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Introduction

Connecting the mechanistic steps of cyclic
dipeptide formation by a proton-transfer network:
pH, temperature, pressure, and nuclear quantum
effects

® Siriporn Jungsuttiwong, (2

xb

Pimjai Pimbaotham,? John K. Villanueva,
Masanori Tachikawa (= © and Robert K. Szilagyi

We expanded our previous mapping of the peptide condensation reaction mechanism from the linear
dipeptide formation to the cyclization reaction that results in diketopiperazines. The overarching theme of
our computational investigations is a reaction network that connects all intermediates via proton-transfer
pathways. We conducted the simulations designed to be predictive in a range of environments, such as
the gas phase, hydrothermal aqueous conditions, deliquescent salts, and bulk water. While the free-
energy profiles are similar to the linear peptide, the presence of the cis amide bond leading to a pre-
arranged vicinity of the two reacting groups and the role of explicit solvent molecules revealed new
mechanistic insights that differentiate the linear versus cyclic peptide formation/hydrolysis reactions. The
rate-determining step corresponds to the final water-elimination reaction using the most realistic compu-
tational models with both implicit and explicit water solvation models at neutral pH. At high pH, the
highest barrier corresponds to the C—N bond formation at a significantly lower free energy, while at low
pH, the water elimination step’s barrier increases by close to 30%; thus, effectively shutting down the
reaction in agreement with experiments. Due to the central role of proton transfer, we studied the impact
of nuclear wave functions on all active H-centers. By utilizing two quantum protons, we document up to
0.1 A impact on H positions, ca. 20 kJ mol™ tunneling effects, and a significant change in the shape of
the potential energy surface in comparison with the classical DFT calculations. The calculated reaction
rates well reproduce the experimentally determined values under hydrothermal conditions.

steps can result in direct water elimination or geminal-diol for-
mation, respectively. Hydrolysis is described as a nucleophilic

Peptide bond formation and its hydrolysis are fundamental
chemical reactions with significant roles and scopes in
organic'™ and biochemical®™® transformations. Condensation
of amino acids is also a long-standing discussion topic in pre-
biotic chemistry®™** as a key process in the chemical evolution
of proto-enzymes. The generalized mechanism of the forward
reaction of peptide formation'®"® is commonly described by a
nucleophilic attack of the amine lone pair on the carboxyl
carbon, which is followed by proton transfer from the amine
to the carboxylic or to the carbonyl oxygen of the acid. These
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attack of water on the amide carbonyl carbon to form either
the gem-diol intermediate or, in a concerted step, cleave the
C-N bond with the dissociation of the amine and carboxyl
groups. In the two-step mechanism with the presence of a
transient gem-diol intermediate, a proton is transferred
between the two hydroxyl groups in order to form the amide
carbonyl group and eliminate water for peptide bond for-
mation or vice versa for hydrolysis. However, depending on the
chemical environment, the dielectric constant of the solvent
and the presence of Lewis acid/base salts, these oversimplified
mechanistic steps branch out to new intermediates that are
one or two proton-transfer steps away from the aforemen-
tioned central intermediates. The energetic significance of the
alternative pathways remains obscured, when only considering
gas-phase models or even water solvated amino acids with
neutral functional groups.

Our earlier computational investigation™* systematically
built on the gas phase reaction toward implicitly solvated
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neutral and zwitterionic reactants and products in a micro-
solvation environment. We documented a complex proton-
transfer network with up to 18 different transition states con-
necting 11 intermediates for the linear diglycine (GlyGly) for-
mation/hydrolysis. Among them, we found alternative, low-
energy pathways to the abovementioned generic one or two-
step mechanisms. The remarkable richness of the free-energy
landscape was particularly evident, when considering zwitter-
ionic forms of the reacting functional groups and the presence
of a bulk water solvent environment or microsolvation.
Starting with the compositionally well-defined, bulk water
reaction at ambient pH, we uncovered a ‘ping-pong mecha-
nism’ of shuttling protons between the newly formed amide
bond and the C- and N-termini of GlyGly. The lowest free
energy path is marked by the shift in the acidity/alkalinity of
the secondary amine/amide groups in the middle and amine/
carboxylic groups at the periphery of the molecule.
Specifically, upon formation of the C-N bond through a tran-
sition state (TS) of A*G° = 92 kJ mol™ relative to the free
energy dissociation limit of two glycine molecules, the nega-
tively charged O atom of the half-formed amide group gets pro-
tonated by the N-terminal group (A*G® = 107 kJ mol™). This
triggers the shift of another proton from the positively charged
secondary amine N to the C-terminal group (A*G° = 98 kJ
mol™"). The consecutive proton-transfer steps give the most
stable intermediate along a plateau of the reaction coordinate
at 74 kJ mol™" with a gem-diol moiety and neutral end-groups.
The rate-determining water-elimination step is achieved by
the now neutral N-terminal group deprotonating the gem-diol
(A*G® = 110 kJ mol™"), followed by proton transfer from the
neutral C-terminal group to the central hydroxyl group (A*Ge =
118 kJ mol™"). Only in the rate-determining last step is the
amide n-bond formed, which gives rise to cis/trans stereo-
chemistry. The trans amide bond formation barrier (A*G°) is
6 k] mol™* lower and 9 k] mol™ more spontaneous, which is
relevant to the present study, since the formation of the cis
amide conformer can shortcut to the path to the cyclization of
a dipeptide without peptide bond isomerisation. The overall
reaction driving force for the linear peptide formation was
found to be exergonic (AG° = —14 kJ mol™") and significantly
exothermic (AH® = —22 k] mol ™) for the trans stereoisomer.

It is important to highlight that this multi-step proton
‘ping-pong mechanism’ can only exist for dipeptides, given the
critical vicinity of the acid/base groups for effective intra-
molecular proton-transfer within ~3 A. For oligopeptides with
the C- and N-termini being several amino acid groups away,
only the higher energy pathway is available with 189 kJ mol™*
TS for the gem-diol formation and 176 k] mol™ for water elim-
ination. The significant increase in the barrier height explains
why, in a closely related experimental work," only dipeptide
molecules were detected. When we take into account explicit
solvent molecules in assisting the proton transfer through the
rearrangements of H-bonding, we documented the inhibitory
effect on the last water-elimination step, since the path of the
proton movement increased from 2.46 A to 3.95 A that corres-
ponds to a 36 k] mol™" increase in the barrier height. At the

Org. Biomol. Chem.

View Article Online

Organic & Biomolecular Chemistry

same time, up to four explicit solvent molecules microsolvat-
ing the reactive functional groups in the rate-determining step
increased the barrier by 11 k] mol™". One of the main experi-
mentally relevant conclusions of our previous study on linear
dipeptides was the favorable energetics of the C- and
N-termini-assisted water-elimination/condensation reaction
that explains the absence of oligomeric peptides in bulk water
under hydrothermal conditions.

The concept of a proton-transfer network in peptide bond
condensation and hydrolysis reactions was a guiding principle
to organize the large number of transition states and inter-
mediates along the reaction mechanism. However, it is also
informative for considering peptide condensation/hydrolysis
reactions at mineral/nanoparticle surfaces'®™® and liquid/gas
interfaces.>*”>* The arrangement and spacing of acidic/alkaline
groups can catalyze or inhibit proton transfer from the second-
ary amine and the gem-diol groups of the newly formed amide
bond. Hereby, we describe a follow-up reaction pathway to
dipeptide formation with the cyclization steps that lead to the
smallest representative of diketopiperazines (DKPs).>* The
kinetics of cyclic GlyGly formation and decomposition have
been investigated experimentally>® under systematically con-
trolled hydrothermal conditions. Assuming Arrhenius behavior
at pH 9.8, the activation energies were determined to be 93
and 134 kJ mol ™" for DKP formation and the reverse process of
ring opening, respectively. This specific pH value was chosen
to maximize the linear GlyGly formation, which corresponds
to a dominantly anionic Gly presence at 140 °C with a neutral
amino group as a requirement for the nucleophilic attack on
the C center of the negatively charged carboxylate group.
Therefore, we also considered the effect of elevated tempera-
ture on barrier heights. Prior computational modelling of
cyclization reactions®®?® provided incomplete geometric and
energetic descriptions of the reaction mechanism due to
either being oversimplified with intermediates and transition
states missing or presented in the absence of the cyclic
peptide formation. Thus, comparative analyses between linear
and cyclic peptide formation remained challenging due to the
differences in the employed level of theory and composition of
the computational models. Furthermore, the biologically and
environmentally relevant solvation environment was not
always considered or simplified to a polarizable continuum
solvation model without taking into account the effects of
covalent bonding from explicit solvent molecules.

In order to create a unified free energy surface for both the
linear and cyclic peptide condensation reactions, we applied
the proton-transfer network concept for mapping the reaction
mechanism. The computational method and the level of
theory were maintained as in our previous publication,'
which was selected from a detailed comparison of the accuracy
of various density functionals and ab initio correlated MO
methods. For being able to provide experimentally relevant
rate constants, we reevaluated the barrier heights at the non-
standard state that corresponds to the hydrothermal con-
ditions. The pH effects (above 8 and below 3) were taken into
account by explicitly considering the presence of hydronium

This journal is © The Royal Society of Chemistry 2026
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and hydroxide ions for low and high pH conditions, respect-
ively. An enhancement of our quantum chemical description
of the peptide formation and hydrolysis reactions was the
incorporation of nuclear quantum effects (NQE) using multi-
component DFT (MC-DFT) calculations.>> Each active
proton involved in a proton-transfer network along the reac-
tion coordinate was treated with a nuclear wave function,
which allowed for calculating explicitly the proton/proton and
proton/electron quantum interactions within polarizable conti-
nuum solvation models. The NQE has already been shown to
be impactful for low-barrier H-bonded systems, describing
kinetic isotope effects, and impacting the geometric struc-

barrier  heights, and relative energies of
33-37

tures,
intermediates.

Computational models and methods

The map of all the intermediates and their connecting tran-
sition states are presented in Scheme 1, starting from the
linear, zwitterionic dipeptide structure (SMZ) on the top left-
hand side. Unique to the dipeptide cyclization are TS1 for the
zwitterionic dipeptide and TS3 for the neutral linear dipeptide
which are required to ensure that the C- and N-termini of the
linear dipeptide will be in proximity despite that the first
peptide bond is in the energetically less stable cis stereoiso-
meric form (INT1). However, INT1 can be directly formed
during the linear peptide condensation reaction as a function

Zwitterion (SMZ2)
“ »
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of which the hydroxyl group of the gem-diol intermediate is the
source of the eliminated water molecule. The corresponding
transition state is only 10 kJ] mol™* higher than that for the
trans isomer. When considering the zwitterionic form, another
mandatory process is neutralization via TS2 to form INT2,
which poises the N lone pair for nucleophilic attack on the car-
bonyl carbon. Concomitantly, the C-N bond formation can
take place via several pathways (TS4-TS8). The final DKP
product can be achieved directly from INT2 via TS6 in a single-
step process. Alternatively, the reaction can proceed through
neutral INT6 and zwitterionic INT3 intermediates. Notably, in
this representation, the proton can be substituted with
another Lewis acid, which can be another analyte from the
solution (transition metal ions, ammonium cations) and part
of a coordinatively unsaturated metal site on a nanoparticle or
mineral surface. TS5 and TS7 open up the reaction toward the
right-hand side of Scheme 1, where the amide bond of the
dipeptide can act as a proton acceptor from the secondary
amine group. Notably, INT4 and INTS5 are also likely intermedi-
ates for the cleavage of the first peptide bond, which would
result in a non-productive cyclization reaction.

All potential energy surface scans and localization of equili-
brium structures without imaginary normal modes were
carried out using the MN15/def2TZVPP level of theory.*®?°
This level of theory has been systematically validated in our
previous work'* on the condensation and hydrolysis reactions
of linear dipeptides to produce CCSD(T)-F12/haTZ intermedi-
ates and transition states for amide models.*® Transition-state

v
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Scheme 1 Proton-transfer network for GlyGly dipeptide starting materials (SM and SMZ) in the cyclization reaction composed of intermediates
(INTx) and their connecting transition states (TSx) toward the centrally placed DKP and water (not shown) as the final products (FP).
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structures characterized by a single imaginary normal mode
were confirmed by intrinsic reaction coordinate (IRC) calcu-
lations*! to connect their respective intermediates. The inter-
mediate structures presented in the free-energy plots shown
here correspond to the lowest-energy conformations between
the two transition states without explicitly showing the exit
and entry structures of the IRC calculations for the sake of
clarity. For implicit solvation, the SMD continuum model*?
was utilized with default water parameters. Similarly to the
linear peptide condensation reaction, we identified post-TS
structures along the cyclic peptide pathways that were higher
in enthalpy and free energy than the corresponding TSs.
However, analysis of the QM potential energy surface employ-
ing IRC analysis confirmed that all structures used in this
study correspond to valid equilibrium structures. Upon evalu-
ation of the quantum-chemical potential energies (AE?™), we
documented excessive energetic stabilization of the transition
states that can result in negative barrier heights for the reverse
reaction (see discussion below, TS2 in Fig. 2).

The impact of pH was considered by changing the protona-
tion states of the amino acids and bringing into the reaction
mechanism the presence of hydronium and hydroxide ions for
low and high pH environments, respectively. The temperature
effects on relative energies were estimated by recalculating
thermal energy corrections to enthalpy and entropy for adjust-
ing the free-energy values. We also considered the effects of
the condensed phase by considering a significantly higher
pressure (1748 atm),*® which corrects the translational entropy
by taking into account the density of the solution versus gas
phase free mean path. Nuclear quantum effects on the proto-
nic wave function were estimated by using the multi-com-
ponent DFT (MC-DFT) formalism with a Gaussian-type proto-

Given that the MC-MO or MC-DFT
30,31,44,45

nic wave function.*
methods are relatively recent developments, we
provide here a brief introduction to their unique features.
MC-MO simultaneously treats both electrons and nuclei
within a quantum framework using a multi-component
scheme.’®*” The total Hamiltonian for the combined elec-
tronic and protonic wave functions is expressed as

Ne
L DI SIS R
i~ U A>B
Mg Z,7, 2,7, Je o
,;2 +Z; PeA I;q P2q erw
(1)

where i and j denote electrons, while p and ¢ indicate
quantum nuclei, or clouds of protons. A and B refer to classical
nuclei, i.e., point charges. Z, is the atomic charge of nucleus 4,
and M, is the mass of the quantum nucleus p. The first three
terms in eqn (1) correspond to the classical electronic
Hamiltonian, while the fourth term expresses classical
nucleus-nucleus repulsion. The terms in the second line of
eqn (1) introduce quantum nuclear effects, including the final
term for electron-quantum nucleus Coulomb interactions. In
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the MC-DFT formalism, the corresponding Kohn-Sham oper-
ators for N, electrons and N, quantum nuclei are defined
using eqn (2) and (3):

Ne Np

Je=he+ Z.]e - Z]p + VXC(e-—e) + VC(e--p) (2)
€ P
Np Ne

Jo="p + Z]p - Z]e + Vxcp-p) + Vope) 3)
P e

where % and J denote the one-particle and Coulomb operators,
respectively, for the non-interacting electrons. Vxge-e) rep-
resents the electron-electron exchange and correlation
approximation.®® In the present study, the electron-nucleus
and nucleus-nucleus correlation terms, Vge—p) and Vxgp-p),
neglected owing to their minor contributions.*®
Alternative approaches for accounting for nuclear quantum
effects (NQE) are also known, such as path-integral molecular
dynamics*®**® and methods based on the Schrédinger
equation and the Born-Oppenheimer approximation.>’™>?
These methods evaluate NQE on a potential energy surface
determined from classical electronic quantum calculations,
typically using conventional DFT. In contrast, MC-DFT treats
electrons and quantum nuclei simultaneously via a multi-com-
ponent approach. Consequently, MC-DFT provides electronic
states and energies that are specific to each isotopologue by
incorporating corrections for quantum nuclear effects of
hydrogen and deuterium, for example. Due to double counting
of the zero-point energy corrections from both the electronic
and the nuclear wave functions, we only report here the impact
of nuclear quantum effects in terms of the potential energy
values. The use of enthalpy and free-energy values with the
protonic wave functions led to unphysical relative trends
between the classical DFT and multi-component DFT results.
In addition to the reference level, we carried out calculations
using various functionals and basis sets that are commonly
used in the literature for NQE studies.*® The exponent of 24.8
was selected based on previous reports on proton*’ and
hydride transfer reactions,” as well as molecular hydrogen gas
formation processes.>*™°® Both the classical DFT and the
MC-DFT calculations were carried out using a modified
version of Gaussian16 Rev. C.01.%>’

were

Results and discussion

Similarly to the description of the linear peptide condensation
reaction,'* we defined four scenarios: (I) gas-phase models, (II)
neutral dipeptide reactions in a continuum, (III) zwitterionic
dipeptides with implicit solvation and (IV) zwitterionic dipep-
tides with explicit water solvation in order to describe environ-
mental models for atmospheric or vacuum conditions, a sim-
plified hydrothermal bulk water environment, and wet/dry con-
ditions of deliquescent salts, respectively.

This journal is © The Royal Society of Chemistry 2026
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Scenarios I and II: neutral species

Starting from the extended linear peptide with a trans amide
bond, the cyclization requires access to the cis isomer through
TS3, which has a barrier of A*G° = 96 k] mol™. Notably, the
arrangement of the amide carbonyl and N-H bonds in TS3 can
be characterized with a dihedral angle of 57°. The deviation
from the ideal perpendicular arrangement arises from intra-
molecular H-bonding between the C=O and N-H moieties.
When considering an aqueous continuum solvent, the free
energy of solvation for the linear trans SM is =75 kJ mol™,
while it is —82 kJ mol™! for INT2; hence, the 7 k] mol™" stabi-
lization for INT2, as shown in Fig. 1. The cis isomer was calcu-
lated to be +34 and +27 kJ mol™" less stable than the trans
isomer in the gas and condensed phases, respectively.
Importantly, the rotational barrier in the gas-phase and
implicit-solvation models is approximately half of that associ-
ated with water hydrolysis steps in linear peptide formation
(179 kJ mol™");** thus, during isomerization, the first peptide
bond is expected to remain intact.

The specific orientations of INT2 and then TS4 and TS6 in
Fig. 1 illustrate well how the reaction coordinate splits into
one-step and two-step mechanisms. Upon the nucleophilic
attack of the N-terminal lone pair on the carbonyl carbon
through TS4, one of the H atoms of the reacting amine group
can transfer either to the carbonyl or the carboxylic group. The
former results in the formation of a gem-diol intermediate
(INT6, black and blue traces; hence, a two-step process), while
the second leads to an instant water elimination step (FP, in a
one-step process). The cyclization transition states for the gas
phase (205 k] mol™") and condensed phase (189 kJ mol™") par-
allel the analogous structures for linear peptide formation

I “ 1629i
AG® ° @ 1624
(AH®) 0@

kJ mol! ¢ “
(% ‘. g

12491
13001 ®
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(216 and 203 kJ mol ™). The approximately 11 and 14 kJ mol ™"
lower barrier heights in free energy can be attributed to the
presence of the cis amide bond that brings the two reacting
ends in proximity and, thus, lowers the reorganization energy
contribution to the transition state. The impact of the struc-
tural rigidity and compactness is also evident in the formation
of the gem-diol intermediate INT6 via TS4 at 176 and 156 kJ
mol ™" as compared to 199 and 189 k] mol™" for the linear
peptide pathways in the gas phase and condensed phase,
respectively. The lowering of the transition state energy and
the consequent increase in the reaction rate for the gem-diol
conversion to the final product DKP suggest that cyclization
can proceed more favorably than hydrolysis of the first amide
bond in linear peptides under gas-phase and low-dielectric/
hydrophobic conditions. The resulting accumulation of DKP
as one of the condensation products was also observed experi-
mentally.>® The overall thermodynamic driving force for the
second amide bond formation in the cyclic peptide is of a
similar magnitude (—18 kJ mol™") to that of the first in the
linear peptide (—23 kJ mol™"). These indicate that cyclization is
a spontaneous reaction when a cis-amide bond is present with
the rate-determining step in the gas phase being C-N bond
formation, while water is eliminated in model aqueous
environments, although the preference is only by a small
extent.

Scenario III

For the bulk water scenario using ionized functional groups in
a continuum model, we conducted the mapping of all possible
proton-transfer pathways described in Scheme 1. Already for a
modest system of 9 intermediates and 16 transition states, the

¢ 9 = in vacuo (two-step)

B . = in vacuo (one-step)

S P d ¢ @« —implicit water (two-step)

o ¢ [ . ® —implicit water (one-step)

.
9 1438

o 1499i

ol [}
. 34 L2 ® Do *
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Fig. 1 Gibbs free energy profiles for the gas phase (black and green traces) and polarizable continuum model (blue and red traces) for the one-step
and two-step mechanisms of the cyclization (SM — FP) reaction at the standard state. The initial state (SM) and final products (FP) were defined as
the trans isomer of the neutral linear peptide and cyclic peptide/water at the dissociation limit (FP*), respectively. The two energy values for each
intermediate and transition state correspond to the Gibbs free energy and enthalpy (in parentheses) relative to the trans-isomer of the linear GlyGly
(SM) at the standard state. The single imaginary normal modes and the dominant displacement vectors toward peptide bond formation (forward
reaction) are shown in the structural insets. The structures shown are only for the gas phase, Scenario .
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Scheme 2 Overview of reaction networks defined by proton-transfer
intermediates and transition states. The Sl provides the complete map of
free energy and enthalpy changes for steps A to E. The green arrows
and green highlighted transition states correspond to the lowest energy
pathway.

combinatorial possibilities are remarkable as summarized in
Scheme 2. Notably, all reactions need to proceed through a
bottleneck intermediate, INT2 with neutral N- and C-termini
groups; TS4-TS8 connect the linear peptide with INT3-INT®6,
FP, and the entire right-hand side of Scheme 1. It is also
notable that the shortest pathway with the least number of
steps via TS6 does not necessarily correspond to the lowest
free-energy pathway as discussed below.

Among all reactivity pathways shown in Fig. S1 of the SI,
pathways A and E are the most energetically competitive via
TS14 (A*G° = 130 kJ mol™" in path A) and TS4 (A*G® = 135 k]
mol " in path E) gem-diol formation barriers from the second-
ary ammonium and deprotonated diol INT3 and the proton-
transferred INT2, respectively. Eventually, both processes will
need to pass through TS15 (133 kJ mol™) to reach the DKP
final product by water elimination from the gem-diol inter-
mediate (INT6). The calculated barriers slightly favor path A;
thus, INT3 with a charged secondary ammonium group and
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the adjacent deprotonated gem-diol moiety will be stabilized
by the solvation model in comparison with the gem-diol inter-
mediate INT3 in path B. TS9-TS13 exhibit significantly higher
activation barriers leading to INT4 and INT5 zwitterionic inter-
mediates than anything up to the formation of INT3 and INT®6;
therefore, these pathways will not be expected to be operative
in bulk condensed-phase water environments, although they
may gain importance under high ionic strength conditions
and potentially in deliquescent salt solutions.

Following the path highlighted in green in Scheme 2, the
free-energy landscape shifts significantly to lower energies, and
the overall activation barrier heights are reduced due to the pres-
ence of zwitterionic species in a water-solvated environment in
contrast to Scenarios I and II. The rotational barrier through TS1
is reduced by 20 k] mol™" in comparison with the neutral sol-
vated model (Fig. 1 vs. 2). Proton transfer in TS2 exhibits a negli-
gible barrier due to the rigidity of the cis amide bond that brings
together the C- and N-termini within 1.35 A distance. When con-
sidering the potential-energy plot (pink trace, AE?™ in Fig. S2),
the apparent anomaly between TS2 and INT2 can be rationalized
by the significant enthalpic stabilization and increased entropic
contribution of TS2 relative to the pre- and post-TS intermedi-
ates. Importantly, the identity of TS2 as a genuine transition
state connecting INT2 to the subsequent intermediate has been
explicitly confirmed by intrinsic reaction coordinate (IRC) calcu-
lations (Fig. S4). Furthermore, the carboxylic H-O group position
is in a rotated anti-conformation in INT2, which destabilizes the
structure by 5 k] mol™" compared to the more common confor-
mer with syn-arrangement of the H-O and C=O groups.
Following a conformational change of +8 k] mol ™, the lone pair
of the N-terminus is aligned for nucleophilic attack on a 24 kJ
mol ™" more stable structure due to the presence of the conti-
nuum (INT2 in Fig. 1 vs. 2). Importantly, the implicit solvation
stabilizes the protonated secondary amine and the ionized gem-
diol groups of INT3 through a late transition state of the C-N
bond formation step (TS8). The potential-energy plot (AE?) in
Fig. 2 for TS8 shows the slightly lower energy of INT3 than that
of TS8. In support of the importance of considering the proton-
transfer network as shown in Scheme 1, INT3 does not convert
directly to the FP through TS16 at 163 kJ mol ", but it passes
along a lower energy path through TS14, connecting to INT6 at
130 kJ mol™". This is followed by TS15 to afford the FP after
passing through the rate-limiting step of water elimination at a
free energy of 133 k] mol . Upon dissociation of the eliminated
water molecule, the DKP exhibits a second amide bond that is
energetically less stable than the first in the linear peptide due
to ring strain arising from keeping the methylene groups in
plane and the formation of a near-C,,-symmetric dipeptide. The
solvation of the zwitterionic form of the FP enhances the
thermodynamic driving force by about 19 kJ mol™" for the cycli-
zation in relation to the neutral species at the endpoints in
Scenarios I and II in Fig. 1.

Scenario IV

The free-energy landscape of the cyclization reaction in the
presence of both explicit and implicit solvation is shown in

This journal is © The Royal Society of Chemistry 2026
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sMz TS1 INT1 TS2 INT2 TS8

INT3 TS14 INT6 TS15 FP

Fig. 2 Gibbs free energy (enthalpies in parentheses, in kJ mol™) profile at the MN15/def2TZVPP|SMD level of theory for the lowest free-energy
pathway starting from the zwitterionic trans dipeptide (SMZ) and ending with the cyclic dipeptide (FP) plus a water molecule at the dissociation limit

(FP*) at the standard state.

Fig. 3. Various microsolvated models were constructed in
order to capture most of the critical covalent solvent/solute
interactions that can impact the reaction coordinate by stabi-
lizing ionized molecules in addition to the electrostatic inter-
actions from the implicit polarizable continuum. The presence
of explicit water solvent molecules also allows spontaneous
proton transfer to take place, which is important when pH
effects are considered. Notably, for the linear peptide conden-
sation reaction,"® we found that the presence of explicit
solvent molecules actually increases the proton-transfer acti-
vation barriers. This can also be seen for the neutralizing

proton-transfer TS2 from the zwitterionic cis-isomer, INT1,
where the barrier height (A*G°) relative to the zwitterionic
trans-dipeptide reference point increased from 4 to 36 kJ
mol™. However, this destabilization effect of transition states
becomes computationally advantageous in our case, since the
microsolvation environment around the reactive part of the
peptide eliminates anomalies in the relative energies of TS and
adjacent INT structures as shown in Fig. 3. The TS1 amide
bond isomerization energy remains the same, and all other
transition states are lowered by 16-18 k] mol™'. A notable
exception to this trend is the significant lowering of TS14
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Fig. 3 The most realistic Gibbs free energy (enthalpies in parentheses, in kJ mol™) profile at the MN15/def2TZVPP|SMD level of theory for the
lowest free-energy pathway starting from an explicitly solvated, zwitterionic trans dipeptide with two water molecules at the two termini and ending
with the cyclic dipeptide (FP) with and without two solvating water molecules at the dissociation limit (FP*°). Each intermediate and transition state
model has two explicit solvent molecules interacting with the parts of the molecules that undergo structural or compositional changes at the stan-

dard state.

This journal is © The Royal Society of Chemistry 2026

Org. Biomol. Chem.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob01815c

Open Access Article. Published on 21 January 2026. Downloaded on 3/17/2026 1:41:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(gem-diol forming proton-transfer path) which decreases to
91 kJ mol™" in Fig. 3 from 130 k] mol™" in Fig. 2. While the
proton-transfer process is highly similar to TS2, the key differ-
ence from TS14 is the adjacent location of formal cationic
(-NH,"-) and anionic (-C(O7)(OH)-) groups. The charge separ-
ation is attenuated by the presence of a polarized water solvent
molecule, which contributes to the lowered barrier. The
impact of these interactions is further evaluated in the nuclear
quantum effect section (see below). Importantly, for the
outcome of the reaction, the free energy of the rate-determin-
ing step in TS15 is only about 3 k] mol™" higher than the rele-
vant saddle points in Scenario III, which shows that explicit
water has a diminishing impact on the overall reaction ener-
getics than is generally concluded from the peptide conden-
sation literature.*?%>% 1

Impact of nuclear quantum effects (NQE)

A potential critique of the abovementioned free-energy profiles
for all scenarios is the Coulombic point-charge treatment of
the protons in the nuclear/nuclear repulsion and nuclear/elec-
tron attraction terms of the Hamiltonian. This theoretical level
can be enhanced by describing the active protons as nuclear
wave functions between donor ammonium and acceptor car-
boxylate groups in the neutralization transition state TS2,
assisted by explicit water molecules in Scenario IV. Hydrogens
along the most dominant normal-mode displacements shown
by arrows in Fig. 3 for TS2 were treated as quantum protons in
SMZ, pre- and post-TS intermediates, INT1 and INT2, respect-
ively. Furthermore, in Fig. 3, two additional steps can be high-
lighted that involve proton transfers: the gem-diol formation
(TS14) and the water elimination step (TS15), which are prime
candidates for assessing the impact of the presence of the
nuclear wave function.

Table 1 summarizes the nuclear quantum effects (rows
marked with A) on the potential energies of the TS2, TS14,
and TS15 transition states along the lowest-energy pathway as
a function of the composition of the density functional and

Table 1 Comparison of activation energies as a function of the basis
set and density functional, for the three most prominent transition states
that determine the kinetics of the cyclization reaction

AYEM, k] mol™?

Level of theory

Functional/basis set TS2 TS14 TS15
MN15/def2TZVPP 44 81 139
MN15/cc-pVTZ 43 105 135
A(MC-MN15/cc-pVTZ) —18 —20 -19
B3LYP/cc-pVTZ 47 105 170
A(MC-B3LYP/cc-pVTZ) —20 —-14 —26
B3LYP/6-31G(d,p) 30 87 148
A(MC-B3LYP/6-31G(d,p)) —21 —-15 —24

The TS energies are given relative to the zwitterionic linear dipeptide
(SMZ). The rows containing multicomponent DFT calculations
(“A(MC-)") correspond to the A(A*E?M) values as the differences
between MC-DFT and classical DFT calculations at the same level of
theory.

Org. Biomol. Chem.
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basis set. The segments of the potential-energy plots at each
level of theory are also summarized in Fig. S3. Fig. S4 shows
the differences among IRC path calculations with or without
nuclear quantum effects. An extended discussion of the
impact of the protonic wave function is also provided in the SI.

As anticipated, incorporation of the protonic wave function
reduces the relative potential energy differences for the proton-
transfer transition states by adding more stabilizing quantum
interactions. The magnitude of the energy decrease or the tun-
nelling effect can be up to 20 kJ mol™". As we move away from
the MN15 functional (with 44% HF exchange, hybrid meta-
GGA functional) to B3LYP (with 20% HF exchange, hybrid
GGA functional, as well as lower chemical accuracy for the
peptide condensation reactions'?), the tunnelling effect gradu-
ally reduces for TS14, while it increases for both TS2 and TS15
up to —26 kJ mol™'. A modest basis set effect (at most 2 kJ
mol ™" difference) can be detected for using a double-{ quality
basis set with the density functional that exhibits extreme
barrier heights without considering NQE. Importantly, a
change in the amount of HF exchange has a significantly less
influence on the barrier heights than the presence of protonic
wave functions at centers involved in proton transfer. In terms
of geometrical differences, the most notable change is the dra-
matic shortening of the secondary ammonium-cation distance
from 2.65 A to 1.94 A in INT3 before TS14, as the quantum
proton becomes shared between the N and O centers of the
amide. The quantum mechanical treatment of the nuclear
interactions reshapes the potential-energy surface as seen
from the comparisons of the IRC scans (shown in Fig. S5) and
contributes to the increase in the barrier height for TS14 in
comparison with TS2 and TS15 due to the over-stabilization of
INTS3.

Impact of hydrothermal conditions

Continuing with Scenario IV, we assessed the temperature and
pressure influence on the potential-energy surface.
Experiments on bulk amino acid condensation™ were carried
out at an elevated temperature of 140 °C. Even without mole-
cular dynamics simulations, we can correct for the occupations
of translational, rotational, and vibrational quantum levels as
a function of temperature increase by recalculating the
thermal corrections to both enthalpy and free energy using
statistical mechanics (see Table S1 for the numerical results).
Another consideration is the non-standard state due to the
condensed phase, which is simulated by 1748 atm pressure
that corresponds to the approximately 1 kg dm™ density for
the bulk water system. The non-standard pressure had a negli-
gible (<1 kJ] mol™") impact on the free energy (Table S1),
mainly due to the dominantly equimolar reaction steps.
However, the temperature (Fig. S5) introduced some notable
changes, since the reaction barrier (A*G) for the rate-limiting
water-elimination step increased by about 8 k] mol™ in com-
parison with TS15 in Scenario IV from Fig. 3. Other notable
differences are the smaller destabilization of TS8 (C-N bond
formation step) but a significantly more altered barrier for
TS14 (+14 k] mol™") for the neutralization reaction by forming

This journal is © The Royal Society of Chemistry 2026
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the gem-diol intermediate with the assistance of an explicit
water molecule. The overall thermodynamic driving force also
increased by elevating the temperature by 20 kJ mol™*, due to
the entropically favorable water elimination.

Impact of pH

In an attempt to bring the simulation results even closer to the
experimental observations, we considered the pH-induced
changes in protonation states at the reactive ends of the amino
acids. The experimental activation barriers for DKP formation
and hydrolysis were specifically determined for the highest
rates at pH 9.8.>° In contrast, there was barely observable con-
densation reaction products at low pH; hence, no rate con-
stants were determined. The key structural differences in the
GlyGly dipeptide are due to the pK, values of 3.14 and 8.25,
which are less spread than those of the pK, values of the Gly
amino acid (2.3 and 9.6).°> Therefore, high pH conditions
were modelling with the presence of anionic GlyGly with
neutral N-terminal and anionic C-terminal groups; while at
low pH, both termini are protonated to give cationic GlyGly
structure.

Fig. 4 summarizes the simplified cyclization pathways at
low pH (below pH = 3), where INT2-a (‘a’ refers to protonated,
acidic conditions) forms the C-N bond along with the simul-
taneous transfer of the ammonium proton to the carbonyl
group to form the gem-diol intermediate INT5-a. We exhausted
our toolchest to locate a transition state for INT2-a — INT5-a.
The lack of a well-defined barrier can be chemically rational-
ized, since as the proton transfers from the cationic
N-terminus to the C-terminal carbonyl, the newly formed N
lone pair is already in range for the instantaneous nucleophilic
attack on the carboxyl carbon with a significant carbocation
character in the -C'(OH), moiety. If a water molecule is

View Article Online
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involved in the proton transfer, the deprotonated gem-diol
upon the formation of the C-N bond would immediately pick
up a proton from the adjacent hydronium and end up in the
INT5-a state. The proton transfer from the secondary
ammonium group to the gem-diol hydroxyl group needs to
overcome a much higher barrier (A*G’ = 192 k] mol™) than
estimated for neutral pH conditions (136 kJ mol ™", Fig. 3). The
deprotonation of the carbonyl group in INT7-a is another bar-
rierless process as the elimination product of the hydronium
cation is formed in FP-a. The overall thermodynamic driving
force is significant (=10 kJ mol™"); however, the low pH cycliza-
tion process is kinetically controlled.

The high pH (pH > 8) reaction path starting from the
anionic GlyGly dipeptide changes the kinetic control of the
cyclization reactions, as shown in Fig. 5. The rate-determining
step now shifts to the C-N bond formation (TS1-b, ‘b’ refers to
deprotonated, alkaline conditions) and the overall barrier
height (A*G’) is reduced by close to 15 k] mol™" relative to the
analogous step for zwitterionic GlyGly (139 kJ mol™"). This is
mainly due to the favorable pre-TS complex with the
N-terminal lone pair pre-arranged to be aiming at the carboxy-
late carbon already in INT2-b. The proton from the amine end-
group transfers to form the singly deprotonated gem-diol inter-
mediate INT5-b in order to avoid the accumulation of —2
charges on the adjacent two hydroxyl groups. Due to a lack of
a secondary ammonium cation and need for additional
proton-transfer steps, the leaving group is hydroxide through
TS2-b with a significantly lower barrier than that observed for
the neutral or acidic pH elimination step (85 kJ mol™"). Due to
the formation of an identical product molecule, DKP, the pH
dependence of the thermodynamic driving force can be deter-
mined by the species eliminated: H,O at neutral pH and H;0"
or HO™ at low or high pH, respectively. Given that DKP is an
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Fig. 4 Free energy profile of dipeptide cyclization at low pH (below pH = 3) with both amino and carboxylate groups of GlyGly protonated. The
stationary structures and relaxed potential energy surface scans were obtained from MN15/def2TZVPP|SMD calculations with two explicit water

molecules from Scenario IV at the non-standard state with respect to pH.
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Fig. 5 Free energy profile of GlyGly dipeptide cyclization at high pH (above pH = 8) with both amino and carboxylate groups non-protonated. The
stationary structures were calculated at the MN15/def2TZVPP|SMD level with two explicit water molecules from Scenario IV at the non-standard

state with respect to pH.

electron-rich molecule, the —42 k] mol™ more stable cation

interaction with H;O" than HO™ is justified.

In order to assess the experimentally relevant impact of
various barrier heights at different temperatures, we estimated
reaction rate constants using the Eyring equation, which
relates hypothetical equilibrium conditions (k*) and the
vibrational motion coupling the reactants and their transition
states. With A*G°(25 °C) = 136 k] mol™* and A*G(140 °C) =
144 kJ mol™, the rate constants can be estimated to be 9.2 x
107"? and 5.4 x 107® s7*, respectively. At the alkaline pH range
and elevated temperature, the rate drastically increases to 1.3 x
107" s7* corresponding to A*G’ = 124 kJ mol™. The experi-
mental rates at a non-standard temperature of 140 °C were
determined to be 2.5 x 107 and 4.0 x 10> s™" for neutral and
high pH, respectively.>> Some low amounts of products were
detected experimentally at low pH; however, no rate constant
was reported. While our computational models cannot repro-
duce quantitatively the experimental numbers due to the
inherent compositional limitations of the model and likely the
incomplete explicit solvation shell for taking into account
solvent reorganization or solvation/desolvation processes, the

relative differences among the estimated rate constants high-
light the adequate chemical accuracy that can be used to
predict and rationalize reaction mechanisms.

Conclusions

The mechanistic insights obtained from the systematic
mapping of the proton-transfer network for cyclic diglycine
(diketopiperazine, DKP) formation complete our previous work
on glycine/glycine condensation reaction in bulk water at
neutral pH. Importantly, the activation energies to obtain both
linear or cyclic GlyGly peptides are low to moderate. The
reverse process of hydrolysis has consistently larger barriers in
agreement with the experiment, which allows for the accumu-

Org. Biomol. Chem.

lation of both linear and cyclic products. This is in part due to
the thermodynamic stability of the peptide bond. For dipep-
tides, the cyclic product is only accessible if the cis-peptide
isomer is present. The peptide bond rotation energy is about
half that of the rate-determining step, H,O elimination’s acti-
vation barrier; thus, this likely takes place in bulk water to a
limited extent. An alternative pathway that can directly lead to
the cis isomer and then to the cyclic peptide product is from
the water elimination step during the linear peptide oligomeri-
zation. All transition states are in agreement with a significant
thermodynamic preference toward the linear oligomerization;
however, once the cyclic dipeptide is formed, its kinetic stabi-
lity prevents the decomposition. Common to both processes is
the unique role of the adjacent functional groups that can
accept or donate excess protons, as dictated by the relative
stability of acidic or basic groups. The ping-pong mechanism
defined by the lowest free-energy pathway can also be con-
sidered as a reference for proton-transfer reactions in our
ongoing automated reaction route mapping studies. The
central focus on proton-transfer processes invited the employ-
ment of nuclear wave functions in order to improve the
quantum description of protons. Using the MC-DFT method,
we found up to 0.1 A elongation and up to 20 k] mol™* tunnel-
ling effect in interatomic distances and thermochemistry,
respectively. Dominant changes were manifested in the
restructuring of the potential energy curvature in the presence
of quantum protons that in part rationalizes some of the chal-
lenges in localizing transition state structures and using
specific basis sets for MC-DFT implementation. In order to
understand the pH-dependent condensation reactions, we
defined the free energy profiles for acidic (pH < 3) and alkaline
(pH > 8) scenarios. We found mechanistic evidence for the
kinetic control under acidic conditions that shuts down the
condensation reactions, while alkaline conditions reorganize
the potential energy surface and shift the rate-determining
step toward the C-N bond formation with a significantly lower

This journal is © The Royal Society of Chemistry 2026
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activation energy. The estimated rate constants show the
correct qualitative differences and afford experimentally mean-
ingful values to use the computational mechanistic investi-
gation as a tool for amide bond condensation and hydrolysis
design.
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