8.34
kcal/mol. Both the PA and GB values differ greatly (practically
10−20 kcal/mol), depending on what protonation site we
consider, the thermodynamically favored is the amino site, it is
followed by the carbonyl site and finally the thiol one. Whereas
the MP2/aug-cc-pVDZ frequencies cause considerable error in
the individual thermodynamic values for the conformers,

Table 6. Proton Affinity (at 0 and 298.15 K), Auxiliary Correction, and Gas-Phase Basicity (298.15 K) Values for the Different
Sites of Cysteine (in kcal/mol)

ΔEQZ
a δTb δ(Q)c Δcore

d Δrel.
e ΔEe

f ΔZPE
g ΔH0

h ΔH298.15
i ΔG298.15

j

I−IN 222.89 −0.03 −0.01 +0.10 +0.03 222.98 −8.49 214.49 215.79 208.44
I−IO 208.57 +0.02 −0.04 +0.05 +0.02 208.62 −7.45 201.17 202.74 194.56
I−IS 198.22 −0.03 +0.01 −0.06 +0.05 198.18 −5.46 192.72 194.02 186.86
average Nk 223.60 −0.03 −0.01 +0.10 +0.04 223.69 −8.73 214.96 216.39 208.21
average Ok 209.47 +0.02 −0.04 +0.04 +0.02 209.51 −7.67 201.83 203.55 194.16
average Sk 199.13 −0.04 +0.02 −0.06 +0.06 199.10 −5.79 193.31 194.74 186.40

aCCSD(T)-F12b/cc-pVQZ-F12 equilibrium proton affinities at CCSD(T)-F12a/cc-pVDZ-F12 geometries. bFull-T correction obtained by
CCSDT − CCSD(T) with 6-31G basis set at CCSD(T)-F12a/cc-pVDZ-F12 geometries. cPerturbative quadruples correction obtained by
CCSDT(Q) − CCSDT with 6-31G basis set at CCSD(T)-F12a/cc-pVDZ-F12 geometries. dCore-correlation correction obtained as the difference
between AE-CCSD(T)-F12a/cc-pCVTZ-F12 and FC-CCSD(T)-F12a/cc-pCVTZ-F12 proton affinities at CCSD(T)-F12a/cc-pVDZ-F12
geometries. eDouglass−Kroll relativistic correction obtained as the difference between Douglas−Kroll AE-CCSD(T)/aug-cc-pwCVTZ-DK and
AE-CCSD(T)/aug-cc-pwCVTZ proton affinities at CCSD(T)-F12a/cc-pVDZ-F12 geometries. fBenchmark equilibrium proton affinities obtained
by CCSD(T)-F12b/cc-pVQZ-F12 + Δcore + Δrel + δT + δ(Q). gZero-point corrections obtained by MP2/aug-cc-pVDZ harmonic vibrational
frequencies. hBenchmark 0 K proton affinities obtained as ΔEe + ΔZPE.

iBenchmark proton affinities (298.15 K). jBenchmark gas-phase basicities
(298.15 K). kIn the average mixtures, the population of the conformers were calculated by Boltzmann-distribution.
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previously16 we found that for PA and GB values it is less serious.
To approximate an uncertainty for the determined PA and GB
values, we have to consider the following: the order of
magnitude of the auxiliary corrections, the uncertainty of the
low-frequency vibrations, and the neglected anharmonicity. The
latter two are significant both in the thermal corrections and in
the vibrational entropies. Finally, for the 298.15 K proton affinity
of cysteine we suggest 216.39 ± 0.40 kcal/mol and for the
298.15 K gas-phase basicity, 208.21 ± 1.20 kcal/mol. The
protonation of the thiol site can be useful for different
applications, like solutions, where the amino acid is zwitterionic
or when there are amino acid chains, but one should consider
that not only solvation happens, but the chemical environment
in the molecule also changes slightly.

There are theoretical publications in the literature al-
ready,9,23,25,27,29 but this work has many novelties, if one
considers the number of conformers taken into account, the
level of theory and corrections, and finally the consideration of
the different protonation sites. From the experimental side, one
can also find papers, which are not very recent. In 1992,
Gorman56 obtained PA of 214.6 ± 2.7 kcal/mol from Fourier
transform ion cyclotron resonance spectrometry experiments.
Six years later, Hunter and Lias57 published an immense
database of PA and GB for 1700 species. They collected and
critically re-evaluated the state-of-the-art published data. For the
cysteine at 298 K, they suggested 215.87 kcal/mol PA and
207.77 kcal/mol GB values, which are in good agreement with
our theoretical predictions of 216.39 ± 0.40 and 208.21 ± 1.20
kcal/mol, respectively. Afonso et al.58 in 2000 performed
electrospray ionization (ESI)-ion trap mass spectrometry
measurements and obtained 214.41 kcal/mol for the PA of
cysteine, although this value might not be considered as reliable
as the former ones.9

4. SUMMARY AND CONCLUSIONS
We have mapped the conformational space of the neutral
cysteine with six different basis sets, namely 3-21G, 6-31G, 6-
31++G, 6-31G**, 6-31++G**, and cc-pVDZ using the MP2
method. The two latter bases proved to be the most efficient for
the search of possible minimum geometries, combined together,
as they both found unique conformers, but if computationally
affordable, it might be useful to use even larger basis sets.
Compared to the most adequate publication,26 we finally
managed to locate 14 new minima, 85 in total at the MP2/aug-
cc-pVDZ level of theory. The analysis of the occurrences in the
data points showed that the search method is very sensitive to
the starting geometry, and some conformers can be easily
overlooked. We tested the possible protonation sites of cysteine,
the thiol, amino, carbonyl, and the hydroxyl group. The
protonated hydroxyl group is proven to be not stable. Based
on our experience in the case of the neutral cysteine, we searched
for the protonated cysteine conformers with the 6-31++G** and
the cc-pVDZ basis sets combined with the MP2 method. We
found 21 amino-, 64 carbonyl-, and 37 thiol-protonated
structures, 122 in total, again at the MP2/aug-cc-pVDZ level
of theory in comparison to the 21 reported in the literature.53

The 10 lowest-energy conformers of each group (the neutral
cysteine and its N-, O- and S-protonated counterparts) were
subjected for further benchmark investigations: from CCSD-
(T)-F12a/cc-pVDZ-F12 geometry optimization up to CCSD-
(T)-F12b/cc-pVQZ-F12 single-point energy computations.
Core correlation correction, second-order Douglass−Kroll
relativistic correction, and post-(T) correction (δT and δ(Q))

were also computed and shown to be necessary to achieve the
desired sub-chemical accuracy. With the addition of these, we
finally obtained the benchmark ab initio equilibrium relative
energies for every conformer, with the ΔZPE we get the adiabatic
relative energies. Applying statistical thermodynamics relative
enthalpies and relative Gibbs free energies became available at
298.15 K.

Finally, these results of the cysteine and protonated cysteine
yield us benchmark proton affinity and gas-phase basicity values.
The protonation of the three different sites was considered, and
the results showed that the protonation of the amino group is the
most favored thermodynamically. We considered the proto-
nation of the conformer with the lowest energy only and
conformer mixtures too. For the PA, we calculated 216.39 ±
0.40 kcal/mol while for the gas-phase basicity 208.21 ± 1.20
kcal/mol. These are in good agreement with previous
experimental work showing us, that like in the case of glycine,16

the relatively simple rigid rotator and harmonic oscillator
models can lead to accurate absolute proton affinity values and
gas-phase basicities. Hindered rotor or analytical frequency
calculations could decrease the uncertainty of our thermody-
namical values; nevertheless, the present results can still serve as
benchmark references for new investigations.
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(36) Dékány, A. Á.; Czakó, G. Benchmark Ab Initio Proton Affinity

and Gas-phase Basicity of α-Alanine Based on Coupled-cluster Theory
and Statistical Mechanics. J. Comput. Chem. 2022, 43, 19−28.
(37) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self�Consistent

Molecular Orbital Methods. XII. Further Extensions of Gaussian�
Type Basis Sets for Use in Molecular Orbital Studies of Organic
Molecules. J. Chem. Phys. 1972, 56, 2257−2261.
(38) Dunning, T. H. Gaussian Basis Sets for Use in Correlated

Molecular Calculations. I. The Atoms Boron through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
(39) Møller, C.; Plesset, M. S. Note on an Approximation Treatment

for Many-Electron Systems. Phys. Rev. 1934, 46, 618−622.
(40) Werner, H.-J.; Knowles, P. J.; Knizia, G.; Manby, F. R.; Schütz, M.
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