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Abstract: Bioconjugation reactions are critical to the modification of peptides and proteins, permitting

the introduction of biophysical probes onto proteins as well as drugs for use in antibody-targeted

medicines. A diverse set of chemical reagents can be employed in these circumstances to covalently

label protein side chains, such as the amine moiety in the side chain of lysine and the thiol function-

ality in cysteine residues, two of the more frequently employed sites for modification. To provide

researchers with a thermodynamic survey of the reaction of these residues with frequently employed

chemical modification reagents as well as reactive cellular intermediates also known to modify

proteins non-enzymatically, a theoretical investigation of the overall thermodynamics of models of

these reactions was undertaken at the T1 and G3(MP2) thermochemical recipe levels (gas phase),

the M06-2X/6-311+G(2df,2p) /B3LYP/6-31G(d) (gas and water phase), and the M06-2X/cc-PVTZ

(-f)++ density functional levels of theory (water phase). Discussions of the relationship between the

reagent structure and the overall thermodynamics of amine or thiol modification are presented. Of

additional interest are the observations that routine cellular intermediates such as certain thioesters,

ﬁf;eéigtf:; acyl phosphates, and acetyl-L-carnitine can contribute to non-enzymatic protein modifications. These
reactions and representative click chemistry reactions were also investigated. The computational
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. survey presented herein (>320 reaction computations were undertaken) should serve as a valuable
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. T resource for researchers undertaking protein bioconjugation. A concluding section addresses the
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Reactions Pertinent to Lysine and ability of computation to provide predictions as to the potential for protein modification by new

Cysteine Peptide and Protein chemical entities, with a cautionary note on protein modification side reactions that may occur when
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the chemistry that allows for the attachment process itself. Although unnatural amino
acid incorporation into peptides and proteins can be employed to provide the necessary
reactive moieties to allow for the required chemistry [20-24], the use of chemically reactive
reagents in labeling nucleophilic protein side chains such as lysine and cysteine remains
the predominant approach undertaken by researchers [8]. In fact, a vast array of com-
mercially available chemical modification reagents, containing such reactive moieties as
N-hydroxysuccinimide (NHS) esters and maleimide groups, make routine biomolecule
modification readily attainable for even researchers who are less experienced with the chem-
ical intricacies of the bioconjugation process [4]. Companies such as Quanta BioDesign,
Ltd., BroadPharm, and Click Chemistry Tools, among others, provide valuable sources of
these reagents for scientists.

Underlying the chemistry of these reactions are the kinetic and thermodynamic prop-
erties of the reactions themselves and how this information can inform researchers as to the
potential success or failure of a particular bioconjugation approach and, more fundamen-
tally, the relationship of chemical structure to the overall reaction outcome. Bioconjugation
reactions on protein residues are complex processes with differential reaction kinetics for
a particular reagent in multiple but different environments containing the same residue
(such as multiple lysine residues on the surface of a protein) along with the differential
reaction rates of that same reagent with different residue types (such as lysine versus
cysteine residues for a reagent able to react with both). In essence, bioconjugation reactions
are simple in theory but complex in experimental reality, generally leading to an ensemble
of modified protein products. The thermodynamics of the overall labeling reaction are
also of importance, allowing for metrics on the favorability of a specific reagent’s chemical
reaction with an amino acid functional group. In the case of bioconjugation reactions,
experimentalists employ sufficient time for the reaction to occur and follow the extent of
protein modification by mass spectrometry, for example. Hence, although the rate may
be slower, which would depend on the energy of the transition state, the incubation time
of the protein with the reagent is adjusted to optimize the labeled protein. Experimen-
tally, incubation times can vary from minutes to hours, depending on the modification
reagent. The time of incubation, pH, excess of the modification reagent, and temperature
are all controlled to optimize the yield of a labeled protein. In general, the optimized
modification conditions for any particular protein are empirically determined for each
reagent that is used. In our own research on the chemical modification of bacteriophage
for bionanotechnological applications [25,26], it was of interest to have a readily available
source of information on the overall thermodynamics of the most frequently employed
bioconjugation reactions employed in biological chemistry. Sadly, we could not find such a
single compendium of this information, but rather fragmented studies with theoretical or
experimental studies focused upon a single reaction type and employing different levels of
theoretical computation, resulting in difficulty in comparing the thermodynamic range of
chemical modification reactions available.

This report therefore has focused on generating these thermodynamic properties by
density functional theory (DFT) for a range of commonly used bioconjugation reactions
for lysine (modeled as methylamine) and cysteine (modeled as methanethiol) residues
(Figure 1), comparing these to several representative “click” reactions [27-29], and ad-
dressing the energetics of several previous observations that certain cellular intermediates
(thioesters, acyl phosphates, and acetyl-L-carnitine) are capable of non-enzymatically modi-
fying proteins in vivo [30-35]. A concluding section addresses the ability of computation
to provide predictions as to the potential for protein modification by new chemical entities,
with a cautionary note on protein modification side reactions when employing synthetic
substrates to measure enzyme kinetic activities.
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Figure 1. Overview of the reactions of lysine (modeled as methylamine) and cysteine (modeled

as methanethiol) residues with a range of bioconjugation reagents and cellular metabolites whose
thermodynamic reaction parameters are computed in the manuscript.

2. Materials and Methods

Spartan’20 (Wavefunction, Inc.; Irvine, CA, USA) [36] was employed for T1 and
G3(MP2) thermochemical recipe calculations and the density functionals, BSLYP [37,38]
and MO06-2X [39], were employed in M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) density
functional theory (DFT) calculations to compute overall reaction thermodynamic prop-
erties for a diverse set of chemical modification reactions [40]. Water, methylamine, and
methanethiol were used as reactants; methylamine was used to model the primary amine
of the lysine side chain and methanethiol to model the cysteine side chain. The protonated,
positively charged amine is non-nucleophilic and experimentally the bioconjugation of
lysine residues is performed at a pH where a percentage of the lysine side chains are depro-
tonated (neutral) and reactive. This occurs prior to the actual chemical reaction between the
deprotonated amine and the reagent and is taken care of by the solution pH, using a bulffer,
for example. Therefore, the free energy penalty to deprotonate is paid for macroscopically
by the experimental conditions. We employ this neutral amine in the form of methylamine
as the model for the lysine side chain as well as the N-terminal nitrogen of a protein subunit.
The neutral form of the thiol in cysteine is used in this study by employing methanethiol
as the model for the side chain of cysteine. An experimental choice of a solution pH that
maintains the protonated unreactive form of lysine residues but allows for the reaction of
the neutral thiol is frequently employed, and hence the neutral thiol group is employed in
the current computational study. The chemical structures of reactants and products were
drawn with the molecule drawing palette in Spartan’20. For T1 [41] and G3(MP2) [42]
calculations, the Equilibrium Conformer setting was used to provide the global minimum
conformation as the starting conformation for these gas phase thermochemical calculations.
This involved the selection of the lowest energy conformer through a molecular mechanics
conformational search for the lowest energy conform using the Merck molecular force field
(MMFF) [43,44], followed by energy ranking at the HF/6-31G(d) geometry optimization in
the T1 model.

In vacuum, the T1 and G3(MP2) composite methods, also known as thermochemical
recipes, are computational methods that provide high accuracy for gas phase thermody-
namic quantities and are composed of several calculation stages. A full description of the
G3(MP2) and the T1 methods has been reported [41,42]. In brief, the G3(MP2) recipe re-
quires an equilibrium geometry calculation at the HF/6-31G(d) level, followed by a second
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at the MP2/6-31G(d) level. This is followed by an HF/6-31G(d) frequency calculation, an
MP2/6-311++G (2df, 2p) energy calculation, and a QCISD(T)/6-31G(d) energy calculation.
The T1 method was specifically developed to provide a more efficient procedure than the
more complex G3(MP2) method (providing a reduction in computational cost of 2-3 orders
of magnitude over the G3(MP2) method) for calculating heats of formation of uncharged,
closed-shell molecules comprising H, C, N, O, E S, Cl, and Br in the gas phase and able to
reproduce G3(MP2) computed properties with mean absolute and root mean square errors
of 1.8 and 2.5 kJ/mol, respectively [41]. T1 introduces an empirical correction based on
Hartree—Fock and RI-MP2 energies and Mulliken bond orders, among other modifications.
Readers may also find the Computational Chemistry Comparison and Benchmark DataBase
(https:/ /cccbdb.nist.gov (accessed on 24 August 2023)) a useful resource for pre-calculated
gas phase energies for some molecules [45].

The M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) calculations were computed for both
vacuum as well as implicit aqueous conditions starting from the equilibrium geometry
obtained by a B3LYP/6-31G(d) geometry optimization, a robust model for producing
optimized geometries, and have recently been employed in computing the reaction ther-
modynamics for thiol addition to various Michael acceptor molecules [40,46,47]. This
was followed by a single-point M06-2X/6-311+G(2df,2p) calculation [39,40]. Vibrational
frequencies and zero-point energies were calculated at the B3LYP/6-31G(d) level and were
evaluated analytically and uniformly scaled by a factor of 0.960 [48]. No negative frequen-
cies were detected for any geometry-optimized structures employed in this investigation.
The conductor-like polarizable continuum model (C-PCM) solvent model for water with a
dielectric constant of 78 was used for aqueous conditions [49,50]. This cosolvent model is
dependent upon the shape and charge distribution of the solute and the dielectric constant
(value of 78) for water.

Jaguar (Schrodinger, LLC, New York, NY, USA) [51] was employed for both gas phase
and implicit water phase calculations of other reactions at the M06-2X/cc-PVTZ(-f)++
density functional theory level. This method employs the pseudospectral method, which
is reported to enhance calculations on larger molecular systems [51,52]. Chemical struc-
tures were sketched in the Maestro drawing palette (Schrodinger Release 2023-2: Maestro,
Schrodinger, LLC, New York, NY, USA, 2023). The lowest energy conformations in wa-
ter were then calculated employing the QM Conformer and Tautomer Predictor panel,
employing solely the conformer submodule as alternate tautomers were not required for
the compounds investigated in this study. This workflow generates a range of lower-
energy conformers using the OPLS4 molecular mechanics force field implemented in the
MacroModel program (Schrodinger Release 2023-2: MacroModel, Schrodinger, LLC, New
York, NY, USA, 2023) [53-55]. The resulting molecular structures are then filtered by their
semiempirical PM3 heat of formation, which removes high-energy conformations [56,57].
The structures surviving these initial screens were then geometry optimized using density
functional theory (DFT) at the B3LYP-D3/LACVP** level of theory. The structures are then
ranked using single-point energies at the M06-2X/cc-pVTZ(-f) calculated at the optimal
geometries from the B3LYP-D3/LACVP** step. The five lowest energy conformers are
kept, and the lowest energy conformer is employed in the reaction calculation protocol as
implemented in Jaguar, which employed the M06-2X/cc-PVTZ(-f)++ density functional
theory level and used the conductor-like screening model (COSMO), a continuum solva-
tion model, with Bondi atomic radii [50,58,59]. Other settings were grid density = fine
and an SCF accuracy level = accurate. No negative frequencies were obtained in these
computations. The thermodynamic parameters AE (gas), AE (water), AG (water), and AH
(water) were requested in the reaction protocol. A Boltzmann distribution of conformers is
not employed in the current study, and only the lowest energy conformer for the various
reactants and products is employed throughout the current investigation.
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3. Results and Discussion

As numerous lysine modification reagents are based on acylation chemistry [4,8],
we benchmarked the computational survey of chemical modification reagents against
the overall reaction thermodynamics computed for ester hydrolysis and aminolysis us-
ing methyl acetate as the ester and either H,O or methylamine (lysine side chain model)
as the nucleophiles. For reactions modeling the reaction of the cysteine side chain with
a bioconjugation reagent, methanethiol was employed. The overall reaction thermody-
namic parameters, AE, Gibbs free energies (AG), and enthalpies (AH) were calculated
at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level for the survey of a diverse set
of modification reagents and at the M06-2X/cc-PVTZ(-f)++ level for the more focused
investigation of several “Click” chemistry reactions [29], and several naturally occurring
reactive cellular intermediates (thioesters, anhydrides, acyl-L-carnitine) which have been
shown to non-enzymatically modify proteins [30,33,35,60,61]. The choice of the basis sets
and the functionals employed are frequently employed and have been shown to provide
high-quality geometries and energies [37-40,46]. Gas phase as well as polarizable contin-
uum model (PCM)-based intrinsic water phase geometries and energies were computed
using the C-PCM and the related COSMO models [49,58]. These models have been re-
viewed and have been shown to perform well for aqueous phase calculations [50]. In
addition, the high-quality thermochemical recipes represented by T1 [41] and G3(MP2) [42]
were also employed to provide information on gas phase energetics for the indicated
reactions. T1 provides gas phase energies at a lower computational cost than the more
elaborate G3(MP2), but within a very good range of the G3(MP2) values, as can be seen
from Tables 1 and S1-59. To note, the computations in this preliminary survey do not take
into account the ionic strength or pH of the solution, nor the presence of ions such as Mg?*
for example. It also does not model the transition states expected at various pHs, which
would provide information on the rates of the reactions. A broad survey such as this would
be an excellent addition to be undertaken in the future. However, where currently available
in the literature, we do provide information on such transition states studied under the
conditions investigated by researchers. It is important to note that the absolute values of
the total energies for the various reactions computed in this paper are approximate and
dependent upon the choice of DFT functional and base set; however, the focus herein is
to determine the relative reaction thermodynamic values across the different chemistries
employed in frequently utilized bioconjugation reactions.

3.1. Lysine Bioconjugation Reactions
3.1.1. Alkyl Esters and Thioesters, Anhydrides, and Acyl Chlorides

We begin with evaluating the T1 and G3(MP2) reaction energetics for a standard
ester such as methyl acetate (1) and compare this to extremely reactive chemical reagents
such as acetic anhydride (2), acetyl chloride (3), and a simple thioester, methyl thioac-
etate (4). Anhydrides and acyl chlorides have a long history of use in protein/peptide
modification [3,4,62,63]. Cyclic anhydrides have also been suggested as useful bioconju-
gation reagents and will be discussed in a later section (Section 3.4.1) [64]. Computed
T1 and G3(MP2) gas phase reaction energies, shown in Table 1, are more negative for
amine reactions than water as the attacking nucleophile for all of the reactions shown (ester,
anhydride, acyl chloride, and thioester), with acetic anhydride and acetyl chloride having
the greatest reaction energies. Thioester reactions are intermediate in magnitude. We will
further elaborate on the reactivity of the anhydrides and thioesters of several important
cellular intermediates later in this article, but we present these reference reactions in Table 1.
Table 2 provides the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) reaction energies in the
gas phase and in the C-PCM intrinsic aqueous phase for these reactions. The trend is iden-
tical in that methylamine reactions are more thermodynamically favorable than reactions
with HyO and that anhydride and acyl chloride reactions are the most favorable of the four
different carbonyl compounds.



Compounds 2023, 3

469

Table 1. T1 and G3(MP2) energies for reaction of water and methylamine with example esters,
anhydrides, acetyl chloride, and thioesters.

Reaction T1 AE (kJ/mol) G3(MP2) AE (kJ/mol)
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The reaction mechanisms, including acid- and base-catalyzed hydrolysis and aminoly-
sis of esters, have been investigated by a number of research groups and have provided
atomistic-level detail of the steps and transition states of these reactions [65-78] (and refer-
ences therein). For example, the methanolysis and hydrolysis of glycerol triacetate have
been studied employing B3LYP/6-31++G(d,p)-level DFT methods with a C-PCM contin-
uum solvation model, providing insight into high-energy intermediates formed during the
acid- and base-catalyzed reactions. An experimentally determined value for the hydrolysis
of methyl acetate reported a Gibbs free energy of +2.50 kJ/mol; however, this was an
acid-catalyzed study [79]. The non-acid-catalyzed computed free energy (Table 2) is larger
but also positive and consistent with both the T1 and G3(MP2) calculated values. A study
by Shi et al. [80] computed (HF/3-21G level with the Onsager water model) a Gibbs free
energy of +4.04 kcal/mol (+16.90 kJ/mol) for the neutral hydrolysis of methyl acetate,
which is consistent with the value of +21.70 kJ/mol obtained employing a higher level of
theory in our current study (Table 2).
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The transition states for hydrolysis and aminolysis of anhydrides [74,81,82], acyl
halides [74,83,84], and thioesters [85] have also been studied computationally. The reaction
of methylamine with acetic anhydride in the gas phase has been modeled [81] at three levels:
RHF/6-31+G(d,p)/ /RHE/6-31+G(d,p), B3LYP/6-31+G(d,p)/ /B3LYP/6-31+G(d,p), and
MP2/6-31+G(d,p)/ /MP2/6-31+G(d,p) with AE energies of —89.96 k] /mol, —88.28 k] /mol,
and —74.48 k] /mol, respectively. A value of —77.34 k] /mol (gas phase) for AE was obtained
in the current study employing the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level of
theory (Table 2). In the case of acetyl chloride, a AG = —73.9 k] /mol was computed in the
water phase at the B3LYP/6-31G(d) level employing the IEF-PCM polarizable continuum
model (value extracted from Scheme 2 in Ruff and Farkas [83]) but modeled with a single
water molecule adduct for the transition state intermediate.

Table 2. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of water and methylamine

with example esters, anhydrides, acetyl chloride, and thioesters.
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Thioesters are intermediates in native chemical ligation, intein splicing, and expressed
protein ligation strategies in protein engineering [86]. They are also present in certain
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cellular metabolic intermediates [87], although bioconjugation reagents based on thioesters
are not frequently employed. Cellular thioesters such as acetyl-SCoA, for example, are
substrates for acyltransferase enzymes in cells [87]. However, thioester intermediates
can also non-enzymatically acylate cellular proteins in an uncontrolled manner, and this
aspect of thioesters will be discussed in a subsequent section (Section 3.4.1) [61,88,89], and
hence computed free energy values for their reaction with amino acid side chains can
have critically important predictive value to biochemists. Values for the T1 and G3(MP2)
energies (gas phase) for reactions of a simple thioester, methyl thioacetate, with H,O and
with methylamine are provided in Table 1. AG values for the overall reaction of methyl
thioacetate with H,O and with methylamine were computed to be —19.81 k] /mol and
—59.97 k] /mol, respectively, at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level (C-
PCM intrinsic water phase) (Table 2). The AG® value for the hydrolysis of a similar thioester,
ethyl thioacetate, under standard state conditions (25 °C; 1 M for solutes (with an infinitely
diluted reference state) in pure liquid water)) has been reported as —4.1 £ 1.5 kcal /mol
(—=17.15 £ 6.28 k] /mol) [90]. The experimentally determined free energy for the hydrolysis
of another thioester, N,S-diacetyl-3-mercaptoethylamine, was reported as —4.46 kcal/mol
(—18.66 k] /mol) [91]. The computed value (C-PCM intrinsic aqueous phase) in the current
study for the hydrolysis of methyl thioacetate is —19.81 k] /mol (Table 2) and is in reasonable
agreement with the experimentally obtained values for these types of thioesters. Activation
energies have been computed employing transition state models for the reaction of methyl
acetate and methyl thioacetate with hydroxide, ammonia, and the carbanion of methyl
cyanoacetate to better understand the relative reactivities of oxoesters and thioesters with
various nucleophiles. It was found that oxoesters and thioesters have similar reactivity
with hydroxide as a nucleophile, but thioesters are 100-fold more reactive toward amine
nucleophiles [76]. The free energies of the reaction of thioacetic acid and methyl thioacetate
with hydroxide and H,O under select pH and temperature conditions were computed at
the DFT level (B3LYP//6-31G(d)) and employed in a discussion of the plausibility of these
compounds accumulating in various geological environments [85].

3.1.2. Phenyl and N-hydroxysuccinimide Esters

Phenyl-based esters compose an important class of bioconjugation reagents and are
extensively employed in biochemistry and materials science [4,92,93]. These include
p-nitrophenyl and fluorinated esters. Tables S1 and S2 provide the computed T1 and
G3(MP2) gas phase energies for the hydrolysis and aminolysis reactions for phenyl acetate
(5), p-nitrophenol acetate (6), and various fluorinated phenyl esters (compounds 7-13),
and Table 3 provides the gas phase and aqueous phase thermodynamic values for these
esters at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level. The amine reactions are
more thermodynamically favorable than the attack of water, although these esters are
also subject to hydrolysis in aqueous solutions when employed to modify biomolecules in
solution [4]. The tetra- and pentafluorophenyl-based esters (compounds of types 12 and
13) are currently preferred modification reagents due to their increased stability in aqueous
solutions compared to N-hydroxysuccinimide (NHS) esters (compounds of structure 14 and
15; Table 4). NHS esters have a t;/, of approximately 5 h at pH 7.0 (0 °C) [94] but only
10 min at pH 8.6 (4 °C) [95]. From Table 3 the p-nitrophenyl ester 6 in aqueous media has a
thermodynamically more favorable reaction (AG = —61.89 k] /mol) with amines than the
simple phenyl ester 5 (AG = —49.72 k] /mol) and is much greater than the simple methyl
ester 1 (Table 2, AG = —20.73 kJ/mol). It is also interesting to note that a thioester such as
compound 4 has a comparable free energy for reaction (Table 2; AG = —59.97 k] /mol) with
amines as the p-nitrophenyl esters do, a point to note as we discuss thioester reactions in
cells later in this article. The trend within the fluorinated phenyl esters is for increasing
fluorination to favor reaction thermodynamics, with the tetrafluoro- and pentafluorophenyl
esters having comparable free energies of reactions with methylamine to those of the
p-nitrophenyl leaving group. Reactions of phenyl [96-100], p-nitrophenyl [84,93,98,101],
and fluorophenyl esters [92,93] have been studied experimentally and computationally
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with various nucleophiles and solvents, with a focus on the transition state structures.
For example, a theoretical study of the aminolysis of para-substituted phenyl acetates in
vacuo and in acetonitrile was undertaken at the B3LYP/6-31+G(d,p) level of theory, and for
the reaction of phenyl acetate with ammonia, a reaction energy (AE) of —13.09 kcal/mol
(—54.77 k] /mol) was computed. The current study employing methylamine as a nucle-
ophile (Table 3) computed a reaction energy (AE) of —54.90 k] /mol.

Table 3. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of water and methylamine
with example phenyl esters.

. Gas Phase
Reaction (J/mol) Water (kJ/mol)

0 . ol —17.88 (AE) —18.79 (AE)
H H o —14.68 (AG) —15.49 AG)
HeC o —12.18 (AH) —13.08 (AH)

5

[e]
0 )k —36.13 (AE) —54.90 (AE)
R CH3

)L @ N T we S _31.03(AG)  —49.72 (AG)
He o | . —35.20 (AH) —53.96 (AH)

5

NO,
0 o ? —25.68 (AE) —27.60 (AE)
)k Ny > J\ _2575(AC)  —27.67 (AG)
HaC o HsC oH —18.69 (AH) —20.62 (AH)
6
NO. o
0 )k —43.93 (AE) —63.71 (AE)
)]\ + - - o —42.10 (AG) —61.89 (AG)
ne” o : | HO —41.71 (AH) —61.50 (AH)
H
F o F
0 NG S + —15.19 (AE) —17.30 (AE)
)k H (R — —11.16 (AG) —12.94 (AG)
H o e on HO —9.42 (AH) —11.46 (AH)
;
(o]
F F
o L ke )L o - —33.44 (AE) —53.41 (AE)
J\ SN, «——  he N —27.51 (AG) —47.16 (AG)
0™ o l —32.43 (AH) —52.35 (AH)
.
(o] [¢]
)k NG > )k —21.21 (AE) —17.25 (AE)
e o H H - e on —20.56 (AG) —16.59 (AG)
s ’ —14.48 (AH) —10.52 (AH)
F
(o]
.

o N HaC\NH — " C)LN/CHs + —39.46 (AE) —53.36 (AE)
)J\ e - | —36.91 (AG) —50.82 (AG)
HiC ° H HO —37.50 (AH) —51.4 (AH)
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Table 3. Cont.

. Gas Phase
Reaction (kJ/mol) Water (kJ/mol)
F
. —23.23 (AE) —22.50 (AE)
.o R . —20.91 (AG) —20.50 (AG)
)J\ H W - —16.26 (AH) —15.57(AH)
E HsC OH
HO F
F
i —41.48 (AE) —58.62 (AE)
NN —_— )k _CHy —37.26 (AG) —54.73 (AG)
)k NH, - HC T —39.27 (AH) —56.45 (AH)
F H HO
F F
o)
L9 — )k + —18.28 (AE) —15.74 (AE)
) o= e on —19.27 (AG) —16.72 (AG)
’ Ho —11.64 (AH) —9.09 (AH)
F F
Lo . )L _cHs 4 —36.48 (AE) —51.82 (AE)
J\ NH - —43.13 (AG) —54.68 (AG)
H HO —34.48 (AH) —49.33 (AH)
o F . . —20.56 (AE) —21.01 (AE)
N . . —20.62 (AG) —20.67 (AG)
i . . H H - —13.94 (AH) —14.41 (AH)
X ; HiC OH o .
.
. i i —38.76 (AE) —57.16 (AE)
0 L HC — )]\ _OHy —44.47 (AG) —59.27 (AG)
)k N HsC T —36.78 (AH) —54.78 (AH)
HC™ 1 O F H HO F
F
] 0 — i v F 23.72 (AE) 22.05 (AE)
e} + N —&0. —4L.
)J\ . o= Hac)km —24.67 (AG) —22.53 (AG)
o o . o . —16.87 (AH) —15.19 (AH)
12
!
.
o)
o e )k o —41.95 (AE) —58.20 (AE)
)k Nt HiC N —47.41 (AG) —61.14 (AG)
- i l Ho r —39.51 (AH) —55.56 (AH)
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Table 3. Cont.

Reaction G(';; /EI:Se Water (kJ/mol)
.
.
F. F

i o F F —20.57 (AE) —20.57 (AE)

)J\ CN, )}\ + —23.08 (AG) ~22.56 (AG)
T F Mo oH —13.89 (AH) —13.84 (AH)
F HO F
F
F
o
o " e )k i F ~38.80 (AE) ~56.72 (AE)
. - =
)k S, e S —45.82 (AG) —61.16 (AG)
he” o . | o . —36.53 (AH) —54.20 (AH)
b
Table 4. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of water and methylamine
with example N-hydroxysuccinimide esters.
Reaction Gas Phase (kJ/mol) Water (kJ/mol)

0 0 ° (AF) (AF)

—6.53 (AE —421 (AE
+ PN e *
o )LO/N W )KOH D _7.48 (AG) —494 (AG)

1 \ ° HO 0.28 (AH) 2.68 (AH)

o

o 0, o o}

)I\ . e )k _CHy - —24.78 (AE) —40.37 (AE)
e _N NH, —€— HC ’T‘ _N —23.84 (AG) —39.15 (AG)
4 \ H HO —22.74 (AH) —38.19 (AH)

o
SOzH o SO3H
o o 0 —7.58 (AE) —6.06 (AE)
YN —

)]\ N CORTH <= N TN —6.84 (AG) —5.32 (AG)

Hie” 07 HO —1.77 (AH) —0.25 (AH)
[¢] o
o SOzH o) o SO3H

o e > )k _cHy - —25.83 (AE) —41.82 (AE)

U w Ne, T HCT N N —23.19 (AG) —39.19 (AG)
He” o7 H Ho —24.78 (AH) —40.78 (AH)

o o

N-hydroxysuccinimide (NHS) and the sulfonated analog esters are also frequently
employed in the labeling of lysine residues or peptide/protein immobilization onto sur-
faces [11,26,102,103] and a wide range of commercial NHS-activated esters are available
to researchers (and generally less costly compared to fluorophenyl-activated esters) [3,4].
T1 and G3(MP2) energetics for the reaction of NHS and its sulfonated analog (results
in increased water solubility) are presented in Table S3. Table 4 contains the M06-2X/6-
311+G(2df,2p)/ /B3LYP/6-31G(d) level calculations both in the gas phase and in the water
phase. There is no calculated difference in favorability between NHS and its sulfonated ana-
log other than the experimental observation that sulfonation enhances the water solubility
of molecules attached to the sulfo-NHS moiety and was developed for this reason [4,104].
The AG values for the reactions of the NHS (14) and the sulfo-NHS (15) esters of acetic acid
with methylamine, as seen from Table 4, are comparable to those of a thioester (Table 2) but
less favorable than the fluorinated phenyl esters (Table 3). A computational and mass spec-
trometric study of the reaction of the sulfo-NHS ester of benzoic acid with primary amines
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and guanidine groups in the gas phase has been reported and employed DFT calculations
at the B3LYP/6-311G++(d,p) level to elucidate the energies of gas phase complexes [105].

3.1.3. Carbonates, Isocyanates, and Isothiocyanates

Carbonates, especially NHS or p-nitrophenyl activated carbonates, have been success-
fully employed in bioconjugation reactions such as crosslinking reactions, for the addition
of polyethylene glycol (PEG) to proteins, and for protein immobilization [17,106,107]. Table
54 provides the T1 and G3(MP2) energetics for the reaction of the unactivated carbonate,
dimethyl carbonate (16), and the activated carbonates: N-hydroxysuccinimide methyl
carbonate (17), and p-nitrophenyl methyl carbonate (18) to form the corresponding carba-
mates. Table 5 provides both the gas phase and water phase thermodynamic values at
the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level. As with the p-nitrophenyl ester (6)
and the NHS ester (14), the p-nitrophenyl carbonate 18 has a more favorable Gibbs free
energy in intrinsic water for reaction with methylamine (—76.11 k] /mol) than the NHS
carbonate (17) (—53.28 kJ /mol), although both are highly negative in magnitude and in fact
greater than their corresponding esters. Insights into the transition state intermediates for
the hydrolysis and aminolysis reactions of the cyclic carbonates, ethylene and propylene
carbonate, at the M06/6-31+G(d,p), B3LYP/6-311++G(d,p), MP2/6-311++G(d,p), and the
PBE/TZ2P levels have been reported [108-111].

Table 5. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of water and methylamine
with example carbonates.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)

e N T S e b Enon
0 16 ° 17.9 (AH) 18.75 (AH)

{ ~16.30 (AE) ~23.31 (AE)

NH, — (o) N

ch/oj(o\wa Cone” ~— T Y o+ cHoH ~21.36 (AG) 2855 (AG)
5 16 0 ~1751 (AH) —24.69 (AH)
.0 — NG —15.43 (AE —14.31 (AE

N Ne, T e = T s ~12.89 ((AG)) ~12.58 ((AG))

o1 ° —9.04 (AH) —8.29 (AH)

o

. — o M —45.89 (AE —52.83 (AE

N/OYO\% T - he” Y ow, -+ NHS _4;-22 ((AG)) _§3.§§ ((AG))

° 1 ° —44.56 (AH) —51.48 (AH)

[e]
o 0.

OYO\CHS T Hsc/o\ﬂ/ o+ e 2758 (AE) ~31.78 (AE)

L o —30.84 (AG) ~35.22 (AG)

on ~20.93 (AH) 2518 (AH)

¥ — n

R e

® ° —56.11 (AH) —68.40 (AH)

O:N

Although not employed as frequently as NHS or fluorophenyl esters, isocyanates and
isothiocyanates have been used in the bioconjugation and dye labeling of proteins [112-115].
Table S5 summarizes the T1 and G3(MP2) gas phase values for the reaction of HO and
methylamine with methyl isocyanate (19), phenyl isocyanate (20), methyl isothiocyanate
(21), and phenyl isothiocyanate (22) to form the corresponding ureas and thioureas. Table 6
presents the computed M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level values in both
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gas and intrinsic aqueous phases. Although methyl isocyanate and methyl isothiocyanate
have approximately the same Gibbs free energy for the reaction with methylamine in
water (AG = —59.39 kJ/mol and AG = —60.29 kJ/mol, respectively), phenyl isocyanate
(20) has a more favorable Gibbs free energy for the reaction with methylamine than that
calculated for phenyl isothiocyanate (22) (AG = —75.48 k] /mol and AG = —53.16 kJ/mol,
respectively). A DFT investigation (B3LYP/6-311++G(d,p) with the C-PCM intrinsic water
model) has been reported on the catalytic effects of water clusters on the hydrolysis of
toluene-2,4-diisocyanate. It was concluded that the hydrolysis of 2,4-TDI is hugely acceler-
ated by water molecules acting as the proton conduit by forming hydrogen-bonded ring
transition states in the computed mechanism [116].

Table 6. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of water and methylamine
with example isocyanates and isothiocyanates.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)
o
o )J\ —107.59 (AE) —100.33 (AE)
HiC—N=C=0 0N —> Sy Dow —43.88 (AG) —36.62 (AG)
8 H H P N

N —94.78 (AH) —87.52 (AH)

i 2 —110.34 (AE) —121.49 (AE)

HC—N=C=0 N, - MO, )kN P —48.79 (AG) —59.39 (AG)
1 Ho W —104.15 (AH) —113.27(AH)
—108.46 (AE) —103.03 (AE)

0. _— o

Qw=c=o N @\ )k —51.20 (AG) —45.76 (AG)
2 N7 ow —95.44 (AH) —90.01 (AH)

» o —114.32 (AE) —127.76 (AE)

QNzczo N, — )k o —61.84 (AG) —75.48 (AG)
2 NN —106.66 (AH) —120.13(AH)

S

o )J\ —84.23 (AE) —71.93 (AE)

HiC—N=C=5 0N, Sy o —27.27 (AG) —~19.17 (AG)
5 < —71.00 (AH) —58.22 (AH)

S

—99.68 (AE) —114.08 (AE)

H,C—N=C=5 “SC\NHZ PN )J\N _Ots —40.26 (AG) —60.29 (AG)
2 Ho H —90.44 (AH) —105.58(AH)

—65.37(AE) —60.63 (AE)

N S

QNzozs N @\ )k —9.07 (AG) —6.42 (AG)
» N on —52.74 (AH) —47.63 (AH)

e s —82.39 (AE) —108.74 (AE)

Q_N:c:s N, ~— )k ot —28.24 (AG) —53.16 (AG)
2 NN —75.12 (AH) —100.6 (AH)

3.1.4. Additional Modification Reactions

Other chemical modifications that model the reaction of the side chain of lysine
with labeling reagents are surveyed in Tables 56 and S7 and Tables 7 and 8, with T1 and
G3(MP2) gas phase results presented in Tables S6 and S7. Methyl acetimidate (23) and
methyl benzimidate (24) are representative of “imidate” modification reagents and re-
act with lysine side chains to produce the corresponding N-methylacetimidamide and
N-methylbenzimidamide, respectively. Modest AG reaction energies (approximately
—18 kJ /mol) in water are computed for these reactions (Table 7). Bis-imidate-containing
reagents have been employed in protein crosslinking studies to investigate subunit—subunit
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as well as protein—protein interactions [3,4,117-119]. Computations on the effects of con-
jugation on the structures of select imidates have been reported at the B3LYP/6-31G(d)
level [120].

Methanesulfonyl chloride (25) and phenylsulfonyl chloride (26) model sulfonylation
reagents can react with the amine moiety in lysine side chains to produce the corresponding
sulfonamide products and are employed in the attachment of dyes, such as the sulforho-
damines, to proteins for biophysical studies, among other uses [4,121]. These reactions are
more favorable than those computed for the imidates (Tables S6 and S7). The Gibbs free en-
ergies for the reaction of 25 and 26 with methylamine are highly favorable at —43.73 k] /mol
and —51.03 kJ /mol, respectively. DFT computations on the transition state for hydrolysis
of a series of benzenesulfonyl chlorides with seventeen explicit water molecules present
in the structure were reported and employed the B3LYP/6-311G(d,p) level after screening
a range of functionals and basis sets [122]. Additional studies on the transition state for
hydrolysis of various sulfonyl halides have also been reported [123,124].

Table 7. M06-2X/6-311+G(2df,2p)//B3LYP/6-31G(d) energies for reaction of methylamine with
imidates, sulfonyl chlorides, epoxides, maleimides, and 2,4-dinitrofluorobenzene.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)
" " —2.39 (AE) —15.16 (AE)
B LN L —— )kN/C“G + CHOH —4.89 (AG) —17.65 (AG)
O™ 4y © ’ HC H —4.11 (AH) —16.88 (AH)
NH
NH
CH.
e —6.63 (AE) —17.78 (AE)
CHg ) —
T M -~— N + CH;0H 695 (AG) ~18.98 (AG)
2 —7.26 (AH) —18.45 (AH)
ﬁ | —35.49 (AE) —42.86 (AE)
Heo——3—c! o -~ Ho——s—woh gl —36.36 (AG) —43.73 (AG)
35 0 —43.22 (AH) —50.58 (AH)
o [e]
i . A .. - —34.50 (AE) —53.06 (AE)
s—o e - ; ] —34.85 (AG) —51.03 (AG)
w © ° —42.20 (AH) —59.92 (AH)
OH
0 My, —120.41 (AE) —116.93 (AE)
“/A + o N - / e —66.04 (AG) —62.56 (AG)
w? HeC HeC ’ ~113.51 (AH) —110.02(AH)
0 H
HSC/N
e —105.01 (AE) —91.93 (AE)
N—CH, T o - N——CH —46.27 (AG) —34.75 (AG)
e —97.70 (AH) —84.41 (AH)
0o o]
F HN——CHjg
NO, NO,
. T + HF —62.60 (AE) —83.95 (AE)
HiC —52.69 (AG) —73.96 (AG)
2 —64.26 (AH) —85.60 (AH)
NO, NO,

Also having highly favorable thermodynamics is the reaction of an epoxide, such as 2-me-
thyloxirane (27), with methylamine, resulting in a computed AG for the reaction between
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27 and methylamine in water of —62.56 kJ/mol (Tables S6 and S7). Epoxides have been
employed in protein crosslinking investigations [18] and in enzyme immobilization onto
resins [125]. The strained ring system of the epoxide moiety results in favorable reactions
with nucleophilic side chains such as lysine and cysteine (Section 3.2). Investigations on
the mechanism and transition state intermediates involved in the hydrolysis of ethylene
oxide have been studied at the MP2/6-311++G(d,p), B3LYP/6-311+G(d,p) and M06-2X/
6-311++G(d,p) levels [126-128].

Maleimide-based reagents, modeled as N-methylmaleimide (28) (Tables 7 and S6), can
react with lysine side chains but are more selective to cysteine side chains (Section 3.2),
given that pH can be used to maintain the protonated state of lysine side chains yet allow for
reaction with the thiol functionality on cysteine [129,130]. The AG for the overall reaction
between 28 and methylamine was computed in intrinsic water to be —34.75 k] /mol, which
is less favorable than the reaction of methylamine with an epoxide.

The reagent 2,4-dinitrofluorobenzene (DNEFB; 29) is frequently employed to label pro-
teins, generally at lysine residues, with an aromatic chromophore and is useful in various
biophysical studies as well as a useful reagent to block lysine residues when performing com-
plex chemical modifications on proteins [131,132]. The amine functionality nucleophilically
attacks the carbon attached to the fluorine in DNFB, generating a substituted aryl-amine
bond. This reaction is thermodynamically very favorable, with a AG = —73.96 in the intrinsic
aqueous phase (Table 7). The T1 and G3(MP2) energies for this reaction are provided in
Table S6 for reference. The activation energies for the reactions of 1-fluoro-2-nitrobenzene
and DNFB with ethanolamine as the nucleophile in various organic solvents have been
computed at the B3LYP/6-31G(d) level employing the SM8 solvation model [133,134].

Table 8. M06-2X/6-311+G(2df,2p)//B3LYP/6-31G(d) energies for reaction of methylamine with
example squarate esters and aldehydes.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)
(0] (o] o o
—44.02 (AE) —57.84 (AE)
NH, —
o P o - Lt cmon —46.26(AG) —60.08 (AG)
o 4 o MO e —44.44 (AH) —58.26 (AH)
A 11
o o] o o
" —23.70 (AE) —44.02 (AE)
Ho CHy o - o+ cnon —25.78 (AG) —46.10 (AG)
N ° MO e —25.03 (AH) —45.35 (AH)
H H
31
CH.
0 a
» N —12.05 (AE) —16.64 (AE)
e —> )|\ + H0 —9.55 (AG) —14.41 (AG)
HyC H ¢ =~ He H —15.37(AH) —19.91 (AH)

I

CHs
v
o — | + Ho ~3.47 (AE) —9.67 (AE)
. —2.3(AG) —851 (AG)
—9.8 (AH) —15.98 (AH)

Squaric acid esters, such as dimethyl squarate (30), can react with amines to form mono-
squaramide (31) and can react further with a second amine to form bis-squaramides [135-138]
(Tables 8 and S7). This chemistry has been employed as a mild method to covalently attach
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complex molecules to the lysine side chain of proteins. This has included carbohydrates and
polyethylene glycol (PEG) chains in proteins [139-142]. Although both reactions are favorable
(AG = —60.08 kJ /mol and —46.10 kJ/mol, respectively), the first conjugation is more favorable
from a thermodynamic perspective. Once the first amine-containing molecule is attached
to 30, such as an amine-containing fluorophore or PEG group, the remaining alkoxy group
can be displaced by an exposed lysine side chain on the surface of a protein, resulting in the
attachment of a new molecular entity to the protein. Molecular properties calculated at the
B3LYP/6-31G(d,p) level for the bis-squaramide, 3,4-bis(isoproylamino)cyclobut-3-ene-1,2-
dione, were reported to agree well with experimental values for the geometry, atomic charges,
vibrational frequencies, absorption wavelengths, and the HOMO and LUMO energies [143].
For 1,2-dianilinosquairane, the B3LYP/6-311++G(d,p) level DFT calculations were found
to be in agreement with various experimental properties for this compound [144]. The
hydrolysis of several mono- and bis-squaramides has been studied at the M06-2X/ /cc-pVTZ
level employing PCM intrinsic aqueous conditions [145].

Modification of the N-terminal amine in proteins as well as the lysine side chain can be
accomplished by the formation of a Schiff base with a carbonyl-containing molecule such
as an aldehyde [4,131,146]. For example, the reaction of acetaldehyde or benzaldehyde
derivatives can form imines with amine nucleophiles, and although these can reversibly
dissociate to the starting aldehyde and amine in water, the imines are generally reduced by
a further reaction employing a reagent such as sodium borohydride, NaBHj, or sodium
cyanoborohydride, NaBH3CN, to form the alkylated amine, thus stabilizing the carbon-
nitrogen bond to hydrolysis [4,131]. Although the initial formation of the imine is not greatly
favorable from a thermodynamic perspective (AG = —14.41 kJ/mol and —8.51 kJ/mol)
(Tables 8 and S7 for T1 and G3(MP2) values), the subsequent reduction shifts the reaction
to the labeled amine. DFT studies on the mechanism of the reaction of acetaldehyde and
glycolaldehyde with pyridoxamine employing the B3LYP as well as the M06-2X functionals
with the 6-31+G(d) and the 6-31+G(d,p) basis sets have been reported and have provided
insight into the structures of the carbinolamine intermediate [147]. Also reported is the
application of B3LYP/6-31+G(d) level calculations to study the mechanism of the aldehyde,
pyridoxal, with various amines [148].

3.2. Cysteine Bioconjugation Reactions
Sulfonyl Chlorides, Epoxides, Maleimides, 2,4-Dinitrofluorobenzene, Disulfides,
x-Bromoacids and o-Bromoamides

Reagents that target cysteine residues are important, and, due to the low abundance of
exposed cysteine surface residues in the majority of proteins [87], site-directed mutagenesis
has been a very successful strategy to introduce a surface-exposed cysteine for labeling or
for crosslinking studies [13,130,149-151]. The reaction of thiols with epoxides is important
in the thiol-epoxy “Click” reaction, allowing for the rapid formation of covalent bonds
under mild conditions and having importance in the preparation of hydrogels used in
tissue engineering, for example [152,153]. The reaction of sulfonyl chlorides 25 and 26,
2-methyloxirane (27), N-methylmaleimide (28), and DNFB (29) with methanethiol as a
model for the cysteine side chain is presented in Table S8 (T1 and G3(MP2)) and Table 9
(MO06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) in vacuum and intrinsic aqueous phase). The
reactions of 2-methyloxirane (27) and N-methylmaleimide (28) are the most thermodynam-
ically favorable (AG values of —77.84 kJ/mol and —55.92 k] /mol, respectively) (Table 9)
for the overall reaction with methanethiol in an aqueous phase and comparable to those
reagents with the lysine side chain model, methylamine. On the other hand, the methy-
lamine reactions involving the sulfonyl chlorides and DNFB are more thermodynamically
favorable compared to the thiol reaction with these molecules (Tables 7 and S6).

Computational studies have been reported for the reaction of methanethiol and an
active site cysteine with the epoxide-containing antibiotic, Fosfomycin, at the B3LYP/def2-
SVP level to elucidate the reaction mechanism of enzyme inactivation by this antibiotic [154].
An excellent recent theoretical investigation on the addition of methanethiol with over
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forty different Michael acceptors, including two maleimides, is available [47]. A value
for AE of —27.0 kcal/mol (—112.97 kJ/mol) for the reaction of methanethiol with 28 at
the M06-2X/6-311+G(d,p) level in C-PCM intrinsic water was reported [47]. A value
for AE of —111.84. kJ/mol in C-PCM water was obtained in the current study (Table 9).
Activation energies calculated at the MP2/6-31+G(d)/ /HF/6-31+G(d) level for the reaction
of 1-substituted-2,4-dinitrobenzenes with piperidine, dimethylamine, and -SH have been
reported [155]. Additional computational studies of thiols with maleimide to further
elucidate reaction mechanisms have been reported as well [156,157].

Thiol-disulfide exchange reactions as well as reactions with alpha-halocarbonyls have
also been employed as cysteine labeling strategies [4,9,131]. In the case of thiol-disulfide
exchange reactions, the chemical moiety attached to the disulfide reagent is critical to
shifting the equilibrium towards labeling the cysteine residue, and 2-thiolpyridine (35) has
been advantageous as the leaving group for these reagents. Modeled here is the reaction
of 2-(methyldisulfaneyl)pyridine (34) with methanethiol, as shown in Tables 10 and S9.
In fact, the tautomerization of the 2-thiolpyridine (35) to pyridine-2(1H)-thione (36) shifts
the thermodynamics of the thiol-disulfide exchange, as can be seen in comparing the free
energies for the formation of the disulfide and 35 compared to the formation of compound
36 with AG values = —8.90 k] /mol versus —31.80 k] /mol, respectively. Experimentally, the
formation of 36 can be monitored to ascertain the extent of the cysteine labeling reaction [4].
A computational investigation of the equilibrium between 35 and 36 in various solvents
employing a diverse set of density functionals and basis sets has been reported, indicating
the thermodynamic preference for tautomer 36 [158].

Table 9. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of methanethiol with
sulfonyl chlorides, epoxides, maleimides, and 2,4-dinitrofluorobenzene.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)
o
I . ﬁ P —19.34 (AE) —27.45 (AE)
S—Cl + e \H HaC S—s + HCI —11.28 (AG) —19.39 (AG)
| —22.26 (AH) —30.37 (AH)
o (o]
I . L!_s /Ot —28.32 (AE) —38.26 (AE)
ﬁ_CI ne” | Nn i + HCI1 —24.75 (AG) —34.48 (AG)
x O o —30.8 (AH) —40.50 (AH)
o OH
9y H, —134.89(AE) —135.13 (AE)
o, . o — ; —77.60(AG) —77.84 (AG)
R he” B — HC SCH; —123.47(AH) —123.71(AH)
3 3
fo) o
_s
L s — —109.96(AE) ~111.84 (AE)
N—CH HeC = N—CHq —43.36 (AG) —55.92 (AG)
2 —98.95 (AH) —101.03(AH)
o) o
F g— O
NO, NO,
&  — + HF —36.56 (AE) —46.04 (AE)
o™ -~ —26.20 (AG) —35.59 (AG)
N —35.74 (AH) —44.95 (AH)
NO, NO,

Alkylation of cysteine side chains with o-halocarbonyls such as a-bromoacetic acid
(37) and a-bromoacetamide (38) produces the thioether modification on the cysteine side
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chain [3,4,159]. The T1, G3(MP2) and M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) ther-
modynamic values are found in Tables 10 and S9, respectively. The choice of the carbonyl
group attached to the halide can alter the selectivity of alkylation [160,161]. For example,
some proteins may be alkylated only by 37 or 38 [162].

Table 10. M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) energies for reaction of methanethiol with
examples of disulfides, a-bromoacids and a-bromoamides, dibromomaleimides, and reaction of
acetaldehyde with N-acetylhydrazide.

Reaction Gas Phase (kJ/mol) Water (kJ/mol)
X
‘ . o = AL 4 | o —5.41 (AE) —6.04 (AE)
/S\ = Hac/ HyC S P —8.27 (AG) —8.90 (AG)
e S N HS N —4.53 (AH) —5.16 (AH)
34 3
| N o = AL Z | —11.42 (AE) 4019 (AE)
A / o - 7 s —3.03 (AG) —31.80 (AG)
ne' s N s N —1.46 (AH) —30.24 (AH)
34 36
o o —17.63 (AE) ~22.70 (AE)
Br\)L e ,S\)L —16.47 (AG) —18.64 (AG)
“ OH g - HC oH + HBr —22.03 (AH) —25.60 (AH)
(0] O
. QL . - 3\)L —20.21 (AE) —22.15 (AE)
W e y N + HB —14.59 (AG) —16.19 (AG)
W ’ - RO 2 r —24.44 (AH) 2516 (AH)
o) [e]
Bi H;CS
r —43.49 (AE) —43.97 (AE)
N—oCH, s - N—cH,  + HBr —36.36 (AG) —36.84 (AG)
] HeC - N —46.60 (AH) —47.08 (AH)
39 (0] 40 o
[e] [e]
HsCS HsCS
o —32.88 (AE) —32.06 (AE)
ot S > N—ck,  + HBr —26.76 (AG) —25.79 (AG)
. -~ s —37.22 (AH) —36.24 (AH)
40 © a0
(o] o N—H CHg
. )J\ — > | \[( . H0 —23.65 (AE) —2597 (AE)
HyG N——NH; { ! —18.70 (AG) —21.02 (AG)
HeC " HyG H —28.63 (AH) —30.95 (AH)
3 42 43

One area of cysteine labeling that has an immense impact on medicine is that of
antibody labeling to produce new diagnostics and chemotherapeutics [13,130,163-165].
Attaching anticancer agents to the Fc region of an antibody can allow for the delivery
of a chemotherapeutic to cancer cells, reducing off-target toxicities. Although numerous
cysteine residues are present in antibodies, they exist in disulfide form as cystines [87].
Controlled reduction, such as with tris (2-carboxyethyl) phosphine (TCEP) or other reduc-
tants, can uncover modifiable cysteine side chains, which can then be modified with a
variety of molecules [4,130]. Dibromomaleimides are useful cysteine modification reagents
as the adjacent pair of cysteine residues generated by controlled reduction on an antibody
can be doubly labeled to the same maleimide, providing a more stable linkage to the
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antibody [13,130,166-168]. The molecule 2,3-dibromo-N-methylmaleimide (39) was chosen
as a model for this category of cysteine modification employing methanethiol as a cysteine
side chain surrogate (Tables 10 and S9). The overall thermodynamics of the stepwise
process to the mono-substituted adduct, 40, and finally to the disubstituted maleimide, 41,
were computed in the gas phase employing the T1 and G3(MP2) thermochemical recipes
as well as at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level in the gas phase and
in C-PCM intrinsic water (Tables 10 and S9). Both steps are favorable reactions, with
AG = —36.84 k] /mol and —25.79 k] /mol, respectively (C-PCM water phase), although less
so than the reaction with the non-halogenated N-methylmaleimide (28) (Table 9). The com-
puted spectroscopic properties for compound 39, such as infrared and Raman spectra and
molecular structure calculated using the B3LYP functional with a range of basis sets, were
found to be in good agreement with the experimental properties for this molecule [169].

Although not involving lysine or cysteine bioconjugation, in regards to antibody
labeling, another approach that has proven to be useful and should be mentioned is the
reaction of an aldehyde generated on the antibody with an acylhydrazide to form the stable
acylhydrazone [4,13,165,170]. For computational purposes, this reaction is exemplified
by the simple reaction of acetaldehyde (32) and acetohydrazide (42) to produce E/Z-N!-
ethylideneacetohydrazide (43). Tables 10 and S9 provide the reaction thermodynamics for
this adduct formation with AG = —21.02 k] /mol at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-
31G(d) level in C-PCM intrinsic water. The aldehyde on the antibody is generated by the
periodate oxidation of the carbohydrate present on the antibody. The formed aldehyde can
then be reacted with the acylhydrazide. A study on a series of N-acylhydrazone structures
and computation of their conformational energies has been reported, which employed a
B3LYP/6-31G(d) level approach [171].

The following two figures summarize the computed AG thermodynamics of the
various reactions with methylamine (Figure 2) and methanethiol (Figure 3) as analogs of
the lysine and cysteine side chains at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level
employing C-PCM intrinsic aqueous conditions.

Figure 2. Graphical representation of several key bioconjugation reagents and the AG values com-
puted for their reaction with methylamine at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level
in water (C-PCM intrinsic solvent model).
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N—CH;

Figure 3. Graphical representation of several key bioconjugation reagents and the AG values com-
puted for their reaction with methanethiol at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level
in water (C-PCM intrinsic solvent model).

3.3. Click Reactions

The term “click” chemistry was introduced by Sharpless and co-workers to categorize
chemical reactions that were rapid, facile, and of a general nature [172,173]. Cycloaddition
reactions also play an important role in click chemistry-based bioconjugation reactions,
although lysine and cysteine side chains are not directly involved in these cycloaddition
reactions. However, the introduction of the necessary functional groups (azide or acetylene,
for example) may employ site-directed unnatural amino acid incorporation into a protein
using molecular biology methods [20,22,23,25,174,175] or employ the previously discussed
lysine or cysteine modification chemistries to introduce either the azide or the acetylene
onto the protein surface. Given the previously computed conjugation reactions covered in
this article, it is interesting to also compute the overall reaction thermodynamics for several
representative examples of current click chemistry bioconjugation reactions [170,176-178].
The overall thermodynamics of the reactions of the following model compounds were
studied (Tables 11 and 510): methyl azide (44) with (i) propyne (45) to produce triazole
46; (ii) N-acetyl-dibenzoazacyclooctyne (DBCO; 47) to produce triazole 48; and (iii) the
bicyclo [6.1.0lnon-4-yne (BCN) analog (49) to produce triazole 50; and the reaction of a
strained alkene such as trans-cyclooctene (TCO; 51) and a 1,2,4,5-tetrazine such as the
model compound 3-methyl-6-phenyl-1,2,4,5-tetrazine (52) to form the 1-methyl-4-phenyl-
2,4a,5,6,7,8,9,10-octahydrocycloocta[d]pyridazine (53) adduct and a molecule of nitrogen.
The gas phase T1 energies are extremely favorable, as shown in Table 510, and their aqueous
reaction thermodynamics at the M06-2X/cc-PVTZ(-f)++ in implicit water are given in
Table 11, which are again highly favorable, with the tetrazine reaction being most favorable
overall with a AG of —286.65 k] /mol. For comparison purposes, the computed reaction
thermodynamics at this same level of theory are provided for the reaction of (i) methyl
acetate (1) with methyl amine; (ii) S-methyl thioacetate (4) with H,O and with methylamine;
and (iii) N-methylmaleimide (28) with methanethiol. A range of click chemistry reagents are
available commercially that contain maleimide, NHS, or fluorophenyl ester leaving groups,
allowing for the introduction of a variety of azides, strained alkynes, or tetrazenes into a
protein through chemical reactions at lysine or cysteine side chains, as discussed above. A
study on the origin of the orthogonality of strain-promoted click reactions at the M06-2X/6-
311+G(d,p) with PCM intrinsic solvent has been reported [179]. A recent investigation on
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the inverse electron demand Diels—Alder reaction at the M06-2X/6-311+G(d,p) level has
also appeared [180]. Additional computational studies providing insight into various click
chemistry bioconjugation reactions are available [181-183].

Table 11. M06-2X/cc-PVTZ(-f)++ in implicit water energies for benchmark reactions of methylamine,
water, and methanethiol with various electrophiles compared to examples of common click reactions.

Reaction

M06-2X/cc-PVTZ(-f)++ in Implicit
Water (kJ/mol)

(o}
H3C\ > + HC—OH
NH, - P
HaC T

I

—19.54 (AE)
—22.22 (AG)
~19.96 (AH)

HS—CHjs

—8.49 (AE)
—13.81 (AG)
—9.41 (AH)

HaC s

HS—CHj

—44.22 (AE)
—49.20 (AG)
—47.91 (AH)

0
H3C/S
N P E—
HeC e N——CHs
o}

—113.68 (AE)
—44.56 (AG)
—99.70 (AH)

44

—311.29 (AE)
—238.03 (AG)
—295.56 (AH)

44

—338.61 (AE)
—259.83 (AG)
—324.59 (AH)

44

—348.32 (AE)
—269.03 (AG)
—333.13 (AH)
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Table 11. Cont.

. M06-2X/cc-PVTZ(-f)++ in Implicit
Reaction

Water (kJ/mol)
HsC N
3 \N
o - ~310.62 (AE)
Nl A —286.65 (AG)
N —301.33 (AH)
51 52

3.4. Reactive Cellular Intermediates
3.4.1. Thioesters, Cyclic Anhydrides, and Acylphosphates

A fascinating aspect of the chemical modification of proteins is the finding that normal cel-
lular molecules and intermediates involved in metabolic pathways can also non-enzymatically
label proteins and result in the alteration of cellular biochemistry [88,89,184-187]. Intense
interest is being focused on experimental data that show that coenzyme-A (CoA) containing
thioester cellular molecules such as succinyl-CoA, an intermediate in the citric acid cycle;
glutaryl-CoA, an intermediate in the metabolism of lysine and tryptophan; 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA), an intermediate in the mevalonate and ketogenesis
pathways; and 3-methylglutaryl-CoA, a product of leucine catabolic pathway enzyme defi-
ciencies, non-enzymatically label proteins in vivo [32,87-89]. Several other CoA thioesters
are also implicated in non-enzymatic protein acylation [188-190]. These acylations have
been identified by their presence in many proteins, such as histones and mitochondrial
proteins, which may alter their biological activity [189,191-193]. It has also been suggested
that these modifications may contribute to the aging process and have contributed to the
development of simple metabolic pathways in primordial life [194-200]. Table 12 provides
the calculated reaction thermodynamic values for the model reactions of these mentioned
reactions, with compound 54 serving as a model for succinyl-CoA, yielding the acylated
product 55 with methylamine serving as the lysine side chain; compound 56 serving as
a model for glutaryl-CoA, yielding product 57; compound 58 serving as a surrogate of
3-hydroxy-3-methylglutaryl-CoA and producing 59; and compound 60 serving as a model
for 3-methylglutaryl-CoA and yielding the N-acylated product 61. The large negative free
energy values computed for these model reactions (averaging between AG = —58 and
—61 kJ/mol) (Table 12) are clearly consistent with the observed acylation reactions and the
identified lysine modifications found by various studies.

It has also been proposed, in addition to the direct non-enzymatic acylation of proteins
by thioesters, that their anhydrides, produced by self-cyclization in the cell, also likely
contribute to protein modification [30,89,191,201]. The reactions of these corresponding
cyclic anhydrides (62, 63, 64, and 65) with methylamine were also computed and are
presented in Table 12. Free energy values range between —41 and —47 k] /mol, although
lower than those calculated for the thioesters, are still sufficiently negative in magnitude
to favor amine acylation and are consistent with this alternate non-enzymatic acylation
pathway in cells. It is interesting to note that a recent publication reviews the use of cyclic
anhydrides as important reagents for bioconjugation reactions [64]. In addition, proteins
have been identified (reviewed in [30]) that contain 2-butenoyl- and D-lactoyl-modified
lysine residues and indicate that 2-butenoyl-CoA and an S-D-lactoyl thioester, modeled as
compounds 66 and 67 (Table 12), are also capable of posttranslational protein modifications
(PTM) (AG values of —46.9 kJ/mol and —50.5 kJ/mol, respectively). In the case of the
S-D-lactoyl group, S-D-lactoyl-glutathione, a product of the reaction of methylglyoxal with
glutathione and catalyzed by the enzyme glyoxalase I [202,203], may be the source for this
reactive thioester as well as lactoyl-CoA [30,204].
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An obvious additional type of reactive cellular molecule that appears to be involved
in non-enzymatic posttranslational modifications would be acyl phosphates, such as acetyl
phosphate (68) and 1,3-diphosphoglycerate (69), both “high energy” intermediates in the
glycolytic cycle in cells [33,60,87,184-186,205,206]. These are modeled with methylamine,
and free energy values were computed to be —33.47 k] /mol and —63.93 k] /mol, respec-
tively. Both are large negative values for reactions with an amine and would be consistent
with how these molecules have been reported to contribute to PTM in cells. The larger
free energy of reaction of 69 with methylamine compared to 68 may be due to the large
repulsive interactions that are present in 69 due to the four negatively charged oxygens at
physiological pH. It is interesting to note that Kluger and colleagues have experimentally
employed an acyl phosphate, the monomethyl ester of acetyl phosphate, as a targeted
acetylation reagent, which further extends the reactivity of acyl phosphates to controllable
chemical modification reagents [207-210]. Kataoka and co-workers have observed active
site lysine residue acetylation by the above reagent in phenylalanine dehydrogenase [211].

Table 12. M06-2X/cc-PVTZ(-f)++ in implicit water energies for methylamine reaction with various
models of common cellular intermediates such as thioesters, cyclic anhydrides, acylphosphates, and
acetyl-L-carnitine.

MO06-2X/cc-PVTZ(-f)++ in Implicit

Reaction Water (kJ/mol)
o 0
—_—
—44.22 (AE)
cH CH, + HS—CH
H3C)ks/ ’ + HSC\NH - Hsc)kN/ ’ 3 —20 (AG)
A | —47.91 (AH)

4

H

(0]

o)
+ CH-NH — —58.32 (AE)
HBCS\”/\/U\OH 3NH2 HSC/HN on *  CH,SH —61.17 (AG)
54 55 —62.63 (AH)

o]

—54.60 (AE)
)J\/\/U\ " Ot s BN )J\A/U\ T CHsSH —58.58 (AG)
OH

HACS 56 —— N 57 o —58.99 (AH)
O ho o i Ho  OH |l —54.06 (AE)
S + CHgNH, — )j\)\/”\ . :
N o CH4SH —58.62 (AG)
HiCs 58 = N “ —57.95 (AH)
o ot mo ol —61.09 (AE)
e 5 \N o CH,SH —61.13 (AG)
) N o —63.76 (AH)
o
o
62 P —98.49 (AE)
o + CH3NH, —_— HsC OH —41.25 (AG)
< —91.09 (AH)

o

[0}

C

—105.69 (AE)
+ CHaNH, — PO )J\/\/U\ —47.24 (AG)

OH —97.15 (AH)
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Table 12. Cont.

. M06-2X/cc-PVTZ(-f)++ in Implicit
Reaction

Water (kJ/mol)
o o —105.35 (AE)
HO, CH o
+ CHgNH, — e S ;1;-1656 (ﬁg)
e \H OH —97.15 (AH)
(o]
o o —104.56 (AE)
o] H CH .
65 4 CHNH, — — Rk 43.26 (AG)
N —98.28 (AH)
- N OH
o //CHg H
0 o)
—40.67 (AE)
HyC N + Hsc\ — AN M+ s —46.90 (AG)
’ oo N e H —43.76 (AH)
66 :
HO
N HO,
e N SCHy 4 N —_— o § © CHySH —46.82 (AE)
3 A o 5200 (H)
67 O i —52.00 (AH)
i ﬁ - i ﬁ 28.70 (AE)
0”4 CH3NH )k CHg + b ) —28.
ch)ko/’\o_ TP e-— e H/ o™\ O —33.47 (AG)
°© —28.83 (AH)
68
H, OH
H \\OH H g
0 R ! N 3 o WO
O\»,__P/Ow%\/o\'pﬁo +  CH3NH, e H3C/ w%\/ \ﬁgo_ a6 (AE)
I~ - ~53.
ol & o ° om0 —63.93 (AG)
I —50.42 (AH)
+ P _
o™~ \??
(0]
CHg
(¢]
CH; , OH O —60.50 (AE)
CHs I o CH.NH HQ 3 N )J\ o
NG TR e HBC:LM . 7 e —65.19 (AG)
“30_’|“ o | o M | —63.89 (AH)
CHs 7 e o H

3.4.2. Acetyl-L-Carnitine

Acetyl-L-carnitine (71) (Table 12) is an important cellular biomolecule, and carnitine
esters, in general, are essential cofactors that are involved in fatty acid transport into mi-
tochondria [87]. Once transported, the fatty acids are metabolized to supply energy for
the formation of ATP. Although the linkage between an acid and carnitine is an oxygen
bond, carnitine esters have large negative free energies of hydrolysis and a large group-
transfer potential, which is unusual for an oxygen ester, as reported by various studies and
reviews [212-216]. Computational approaches to elucidate the large group-transfer poten-
tial to the water of acetyl-L-carnitine have employed semi-empirical (AM1 [217] with the
COSMO [58,218] solvent model) and quantum mechanics levels (MP2//HF/6-31G(d)) [219].
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Of relevance to this article’s focus on bioconjugation reactions, it has been shown
that acetyl-L-carnitine can non-enzymatically transfer its acetyl group to proteins [34,35].
Based on this PTM and the focus of this manuscript, it was of interest to perform a detailed
computational study on the relationship of the molecular structure of acetyl-L-carnitine to
its ability to acetylate methylamine, a model for the lysine side chain. It was also hoped
that this investigation might identify new carnitine analogs capable of serving as new
bioconjugation reagents (Figure 4).

The computational investigation explored the importance of chemical structure at each
of the three areas of acetyl-L-carnitine’s molecular structure (Figure 4) to its acetyl group
transfer to methylamine. In silico compounds 73-81 (Table 13) were chosen to probe the
importance of the -CH,—CO; ™ section of the molecule. The compounds were: 73 (complete
removal of the -CH,—CO, ™), 74 (removal of only the carboxyl group), 75 (replacing the
CO,™ with a methyl group), 76 (removal of the negative charge on the carboxyl by protona-
tion), 77 (maintaining the oxygen functionality but replacing the carboxyl with an aldehyde
moiety), 78 (removal of the intervening CH, group from the core of the molecule), 79 and
80 (replacement of the carboxyl with a sulfonic acid or a phosphonate, respectively), and
81 (replacement of the carboxyl group with a quaternary ammonium positively charged
group). For this series (Table 13), it was found by computation that a negatively charged
group, such as a carboxyl (71, 78), a sulfonate (79), or a phosphonate (80) moiety, provides
larger free energies of the reaction with an amine than those lacking the side chain (73)
or the carboxyl but maintaining carbon atoms (74, 75), which have AG values between
—31 and —37 kJ/mol. Intermediate AG values (between —41 kJ/mol and —43 kJ/mol) for
the reaction with methylamine are found for the other modifications, such as 76, 77, and 81.
It might be suggested that compounds containing the sulfonate (79) or phosphonate (80)
groups might be experimentally interesting to pursue as new types of scaffolds capable of
non-enzymatically transferring acyl groups to proteins.

90-91

73-81

82-89

Figure 4. Chemical structure of acetyl-L-carnitine with the three sections probed by computation.
The numbers refer to the compounds in Tables 13 and 14.

Compounds 82-89 (Figure 4; Table 13) were designed to explore the quaternary ammo-
nium section of acetyl-L-carnitine. Most notable in analyzing the results of these calculations
is the large reduction in the favorability of the acetyl transfer if the methyl groups are re-
moved from the amine while maintaining the positive charge, as found in compound 82,
intermediate AG values for compounds 83 and 84, and the large negative free energy values
for the reaction when either a dimethylsulfonium (85) or a trifluoromethyl group (88) is
present. Other modifications, as found in compounds 87 and 89, result in AG values aver-
aging —35 kJ/mol. A comparison of the AG for compound 74 (AG = —36.86 k] /mol) with
compound 86 (AG = —38.20 k] /mol) would indicate that both areas of the acetyl-L-carnitine
molecule are approximately equally important in providing acetyl-L-carnitine with its large
negative AG of —65.19 kJ/mol for reaction with methylamine.



489

Compounds 2023, 3

Table 13. M06-2X/cc-PVTZ(-f)++ in implicit water energies for reaction of methylamine with various

acetyl-L-carnitine analogs to form N-methylacetamide.
o o}
>/CH3

o)
>/CH3
oHy |, O CHy |, O
X X
HsC—N X HsC—N X H,C—N
| H | CHy
CHs CHs CHs
73 74 75
—28.83 (AE); —31.30 (AG); —33.39 (AE); —36.86 (AG); —29.41 (AE); —32.84 (AG);
—31.09 (AH) —35.73 (AH) —31.71 (AH)
o} o] e}
>/CH3 >/CH3
o CHy o
+| H g

>/CH3
CH CH
® H +] O
Hac—hll X HsC—T
H coy
CHg
78

9
+] g
HsC—N g CO,H
C|JH3 CHs
76 77
—40.79 (AE); —43.39 (AG); —37.95 (AE); —41.17 (AG); —43.05 (AE); —46.07 (AG);
—40.00 (AH) —45.56 (AH)
o
>/CH3

—42.84 (AH)
[¢] (0]
>/CH3
R CHy :9 <|:H3
: NG
|

81

O,

ju
Py
[¢]
| +
—z—0
I
S
T
Sy,
173
o
@,
I
S
T
o z
I
&
©
o
(@]
I
5

—38.07 (AE); —41.67 (AG);

CHj
79
—45.65 (AE); —49.58 (AG); —72.43 (AE); —78.95 (AG);
—75.19 (AH) ~39.71 (AH)
e}
>/CH3
CHs o

"

—45.69 (AH)
o)
>/CH3 >/CH3
oS i 0 "
H3N\>‘:\/002' H2N\>‘:\/002' ho /N\>':\/002.
83 84
—40.12 (AE); —43.30 (AG);

82
—21.76 (AE); —25.06 (AG); —37.91 (AE); —41.51 (AG);
—41.67 (AH) —42.97 (AH)
(0]
>/CH3

—22.59 (AH)
(0] (0]
>/CH3 >/CH3
THa H .:é) H THS H :g)
§ - cO, _ o -
e §Q\/CO2 H3C>\/ : HaC T ©0:
86 CHs g7
—32.51 (AE); —36.15 (AG);

o

Lot

HsC
85
—61.59 (AE); —67.28 (AG); —36.78 (AE); —38.20 (AG);
—62.93 (AH) —39.66 (AH) —33.43 (AH)
111 .
Q >/CH3
o

(0]
CH
>/ ¢ >/CH3
(@) o CHar_| (@)
= C, =
M N I SN
X 5 Hz;C—N X
o~ -OZCM _ | o
88 o CHj
0
89 9

FaC
—71.55 (AE); —74.73 (AG);

—35.27 (AE); —35.31 (AG);
—74.73 (AH)

—37.07 (AH)

—52.93 (AE); —55.52 (AG);
—53.26 (AH)
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Analogs 90 (Table 13) and 91 (Table 14) explore the third section of acetyl-L-carnitine
(Figure 4). Compound 90 replaces a hydrogen with the bulkier methyl group, resulting
in a AG = —74.73 k] /mol for transfer of the acetyl group to methylamine, a somewhat
more favorable energetic value than acetyl-L-carnitine itself and likely due to the increased
steric effect on the analog, which is relieved upon acetyl group transfer. Compound 91,
S-acetyl-L-thiocarnitine [220], replaces the oxygen with a sulfur atom in the ester. This
thioester is somewhat less favorable than the parent compound in the acetyl transfer to
methylamine (AG = —59.75 kJ /mol), however, it maintains most of the energetics for the
acetyl transfer but does not improve upon this. This may be likely due to the longer C-S
bond, which may place the acetyl group at a slightly longer distance from the carnitine
scaffold and its components.

Compounds 92-99 (Table 14) are much simpler analogs of acetyl-L-carnitine and were
designed to probe the “bare bones” of the acetyl transfer and perhaps uncover much simpler
carnitine analogs to explore further as activating groups for acyl transfer to biomolecules.
Compounds 92 and 93 are L-serine analogs, with 92 being the trimethylammonium analog
of O-acetyl-L-serine and 93 being the zwitterionic form of O-acetyl-L-serine. The presence
of the quaternary ammonium group in 92 appears to somewhat enhance the reaction
thermodynamics compared to 93. Replacing the protonated amine in 93 with a simple
methyl group, as in compound 94, does not alter the energetics, but replacing the oxygen
in the side chain of serine with a sulfur results in S-acetyl-L-cysteine (95), which does
dramatically alter the energetics (AG = —60 kJ/mol) and is comparable to acetyl-L-carnitine
in its AG value for acetyl group transfer to methylamine. It has been reported that the
experimental formation of S-acetyl-L-cysteine is immediately observed to transfer the acetyl
group to the x-amino-forming N-acetyl-L-cysteine [221]. Hence, 95, if formed in the cell,
would likely not be able to contribute to protein modification due to this rapid internal
transacylation. However, if this step is blocked by methylation of the amine, as in N, N, N-
trimethylammonium-L-cysteine, 96, the computed AG was computed to be —55.94 k] /mol,
which would still be favorable for protein modification. Hence, this compound could be
a future source of new chemical modification reagents employing various acyl groups
on the sulfur. Compounds 97-99 explore the isopropyl, ethyl, and t-butyl esters of acetic
acid, respectively. The sterically crowded t-butyl ester, 99, has the largest AG of the three
and is consistent with the steric crowding effect being relieved upon acetyl transfer. This
would appear similar to the effect observed for compound 90. However, based on studies
on the hydrolysis of t-butyl esters, which invariably hydrolyze through an alkyl-oxygen
unimolecular cleavage (if acid catalyzed, an Aa1 1 mechanism might be expected) [222],
compounds 90 and 99 would not be useful acyl transfer reagents.

Lastly, a series of conformationally constrained analogs of acetyl-L-carnitine were
investigated. A series of cyclopropane analogs were designed, and the thermodynamic
values for their reaction with methylamine were computed (Table 14). Acetyl transfer from
analogs 101 and 103 was computed to have a more favorable AG of —55.10 k] /mol and
—55.27 k] /mol, respectively, compared to compounds 100 and 102, which had computed
AG values of —30.84 k] /mol and —37.45 k] /mol, respectively. The presence of the carboxy-
late group on the same side of the cyclopropane ring as the O-acetyl group (compounds
101, 103) results in more favorable AG values for the acetyl transfer to methylamine, while
maintaining somewhat similar AG values as acetyl-L-carnitine itself (AG = —65.19 kJ /mol).
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Table 14. M06-2X/cc-PVTZ(-f)++ in implicit water energies for reaction of methylamine with various

acetyl-L-carnitine analogs to form N-methylacetamide.
0 /OAC /OAc
CH
Mg &7 Hac\ X <
+ | H + B 4
HSC—T _ HSC// CO; HaN COs
O
CHs 91 H;C 92 93
—59.75 (AE); —59.75 (AG); —38.49 (AE); —42.01 (AG); —30.67 (AE); —35.77 (AG);
—60.71 (AH) —37.95 (AH) —30.46 (AH)
(0]
SAc SAc
CH - ~
3 H, HOE
N p KN
g HyC—N COoy
>\ FigN COy ’ ’
HsC COy CHs
94 95 %
—34.39 (AE); —37.66 (AG); —50.96 (AE); —60.00 (AG); —46.32 (AE); —55.94 (AG);
—34.77 (AH) —54.89 (AH) —49.79 (AH)
H H " \OAC
HaC CHj HyC H HaC CHj
97 98 99
—23.43 (AE); —26.15 (AG); —21.30 (AE); —23.35 (AG); —36.19 (AE); —39.41 (AG);
—23.81 (AH) —21.59 (AH) —36.57 (AH)
0 Q 0
>/CH3 >/CH3 >/CH3
CHy O 0 +TH3 Hy S (|3 CHy O 0
+] B HyC—N { ‘\ + B
HeC—N - | W No” HC—N.., ' -
| 0o CHs ” o
CHs 102

101

CHy 100
—27.15 (AE); —30.84 (AG); —52.30 (AE); —55.10 (AG); —34.27 (AE); —37.45 (AG);
—29.54 (AH) —55.27 (AH) —36.48 (AH)

O

>/CH3
o)

CHj

CHg
103

N 2 g I
HSC_T iy, V \\““‘V -

(0]

—53.26 (AE); —55.27 (AG);
—56.23 (AH)

3.5. Predictive Value and Cautionary Notes
Despite the several limitations that exist for computational approaches that attempt to

address complex (bio)chemical systems, the ability to employ these methods to provide
insight into experimental systems is unmatched in terms of speed and predictive capability.
Several insightful examples can be provided that relate to bioconjugation reactions.
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Acetylsalicylic acid (ASA; aspirin), 104, is a natural product known to have medicinal
properties and whose site(s) of action have been well studied [223-226]. Calculating the
thermodynamic values (Table 15) for the reaction of this molecule with methylamine
provides a metric on the overall reaction-free energy for acetylation of exposed lysines
on proteins. A value of —75.77 kJ /mol is obtained when employing a M06-2X/ /cc-PVTZ
(-f) ++ level of computation (C-PCM water). This value is much greater in magnitude
than that of thioesters, which are known to non-enzymatically modify proteins in cells
(Section 3.4.1), and the value might be used to predict that ASA should have the potential
to non-enzymatically react with many proteins. It is known, of course, that ASA does
acetylate enzymes such as the cyclooxygenases, its likely main target, but other proteins
have also been shown to be modified by this drug [227]. In fact, a recent study employing
a quantitative acid-cleavable activity-based protein profiling strategy determined at least
523 proteins in human cancer HCT116 cells are acetylated by ASA [228], and another
study employing an alkyne-aspirin chemical reporter molecule detected 120 proteins that
were modified in HCT-15 human cells [229]. Whether any of these acetylations add to or
detract from the overall pharmacological properties of ASA is certainly an important area
of research. However, the predictive capabilities of computation point to the possibility
that the molecular structure of ASA has “built-in” potential for biomolecule modification
and may account for its overall pharmacological profile, including its side effects and its
extended uses.

Table 15. M06-2X/cc-PVTZ(-f)++ in implicit water energies for reaction of methylamine with various
acetylsalicylic acid, acetyl coumarin, and a recently reported thioester-based antiviral agent.

M06-2X/cc-PVTZ(-f)++ in Implicit

Reaction Water (kJ/mol)
HsC o]

\’/ CO,H COH
| o o —73.76 (AE)
e . —75.77 (AG)
NH, ——— HiC™ N —72.80 (AH)

H
104
- CHj;
o N —60.17 (AE)
o X
)k m Ny, <= Hac)kN/CHs /Qii 5376 ()
HaC o o ) | HO o o —59.33 (AH)
105 "
[ I N { \_/
N—
. HC —

fo ) T = ©j>—</ IO,
N N N —86.23 (AG)
106 —78.74 (AH)

I
)

An important area of biological and medicinal chemistry is the development of facile
assays to measure enzyme activity [230,231]. These assays are frequently based on the
cleavage of a substrate analog to produce an ultraviolet or fluorescent co-product capable of
being readily monitored by spectrophotometric methods [232]. Two frequently employed
chromophores are p-nitrophenol and 7-hydroxy-4-methylcoumarin. For example, esterases,
proteases, and cutinases, among many hydrolytic enzymes, are monitored by the hydrolysis
of p-nitrophenol and coumarin esters [231]. Although providing facile assay strategies, the
reactivity of these types of esters can also cause protein modification-related side reactions.
For example, the reaction of p-nitrophenyl acetate with methylamine as a model for lysine
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modification was computed (Table 3) to have a AG for this reaction of —61.89 kJ/mol
in intrinsic aqueous conditions at the M06-2X/6-311+G(2df,2p)/ /B3LYP/6-31G(d) level,
a value indicating thermodynamic favorability. Hence, although p-nitrophenyl esters
are routinely employed in biochemical assays, one might predict based on these DFT
calculations that there is potential for chemical reaction with protein side chains by this
reagent. Consistent with this prediction is the experimental report that p-nitrophenyl
acetate itself can covalently modify the protein human serum albumin [233]. Although the
rates of hydrolysis by the enzyme under study would most likely not be affected by any
chemical modification, it is possible that unusual enzyme kinetics could result from time-
dependent protein modification during the assay duration. It might be recommended that
studies that observe unusual kinetics also include obtaining a mass spectrum of the enzyme
after the kinetic assay has been completed to confirm that no labeling has occurred during
the kinetic assay. Another example of a commonly employed chromophore is 7-hydroxy-
4-methylcoumarin, which is frequently employed in enzyme assays such as hydrolytic
enzymes. Computing the reaction thermodynamics for 7-acetoxy-4-methylcoumarin (105)
with methylamine (Table 15) provides a AG in C-PCM water of —63.76 k] /mol, a value that
would indicate the possibility that this reagent could modify lysine residues on proteins. In
fact, recent reports have shown that proteins can be labeled by these standard fluorescent
assay substrates, confirming the predictive value of computation in this area [234-236], and
further underscoring the potential for side reactions between the assay substrate and the
enzyme under study.

A recent investigation has reported the development of inhibitors of SARS-CoV-2, which
may provide additional therapeutic capabilities to treat this disease [237]. The molecular
structure of these new compounds is based on a thioester moiety, with compound 106
(Table 15) being a reported example. These molecules were designed to inhibit the SARS-
CoV-2 protease. An M06-2X//cc-PVTZ(-f) ++ level computation (C-PCM water) of its
reaction with methylamine provided a value of —86.23 kJ/mol for this reaction (Table 15).
The magnitude of this value might alert one to the potential for these types of molecules to
non-enzymatically acylate proteins, which may contribute to the overall medicinal activity
of these compounds or complicate their pharmacology. Further pharmacological studies
might be warranted based on this computationally based prediction.

4. Conclusions

The overall reaction thermodynamics for models of a diverse set of commonly em-
ployed chemical modification reagents that react with lysine and cysteine have been com-
puted and provide the scientific community with a basis for understanding and selecting
certain chemical reagents for biochemical study. In addition, a number of cellular molecules
(thioesters, acylphosphates, and acetyl-L-carnitine) were computationally studied as to
their reaction with methylamine, which allows for a better understanding of the capa-
bilities of these molecules to non-enzymatically modify proteins and is consistent with
experimental results.

Lastly, two common enzyme assay substrates and two drug molecules were evaluated
for their potential to modify methylamine. Calculations determined that these molecules
have favorable reaction thermodynamics for acyl group transfer to lysine residues in pro-
teins. For acetylsalicylic acid and the two common assay substrate classes, these predictions
are entirely consistent with published experimental evidence. Calculation of the reaction
thermodynamics for a representative of the SARS-CoV-2 protease inhibitor class recently
reported predicts the potential for acyl transfer to proteins, which, if correct, may contribute
to the overall pharmacology of this new class of medicinal agent. It is hoped that this study
provides an additional resource for researchers involved in bioconjugation reactions and
a cautionary note to those handling “routine” enzyme substrates and structurally novel
medicinal agents.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/compounds3030035/s1, Table S1: T1 and G3(MP2) energies for reaction
of water and methylamine with example phenyl esters; Table S2: T1 and G3(MP2) energies for
reaction of water and methylamine with example phenyl esters; Table S3: T1 and G3(MP2) energies
for reaction of water and methylamine with example N-hydroxysuccinimide esters; Table S4: T1
and G3(MP2) energies for reaction of water and methylamine with example carbonates; Table S5:
T1 and G3(MP2) energies for reaction of water and methylamine with example isocyanates and
isothiocyanates; Table S6: T1 and G3(MP2) energies for reaction of methylamine with imidates,
sulfonyl chlorides, epoxides, maleimides, and 2,4-dinitrofluorobenzene; Table S7: T1 and G3(MP2)
energies for reaction of methylamine with example squarate esters and aldehydes; Table S8: T1
and G3(MP2) energies for reaction of methanethiol with sulfonyl chlorides, epoxides, maleimides,
and 2 4-dinitrofluorobenzene; Table S9: T1 and G3(MP2) energies for reaction of methanethiol with
examples of disulfides, a-bromoacids and x-bromoamides, dibromomaleimides, and reaction of
acetaldehyde with N-acetylhydrazide; Table S10: T1 energies for examples of common click reactions.
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