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ABSTRACT

The cis-trans isomerization of amide bonds leads to wide range of structural and functional changes in proteins and can easily be the
rate-limiting step in folding. The trans isomer is thermodynamically more stable than the cis, nevertheless the cis form can play a role in
biopolymers’ function. The molecular system of N-methylacetamide - 2H,O is complex enough to reveal energetics of the cis-trans isomer-
ization at coupled cluster single-double and coupled cluster single-double and perturbative triple [CCSD(T)] levels of theory. The cis-trans
isomerization cannot be oversimplified by a rotation along w, since this rotation is coupled with the N-atom pyramidal inversion, requesting
the introduction of a second dihedral angle “a.” Full f(w,«) potential energy surfaces of the different amide protonation states, critical points
and isomerization reaction paths were determined, and the barriers of the neutral, O-protonated and N-deprotonated amides were found too
high to allow cis-trans interconversion at room temperature: ~85, ~140, and ~110 kJ mol~}, respectively. For the N-protonated amide bond,
the cis form (w = 0°) is a maximum rather than a minimum, and each w state is accessible for less than ~10 k] mol™'. Here we outline a cis-
trans isomerization pathway with a previously undescribed low energy transition state, which suggests that the proton is transferred from the
more favorable O- to the N-protonation site with the aid of nearby water molecules, allowing the trans — cis transition to occur at an energy
cost of <11.6 k] mol™". Our results help to explain why isomerase enzymes operate via protonated amide bonds and how N-protonation of
the peptide bond occurs via O-protonation.
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NOMENCLATURE a = —(180°-[C'-C"™*-N-H]) (°)
RC reaction complex of the amide and the protonated or
Abbreviations deprotonated form of water
RT room temperature
CPCM conductor-like polarizable continuum model TS transition state
IEFPCM integral equation formalism polarizable continuum Xxx-nonPro a dipeptide formed between amino acid Xxx and any
model residue but Pro
IRC intrinsic reaction coordinate Xxx-Pro a dipeptide formed between amino acid Xxx and Pro
PEC potential energy curve residues
PES potential energy surface, w = [CM*-C-N-C"M¢] (°) Xxx-Yyy  a dipeptide formed by amino acid Xxx and Yyy
in the periodic range of ~180° < w < +180°, residues
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INTRODUCTION

The extensive conjugation of the C=O double bond and the
lone pair of the adjacent N-atom within an amide bond pre-
vents cis-trans isomerization at room temperature. The activation
energy required for isomerization between the cis and trans forms
is ~80-100 kJ mol~!. The hindered transition along w, the tor-
sion angle formed by the (Ca'~C'-N-Ca'*!) atoms between the cis
(w = 0°) and trans (w = £180°) isomers gives rise to a tuned rigid-
ity, an essential stabilizing element of the backbone structure of
polypeptides and proteins. Nuclear magnetic resonance (NMR) data
show that the trans isomer is more stable than the cis isomer for
both N-methylacetamide (AGyans/cis ~ 8 kJ mol™!) and N-methyl-
formamide (AGirangcis ~ 6 kJ mol™), leading to a prevalence of trans
amide linkages at room temperature."”’

The controlled isomerization of peptide bonds, and thus the
accumulation of selected cis isomers, is related to protein folding
and to misfolding.” Despite their rarer occurrence, cis peptide bonds
of Xxx-nonPro amides can be found in functional proteins, unam-
biguously identified at or near their functionally important sites.*
For example, in an a-like neurotoxin of Buthus martensii Karsch
(a scorpion found in East Asia), called BmK M7 (PDB: 1KVO0, a
dimer, consisting 66 residues), the Pro’-His'® peptide bond can be
either cis, or a mixture of cis and trans isomers. Only the cis form
of the Pro-His subunit, forming a type-II B-turn, can accommodate
the H-bond donated by the C-terminal Ala® to form a compact
3D-fold. This 3D fold of the toxin, which contains a cis amide bond
as a central element, may be evolutionarily conserved, as can be seen
in the M1 structure of the neurotoxin BmK (PDB: 1SN1), too.* Con-
canavalin A (ConA, PDB: 1JBC) is a larger protein of 237 residues
that binds a metal ion whose coordination is the driving force for the
trans — cis isomerization of the Ala?’-Asp peptide bond, resulting
in the locked state of ConA.’ In wild-type ribonuclease T1, the Tyr-
Pro®® peptide bond forms a cis isomer and remains so even when
Pro39 is replaced by Ala.® Non-proline cis amide bond can be found
at the active site of Staphylococcus aureus PC1 P-lactamase (PDB:
3BLM), between Glu'®-Ile on its N-terminal a-helix.”

As cis-trans isomerization of the Xxx-Pro and Xxx-nonPro
bonds are often not spontaneous processes, aided by chaperones,
they formation can be the rate-limiting steps of protein folding.’
In the case of the peptidylprolyl cis-trans isomerase enzyme [PPI-
ase (EC 5.2.1.8)], various reaction mechanisms have been proposed,
with one of them suggesting an acid-base reaction.® Cyclophilin, a
protein that also exhibits prolyl isomerase activity, is known to bind
substrates in a Pro-turn (inverse y-turn) conformation, in which
an Arg residue is close to the targeted Pro of the substrate within
the active site and can act as a proton donor during the catalysis
of the isomerization reaction through an H-bond.” The cis-trans
isomerization of nonPro peptide bonds can also be aided by iso-
merase enzymes, such as the non-prolyl cis-trans isomerase hsp70
chaperone DnaK."’

For the cis-trans isomerization of the amide bond the weaken-
ing of the conjugation is necessary, usually indicated by the non-
planarity of the peptide bond. The pyramidalization of the N-atom
can be enhanced by steric repulsion/restriction, conformational and
electronic effects.'’ Several molecular switches based on amide cis-
trans isomerization were developed. The acid mediated switching
behavior of N-methyl-N-(2pyridyl)benzamides was studied by x-ray

ARTICLE pubs.aip.org/aipl/jcp

crystallography and '"H NMR spectroscopy, where cis — trans iso-
merization of the amides occurred upon addition of acid.'” The pH-
dependent reversible cis-trans isomerization propensity of various
amide models were also studied’ and experimental results can be
found where nearby functional groups may fixate and/or protonate
the amide oxygen to induce cis-trans isomerization.""'” Therefore,
the interconversion of amide conformations can be modulated by
acidic environment.'*

In total, four electrons of a m bond and a lone pair of the
N-atom are delocalized over the o-bond of the O, C'and N-atoms.
In a chemical point of view, cis-trans interconversion involves
breaking this conjugated bond system, during the rotation of w.
Rotation of w triggers significant structural changes, (i) as the
hybridization state of the N-atom changes from sp* to sp’, (ii) the
C’-N bond lengthens, while (iii) the C'-O bond length decreases
due to the re-localization of the m-bond on the C'-O o-bond.
The dipole moment also varies strongly with w rotation, and
a charge transfer along the C-N bond also changes the atomic
monopoles, altering the electrostatic properties of the functional
group. The energy barrier of cis-trans isomerization was first esti-
mated by Ramachandran and Mitra to be ~85 kJ mol™.2" As a
system of high biological interest, the energetics of cis-trans iso-
merization has already been calculated using different models, such
as formamide, N-methylformamide, N,N-dimethylformamide and
N-formylglycinamide, at different levels of theory [e.g., HF/3-21G,
HF/6-31G(d) and B3LYP/6-31G(d)].”" The density functional the-
ory (DFT) calculations [B3LYP/6-311++G(3df,3pd)] gave values
between 81.7 and 109.1 kJ mol™.22 Using a higher level of the-
ory (MP2/6-31G" in vacuum), two distinct transition states (TSs),
with barrier heights of 60.3 and 69.7 k] mol™" were determined.”’
Similar AG values were obtained from NMR measurements: 62.8
< AG < 83.7 kJ mol™".?* Energy barriers of C'-N rotation for
N-methylacetamide were measured by NMR at 333 K in water and
found to be AG = 79 k] mol™" for cis — trans and AG = 89 k] mol™
for trans — cis interconversion.”

Based on the literature data, the energy barrier for cis-trans
isomerization is high, but as this process takes part in protein fold-
ing and misfolding,” so there must be a lower energy route for this
“reaction.” Regarding the effect of protonation or deprotonation of
the amide group, it is known from NMR spectroscopy that the NH
exchange is highly pH sensitive and thus the isomerization rate is
influenced by pH.”® Thus, a coherent description of amide bond iso-
merization as a function of pH, explaining the details and energy
costs of rotation, may resolve the problem of high energy barriers
and reveal low energy pathways.

AIMS

Our aim was to provide a quantitative description of the acid-
and base-catalyzed isomerization reaction pathways of the amide
bond and to discriminate between alternative reaction routes. The
potential energy surfaces of the neutral, protonated and deproto-
nated N-methylacetamide model systems were determined, includ-
ing the geometric and energetic properties of all their critical
points and intrinsic reaction coordinates (IRCs). In our minimal-
istic model, both protonation and deprotonation will be modeled
as water-assisted processes, the minimum number of explicit H,Os
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is determined in order to perform more realistic calculations and
obtain a more reliable mechanism.

METHODS

Both geometry optimizations, vibrational frequencies and
energy calculations were performed at two different levels of the-
ory (B3LYP” and MO06-2X’%) within the Gaussian 09 revision
E.01% program, using the 6-311++G(d,p) basis set.’’ Following
the optimizations, single point energy calculations were performed
at the coupled cluster single-double (CCSD)’! and coupled clus-
ter single-double and perturbative triple [CCSD(T)]** levels of
theory on structures obtained at the B3LYP/6-311++G(d,p) level,
using the def2-TZVP*** basis set, within the Orca 4.0.1 program.”
Input files were created in GaussView 6.1°° or Avogadro’ pro-
grams. Calculations were performed using the water-solvent model
implemented in the integral equation formalism polarizable contin-
uum model (IEFPCM) method* for DFT calculations. For CCSD
and CCSD(T) calculations the conductor-like polarizable contin-
uum model (CPCM)*’ was used as the water-solvent model with
€ =78.355300 and refractive index set to 1.777 849.

To study the cis-trans isomerization of the peptide bond,
N-methylacetamide was used as the peptide bond model. As
a first step, a relaxed scan was performed along the amide w
(Ca'-C'-N-Ca™*") torsion angle in 36 steps from @ = —180° to
= 180° to assign the approximate positions of the critical points.
Then energy optimization was performed on the selected geome-
tries to determine the exact geometric and energetic properties of
the critical points. In order to characterize the acid-base reaction
steps that may facilitate isomerization, four different protonation
states of N-methylacetamide were studied, in addition to the neutral,
N-protonated, N-deprotonated and anti- and syn-O-protonated
forms (Fig. 1, STables 2-27, SFigs. 2-27).

The PES f(w,a) of mneutral and  O-protonated
N-methylacetamide were determined by calculating a relaxed
scan of dihedral angle « [for definition see Fig. 2(a)] between
—-80° and 80° and dihedral angle w between —180° and 180°
in 5° steps. The potential energy curve (PEC) of N-protonated
and N-deprotonated N-methylacetamide were calculated in 1°
steps along the dihedral angle w. To study the coordinates of the
isomerization reaction, IRC paths*' were calculated using the
program Gaussian 09 Revision E.01, starting from the calculated
geometries of the transition states (TSs) found on the PESs of
neutral and O-protonated N-methylacetamide. Selected critical
points on the PES of neutral N-methylacetamide were reoptimized
at the CCSD/def2-TZVP level of theory.

In order to keep the number of H-bonds constant and to
eliminate the effect of internal H-bonds to the total energy occur-
ring within the model system during protonation or deprotona-
tion reactions, two explicit water molecules in the desired proto-
nated state were placed to all critical donor-acceptor interaction
and proton transfer sites of N-methylacetamide (STables 43-81,
SFigs. 28-64). Protonation and deprotonation processes are rep-
resented as a formal isodesmic reaction between the netural trans
N-methylacetamide - 2H,O complex + water molecule in the appro-
priate protonated form and the N-methylacetamide - 2H,O complex
in the investigated protonation state and structural form + water
molecule, e.g.,

ARTICLE pubs.aip.org/aip/jcp
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FIG. 1. The one-to-one or 50%-50% ratio of the adjacent protonation states of N-
methylacetamide occurs when pH equals pKa, based on the equation pKa = pH
+ Ig([HAJ/[A™]), as if [HA] ~ [A~], then Ig([HA}/[A™]) = 0. Thus, at a pH of -7, the
N-protonated (pKa = —7) and neutral forms are in equilibrium (species within the
blue trapezoid), whereas at pH = 0, the O-protonated forms (syn and anti: pKa
= 0) are in equilibrium with the neutral form of N-methylacetamide (molecular
structures within the green oval). The N-deprotonation occurs in a very basic
molecular environment, as the pKa is 18 (molecular structures within the red
trapezoid).*

trans CH; — CO - NH — CH3 - 2H,0 + H;0"
= trans CHs - CO - NH," - CH; - 2H,0 + H,0 (1)

Critical points of the PECs and PESs were reoptimized and
vibrational frequencies and energetic properties were recalculated at
the B3LYP using the 6-311++G(d,p) TZP type basis set, followed by
single point energy calculations at the CCSD/def2-TZVP (STables 42
and 99) and CCSD(T)/def2-TZVP levels of theory (Tables [-1V).

To compare the non-proline isomerization reaction with
the cis-trans isomerization of proline containing peptide bonds,
N-acetyl-L-proline N-methylamide was optimized in the trans,
cis and in the isomerization transition states at the theoretical
level B3LYP/6-311++G(d,p) in the IEFPCM water solvent model.
(STables 109-111, SFigs. 73-75).

In order to be able to distinguish clearly between the different
protonation states and the critical points, the molecular structures
have been labelled with the following abbreviations and spellings
(Scheme 1):

(i) The leftmost label X indicates whether the molecular struc-
ture is a minimum (Min), a transition state (TS), a reaction
complex (RC) (a transition state with low local energy barrier,
however a key element in the reaction path) or a maximum
(Max).

(i) Within the square bracket the protonation state is indi-
cated: Z° means zero-charge or neutral amide, O™ stands
for the syn-O-protonated, while O™ stands for the anti-
O-protonated N-methylacetamide. N* stands for the
N-protonated while N~ stands for the N-deprotonated
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FIG. 2. (a) The a = —(180°-[C’-CNMe_N—H] dihedral angle as defined to depict the pyramidal N-atom inversion. The extremes of this dihedral angle are around —60° and
60° according to the IRC calculations. (b) The PES ~ f(w,«) potential energy surface of N-methylacetamide [at theoretical level B3LYP/6-311++G(d,p), using the IEFPCM
water solvent model] with the oriented IRC paths, depicting the route of peptide bond isomerization under neutral conditions. Critical points depicted are as follows: (i) the trans
minimum; Min[Z%(w1go)] := (+180.0°, 0.0°) and the cis minimum; Min[Z°(wp)] := (5.8°, 8.7°), with the (ii) transition states: TS[Z%(w., a4 )] := (121.9°, 62.5°), TS[Z%(«w_,
ay)] == (-58.6°, 59.2°), TS[Z(w_, a_)] := (-121.9°, —62.5°) and TS[Z%(w,, a_)] := (58.6°, —59.2°). The “upper” IRC path connects the critical points Min[Z%(w1go)],
TS[Z%(w_, ot )], Min[Z°(wq)], TS[Z%(w+, a4 )] and Min[Z%(w1g0)] denoted as “forward” isomerization route (follow the light blue arrows), while the “lower” IRC path, called as
“backward” isomerization route connects Min[Z%(w1sq)], TS[Z% (w4, a)], Min[Z%(wo)], TS[Z%(w_, a_)] and Min[Z°(w1g0)] (follow the black arrows). (c) The IRC paths (0° < w
< +180°), calculated from the TSs of the cis-frans isomerization of N-methylacetamide (green), H-Gly-Gly-OH (red) and N-acetyl-L-proline N-methylamide (magenta) models
obtained at the B3LYP/6-311++G(d,p) level of theory. Note the pyramidal inversion of the N-atom in the case of N-methylacetamide and H-Gly-Gly-OH and its absence for
the proline derivative.
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TABLE . Selected structural (w and «) and energetic properties (A AE in kJ mol~") of the optimized minima (cis and trans),
transition states and maxima optimized at CCSD(T)/def2-TZVP//B3LYP/6-311++G(d,p) level of theory (using CPCM water
solvent model). The neutral (Z°) and the O-protonated forms (0*2 and 0*%).

TS[ws,0+]  TS[w-ar]  TS[w-,a-] TS[ws+,a-] wigo (trans)  wo (cis)”
w (deg) +121.9 -58.6 -121.9 +58.6 -180.0 +5.8
z° o (deg) +62.5 +59.2 -62.5 -59.2 0.0 +8.7
AAEzans” 80.8 83.5 80.8 83.5 0.0 11.1
w (deg) +119.2 —-60.2 -119.2 +60.2 +180.0 +0.1
O**  a(deg) +57.5 +56.7 -57.5 -56.7 0.0 +0.3
AAEans 155.1 155.9 155.0 155.9 0.0 9.3
w (deg) +116.3 -61.1 -116.3 +61.1 -180.0 0.8
O*  a(deg) +51.4 +56.8 -51.4 -56.8 0.0 -1.8
AAE s 152.1 138.8 152.0 138.8 0.0 4.2

AMin[Z° (wp)] is the cis isomer of the neutral N-methylacetamide, while Min[O**(wo)] and Min[O**(w)] stand for the cis isomers
of the O-protonated forms.
bSingle point energies AAEs were calculated, using CPCM water solvent model (e = 78.355 300 and refractive index 1.777 849)

with respect to the more stable trans isomer.

TABLE II. Selected structural (w and «) and energetic properties (AAE in kJ mol~")
of the optimized minima (cis and trans), transition states and maxima optimized
at CCSD(T)/def2-TZVP//B3LYP/6-311++G(d,p) level of theory (using CPCM water
solvent model). The N-protonated form (N*).

Wy w— w1go (trans) wo (cis)”
o (deg)  +614 627 -173.9 0.0
N* o (deg) -56.4  +56.3 +57.2 +57.6
AAEans’ 5.2 5.2 0.0 8.9

AMin[N" (wp)] is the cis isomer of the N-protonated N-methylacetamide.

Single point energies AAEs were calculated, using CPCM water solvent model
(e = 78.355300 and refractive index 1.777 849) with respect to the more stable trans
isomer.

TABLE IIl. Selected structural (w and «) and energetic properties (A AE in kJ mol=")
of the optimized minima (cis and trans), transition states and maxima optimized
at CCSD(T)/def2-TZVP//B3LYP/6-311++G(d,p) level of theory (using CPCM water
solvent model). The N-deprotonated form (N™).

w4 w_ w1go (trans) wo (cis)”
N- w (deg) +94.5 -94.5 —180.0 0.0
AAEuwams” 1209 1209 0.0 15.2

*Min[N~ (wy)] is the cis isomer of the N-deprotonated N-methylacetamide.

“Single point energies AAEs were calculated, using CPCM water solvent model
(e = 78.355300 and refractive index 1.777 849) with respect to the more stable trans
isomer.

amide model system. Furthermore, (GG)® stands for the
neutral H-Gly-Gly-OH dipeptide and P’ stands for neutral
N-acetyl-L-proline N-methylamide.

(iii) If an H,O or H3O(+) is H-bonded to the parent amide
model, it is labelled and distinguished by the lower index,
whose formalism is as follows: aq indicates a neutral water
molecule, aq+ for a hydronium or hydroxonium ion, H3O(+),
and aq- for the hydroxide ion, OH(-). Next to this index
in brackets is the atom of the amide to which the solvent is
H-bonded.

(iv) A trans amide bond is abbreviated as wigy, while the cis
bond is abbreviated as wo. Furthermore, w,+ denotes a positive
w dihedral angle, while w_ denotes a negative w dihedral
angle. Similarly, a; indicates positive « dihedral angles,
while a- indicates negative a dihedral angles. In the case
of N-protonated N-methylacetamide there are stable gauche
states, w ~ +60°, labelled w; and w- respectively.As an
example, the fully optimized molecular structure (Min) of
syn-O-protonated N-methylacetamide (O**) in its trans ori-
entation (wig), complexed with a protonated H,O (aq+)
bonded to the C=0 group and a “normal” water molecule
(aq) H-bonded to the NH of the amide, is abbreviated
as: Min[O™*,q1(0),aqvm) (W180)]. For further examples, see
STable 102.

Assuming a Boltzmann distribution, the cis/trans isomer ratios
of the optimized conformers of N-methylacetamide were calcu-
lated at different levels of theory (Table V). To validate these
calculations, the cis/trans isomer ratios were also determined by
NMR spectroscopy. NMR measurements were performed on a
sample containing 10% (v/v) N-methylacetamide in 10% (v/v)
D,O/H,0. DSS was added as an internal proton reference to set
the 0.0 ppm value and NaN; for sample stability. 'H experi-
ments were performed at 298 K on a Bruker Avance III 700 MHz
spectrometer operating at 700.13 MHz for 'H, equipped with z-
gradient and a 5-mm Prodigy CryoProbe head. 1D-'H (zgesgp) and
2D-spectra, 'H-"H NOESY (noesygpph19), were recorded, using 64
and 32 scans respectively. The NOESY mixing time (d8) was set to
500 ms. All spectra were processed using TopSpin 4.0.7. Protons
were assigned based on NOE cross-peaks and the cis/trans isomer
ratio was determined by using the integrals of the ' H resonances.

To determine the cis/trans isomer ratio of non-proline peptide
bonds (Xxx-Yyy, where Yyy: non-Pro) among stable proteins thus
far studied experimentally, 3760 chains containing a total of 146 375
residues were extracted from the PDB.* In this pre-filtered PISCES
dataset of 2020,* all protein structures have a resolution better than
1.6 A with R factors better than 0.25 to ensure that the correct iso-
mer forms were assigned, and primary sequence homology less than
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TABLE IV. The w and « dihedral angles of the trans, cis, TSs and RCs of N-methylacetamide optimized with two water molecules. DFT optimized molecular complexes optimized
at B3LYP/6-311++G(d,p) were used for AAE(CCSD(T)/def2-TZVP) single point energy calculations. The AAE (kJ mol~") values of minima and TSs of the (a) neutral, (b)
anti-O-protonated, (c) syn-O-protonated, (d) N-protonated, () selected reaction complexes and (f) N-deprotonated forms were determined.

05:20:2 €202 4290100 9}

(a)
N-methylacetamide neutral forms w (deg) o (deg) AAE(CCSD(T)/def2-TZVP//B3LYP/6-311++G(d,p))
Min[Z° 1q(0),aqnm) (0150)] +179.9 0.4 0.0
Min[Z° 1q(0),aqnm) (@0)] -1.1 -1.2 10.4°
TS[Z° 1q(0).aqnm) (@0, 04)] +122.3 +61.6 76.5
TS[Z 1q(0)aqnm) (0=, a1)] -60.3 +58.9 91.3
TS[Z° 1q(0)aqnm) (@0, a-)] -122.3 -61.6 76.6
TS[Z 1q(0)aqnm) (@0, 0-)] +60.2 -59.0 91.3
(b)
N-methylacetamide anti-O-protonated forms w (deg) o (deg) AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))
Min[O™q(0),aqovm) (@180)] +179.8 -0.1 -95.9°
Min[O** 14(0),aqevtn (wo)] -0.9 -0.6 -84.2
TS[OHaq(o),aq(NH)(wh ay)] +119.1 +59.2 50.1
TS[O** aq(0)aqnm (@=, a4)] -61.3 +58.1 53.1
TS[O™** aq(0)aqm (w—, a-)] -119.1 -59.2 50.0
TS[0™q(0)aqnm (@4, a-)] +61.3 -58.1 51.5
()
N-methylacetamide syn-O-protonated forms w (deg) o (deg) AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))
Min[O*saq(O),aq(NH) (w180)] +179.4 -0.5 -83.1°
Min[O™ 4q(0).aqnm) (@0)] -0.7 -13 -85.5
TS[O™* 1q(0),aqniy (@ at)] +119.8 +55.0 52.3
TS[O™ aq(0)aqniy (@5 a4)] -62.1 +58.2 43.2
TS[O™**1q(0),aqvtn (w—, a-)] -119.8 -55.0 52.1
TS[O™**1q(0),aqven) (@, a-)] +62.1 -58.2 44.0
(d)
N-methylacetamide N-protonated forms w (deg) o (deg) AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))
Min[N+aq(0),aq(NH) ((,018())] +179.7 +58.1 -56.6"
Min[N+aq(O),aq(NH) (w-)] —-42.1 +57.8 -47.4
Min[N" q(0)aqnm) (@0+)] +42.8 +58.1 -48.2
Max[N" ,q(0),aqevt) (@0)] +2.4 +57.2 -45.8
(e)
N-methylacetamide reaction complexes w (deg) o (deg) AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))
RC[Z’ 4q+(0)aqtn (@180)] +180.0 -0.3 -3.5°
RC[O+aq+(O),aq(NH)(w0)] +0.1 +0.1 9.1
RC[Zan(O),aq—(NH) (w180)] -179.7 +1.0 -3.7
RC[Nfaq(o),aq,(NH)(wo)] +0.0 +0.2 12.9
RC[(N-0)" 2q(0),aqvin] +47.1 -50.6 161.4
RC[O+Saq+(0)NH)‘aq(NH) (w180)] -139.6 +41.5 11.6
RC[NJraq_,_(o)NH))aq(NH) ((,00)] +1.3 +46.2 9.4
®
N-methylacetamide N-deprotonated forms w (deg) a (deg) AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))
Min[Z’ 44(0),aq-0vi) (0150)] +179.6 -0.3 0.0°
Min([Z° 1q(0),aq-0v10) (00)])] +0.1 0.0 16.3
TS[Z° aq(0),aq-0i) (@ 1] +117.9 +61.1 64.7
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TABLE IV. (Continued.)

AAE(CCSD(T)/def2.TZVP//B3LYP/6-311++G(d,p))

N-methylacetamide N-deprotonated forms w (deg) o (deg)
TS[Z° 1q(0)aq- (1) (0=, 04)] -66.6 +59.6 98.1
TS[Z° 1q(0)aq- (1) (0=, a-)] -114.9 -60.7 100.4
TS[Z° 1q(0).aq- (1) (0, 4-)] +66.6 +59.6 100.2
Min[Niaq(o),aq(NH) ((0180)] +179.8 n.a. -29.9
Min[N_aq(o),aq(NH) ((,00)] 0.0 n.a. -23.3
MaX[N_aq(o),aq(NH)(er)] +99.3 n.a. 80.5
-90.5 n.a. 88.4

MaX[Niaq(O),aq(NH) (u_), )]

*All AAE values are with respect to the Min[Zoaq(o)yaq(NH) (w150)], taking the isodesmic reaction into consideration.
Y All AAE values are with respect to the Min[Zan(o)_aq(NH) (w1g0)], taking the isodesmic reaction into consideration.
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SCHEME 1. Coding scheme of the minima (Min), transition states (TS), reac-
tion coordinates (RC) and maxima (Max) of the neutral, differently protonated and
deprotonated N-methylacetamide structures (see text for more details).

TABLE V. The AAG differences between the cis and trans isomers® of the optimized
N-methylacetamide as calculated at different theoretical levels.

20%. To compare these statistical results with the cis/trans ratio
derived from QM calculated energies, the DFT energies of H-Gly-
Gly-OH dipeptide were also calculated at B3LYP/6-311++G(d,p)

level of theory (STables 103-108, SFigs 67-72).

RESULTS
Statistical analysis of cis-trans isomerization
of non-proline peptides

The residue-independent average cis:trans ratio determined
from the PDB database is ~0.52%o, a value that shows large vari-
ations as a function of the chemical and topological properties
of the side chain. This ratio is low for Ile, but 2-3 times higher
than the calculated average for Gly and Trp [SFig. 1(a)]. For non-
Pro peptide bonds, the 1.18%o found for Yyy=Gly is the highest
cis:trans ratio, while the lowest one is that of Ile: 0.15%0. Under-
standably, we found that Yyy residues with a large hydrophobic (Ile,
Leu, Val), branched (Thr, Ile) or long (Lys, Arg) sidechain lower
the cis:trans isomer ratio, as a cis amide form is sterically more
compact.

In proteins, as expected, the highest number of cis amide bonds
precede the Pro residue [SFig. 1(b)], the average value of which is
about one hundred times higher than that of Yyy=nonPro. There
are significantly more Xxx-Pro cis amide bonds than those observed
for Pro-Yyy dipeptides [SFig. 1(c)]. However, it is worth noting
that for nine residues we could not identify any cis amide bonds
within the Pro-Yyy framework, whereas many of their palindromic
forms (Xxx-Pro) embed several cis amide bonds. For example, the
Asn-Pro amide bond has a cis/trans ratio of 53/1000, whereas not

AAG™S (k] mol ™) cis/trans ratio

a single Pro-Asn cis amide bond was found in this highly filtered

database.

The tabulation of the cis:trans ratio for all 20 proteinogenic
amino acid pairs revealed that the most flexible Gly-Gly dipeptides

contain the highest number of cis amide bonds between residues:
a total of 24 cis bonds were assigned among the 4347 Gly-Gly

Method”

MO06-2X/6-311++G(d,p) 3.7 1:4

B3LYP/6-311++G(d,p) 7.9 1:24

CCSD/def2-TZVP 10.9 1:81
10.5 1:70

pairs observed in proteins, corresponding to 5.6%o (STable 1).

NMR-spectroscopy

Although a comparable number of Gly-Ala, Ala-Gly and Ala-Ala
dipeptides were also found (4471, 4929, and 6323), surprisingly low

*The fully optimized two conformers are Min[Z°(w150)] and Min[Z°(wy)].
The IEFPCM implicit water solvent model was applied at all theoretical levels.
“The derived cis/trans ratios assuming a Boltzmann-distribution at 298 K.

numbers of cis amide bonds were assigned to the latter residue
pairs, namely 0.9%o, 0.6%o, and 0.6%o, respectively. This indicates
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that even the shortest methyl side chain group of Ala introduces
steric hindrance and thus, greatly reduces the occurrence of the cis
form.

The cis-trans isomerization of the peptide models
N-methylacetamide, H-Gly-Gly-OH and
N-acetyl-L-proline N-methylamide

In order to determine and characterize all critical points
of the cis-trans isomerization potential energy curve, N-
methylacetamide was first mapped using an implicit water-solvent
model (IEFPCM). A relaxed scan calculation was performed over
w = [CM-C'-N-C™¢]; ~180° < w < +180° incremented by 5°.
However, as the PEC ~ f(w) is not a continuous function due to
the pyramidal inversion of the amide N-atom, a dihedral angle «
had to be introduced, defined as —(180°-[C’'-CY™*_N-H]). Values
of « are shifted into the range [-80°, +80°] due to periodicity.
Although alternative definitions exist to describe the pyramidality
of the N-atom,”"** they are often coupled to the dihedral angle w,
whereas the one used here [Fig. 2(a)] is based solely on the spatial
arrangement of the C’-, C"™°-, and H-atoms around the pyramidal
N-atom.

The N-atom pyramidal inversion was observed during the
cis-trans isomerization of the more complex H-Gly-Gly-OH dipep-
tide model [Fig. 2(c)]. However, in the case of the N-acetyl-L-
proline N-methylamide (SFigs. 73-75) this inversion is absent due
to the pyrrolidine ring of Pro. Moreover, a non-zero pyramidal-
ity is observed for both the trans and cis proline peptide bonds:
Qtrans = 16.2° and ags = 17.0° at B3LYP/6-311++G(d,p), respec-
tively. This pyramidality of an amide system introduces a weaker
amide bond conjugation, which may favor an easier isomerization
for Pro.

The neutral PES of N-methylacetamide was calculated in 5°
steps [-180° < w < +180°, —-80° < a < +80°] [Fig. 2(b)]. Topolog-
ical analysis of the PES ~ f(w,x) shows that there are 4 TSs/period
within the studied interval, complementing previous studies that
only mention 2 TSs[16]. The PES has a C, mirror image symme-
try, with four transition states labelled as TS[Z%(wy, ay)], TS[Z%(w-,
as)], TS[Z%(w+, )] and TS[Z%(w—, a_)] which are distinguished
by the sign of the dihedral angle w and a. Pairs of mirror image
TSs, TS[Z’(ws, ai)] < TS[Z’(w-, a-)], and TS[Z’(w-, ;)] <
TS[Z%(ws, a_)], have the same relative Gibbs free energies (AAG):
85.1 and 87.8 kJ mol ™', respectively using the B3LYP functional and
79.5 and 82.4 k] mol™', respectively using the M06-2X functional
using basis set 6-311++G(d,p). (STables 29 and 35, respectively)
These stability data show that both the cis and trans minima are
connected by four approximately equally high isomerization TSs,
resulting that spontaneous isomerization cannot occur at room
temperature.

The AAG differences between the cis and trans isomers were
determined at the different theoretical levels (DFT and CCSD),
and the relative ratios were calculated assuming a Boltzmann
distribution at 298 K (Table V).

The currently calculated energy barriers can be compared with
those measured by NMR and published previously.””** While the
DFT stabilities are slightly underestimated, the CCSD/def2-TZVP
data agree with the values derived from our NMR based results.
We found that the AAG values calculated at the CCSD/def2-TZVP

ARTICLE pubs.aip.org/aipl/jcp

and B3LYP/6-311++G(d,p) levels of theory show a significant cor-
relation, as the Pearson correlation coefficient is #0.999. The same
Pearson’s r values were calculated between AAG values at theo-
retical levels B3LYP/6-311++G(d,p) and M06-2X/6-311++G(d,p).
Furthermore, the root-mean-square deviations (RMSDs) between
the fully optimized B3LYP and CCSD structures are small: e.g.,
0.046 A for Min[Z°(w1s0)], 0.06 A for Min[Z°(wo)] and 0.02 A for
TS[Z’(w+, a4)] respectively, indicating that the structural proper-
ties of the conformer hardly change. In the case of Min[Z%(w1s0)],
the slightly higher RMSD value (STable 41) is due to the dif-
ferent orientation of the methyl groups, which is irrelevant in
our view as the amide bonds are very similar. The RMSD val-
ues between fully optimized B3LYP and MO06-2X structures of
N-methylacetamide are in the narrower range [0.01, 0.05 A] (STa-
ble 40). In conclusion, the low RMSD values between the opti-
mized structures show that geometries obtained at B3LYP level are
relevant and can be used for later higher-level calculations. More-
over, the significant correlation between the stability data show
that even B3LYP relative energy differences are reliable, and, with
the use of a suitable offset value, the data are in agreement with
each other.

The QM calculated and NMR derived cis/trans ratios (1:81
and 1:70) of N-methylacetamide (Table V) are about 24-28 times
larger than those we found and calculated for proteins using PDB
data: 1:1930 or ~0.518%o (STable 1). This large difference could
be due to the fact that the N-methylacetamide model cannot take
into account the steric effect of the amino acid side chains. How-
ever, if we consider only the cis/trans ratio of H-Gly-Gly-OH,
then the calculated AAG.iyrans value is 12.5 k] mol™! at B3LYP/6-
311++G(d,p) level of theory, which converts to an isomer ratio of
1:180, almost perfectly matching the ratio obtained from the PDB
data: cis:transgly.gly = 1:181 = 5.6%o (STable 1). Furthermore, the cis-
trans isomerization TSs were optimized at B3LYP/6-311++G(d,p)
for H-Gly-Gly-OH, giving the following values: 87.9 kJ mol™
(TS[(GG)’(w-, )], SFig. 71), 79.0 kJ mol™ (TS[(GG)*(ws+, a+)],
SFig. 69), 83.1 kJ mol™ (TS[(GG)"(w+, a-), SFig. 70]) and 75.7 kJ
mol™ (TS[(GG)’(w-, a_)]), respectively. (SFig. 72) (STable 112)
These DFT calculated values are similar to those obtained in the lit-
erature for N-methylacetamide, 62.8-109.1 kJ mol™',*** suggesting
that N-methylacetamide is indeed a relevant model to study further
details of the cis-trans isomerization, as completed below.

The cis-trans isomerization of protonated
and deprotonated N-methylacetamide

One might wonder how such a high activation energy of iso-
merization (81.7-109.1 k] mol™!) could be reduced when the process
occurs in nature. Isomerization enzymes are thought to act via
acid-base catalysis, the probable mechanism of which has not been
elucidated in detail as of yet.”” As the O- and N-protonation of the
peptide bond takes place at pKa = 0 and —7," respectively; thus nei-
ther direct protonation nor deprotonation can be easily achieved
under normal cellular conditions (pH ~ 6 + 2).

To gain an understanding of the structural and energetic conse-
quences of acid-base catalysis, all the components of isomerization
were brought onto a common molecular platform that allowed us
to compare the AAG values of the protonated, deprotonated and
neutral amide systems. We aimed to find and identify the most
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FIG. 3. (a) The PES ~ f(w,a) potential energy surface of syn-O-protonated
N-methylacetamide. The top “forward” oriented IRC path (light blue arrows)
connects critical points as: Min[O**(wg)], TS[O*®(w—, ax)], Min[0O*S(wp)],
TS[O*$(w4, a4)] and Min[O*$(wgo)], while the bottom, “backward” IRC path
(black arrows) connects Min[O*%(w1gp)], TS[O**(w4, a-)], Min[O*%(wy)] and
TS[O*$(w—, a_)], respectively. (b) The PES ~ f(w,a) potential energy sur-
face of anti-O-protonated N-methylacetamide. The top “forward” oriented IRC
path (light blue arrows) connects critical points as: Min[0*2(w+g)], TS[O+?(w-_,
a)], Min[0*®(wp)], TS[O**(w+, a4)] and Min[0*3(w+gp)], While the lower,
“backward” IRC path (black arrows) connects Min[0*2(w+go)], TS[O*2(w-, a—)],
Min[O*3(wp)] and TS[O*3(w_, a_)], respectively. (c) The PEC of the N-protonated
N-methylacetamide given by relaxed “scan” calculations, with a “low energy”
maximum determined at dihedral angle w = 0°. (d) The potential energy
curve of the N-deprotonated N-methylacetamide. [Calculations were completed
at B3LYP/6-311++G(d,p) level of theory, using the IEFPCM water solvent model.]
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favorable transition pathways with the lowest energy TSs. In line
with the above, the PESs of both the anti- and the syn-O-protonated
N-methylacetamide were determined at the DFT level of theory.
We found that these PESs also exhibit C, symmetry, as found for
the neutral PES, presenting 4 plus 4 TSs [Figs. 3(a) and 3(b)],
again grouped in pairs. For the anti-O-protonated form, the AAG at
B3LYP/6-311++G(d,p) of the TS pairs are similar (152.7 and 153.8
kJ mol™!) and have higher energy (STable 30), while the AAG of
the syn-O-protonated TS pairs are less energetically similar (147.7
and 134.6 kJ mol™!) and are lower compared to those of the anti-
O forms (STable 31). However, as all these protonated TSs have
significantly higher AAG values compared to those of the neutral
molecule (85.1 and 87.8 kJ mol™", respectively), they signal that
paths with these TSs are less likely to occur and thus this way O-
protonation may not be the key to solution. N-protonation only
occurs under extremely acidic conditions, as its pKa = —7.*° How-
ever, if the peptide is N-protonated, then the N-atom is trapped in a
sp° hybrid state and therefore no N-atom inversion could occur. In
this case, the variable & becomes unnecessary, the 2D PES is sim-
plified to a 1D PEC and w truly monitors changes in AAG. The
analysis of this PEC ~ f(w) revealed that (i) it has three minima,
(ii) the cis amide bond (w = 0°) is a maximum, rather than a mini-
mum [Fig. 3(c)], and (iii) the trans isomer, Min[N" (w1g0)], remains
the global minimum of this PEC. The two very shallow local min-
ima were assigned at w ~ +60° correspond to the gauche(+) and
gauche(-) states, coded as Min[N*(w_)] and Min[N*(w.)], respec-
tively. The ~12.4 k] mol ™! relative energy of Max[N* (wo)] at theoret-
ical level B3LYP/6-311++G(d,p), which corresponds to the cis iso-
mer, is so low that at room temperature the interconversion between
the above 3 minima would occur spontaneously via the maxi-
mum, in case of the —albeit very unlikely - event of N-protonation
[Fig. 3(c)].

N-methylacetamide can only be N-deprotonated at pKa = 18.%
In this extremely basic molecular environment hydrolysis of the
polypeptide chain would also occur, making this mode of isomer-
ization unlikely. For the N-deprotonated N-methylacetamide, two
TSs were found at w ~ —94° and w ~ +94° at BALYP/6-311++G(d,p)
level of theory, forming a mirror image pair [Fig. 3(d)]. The energy
barrier of this isomerization pathway is ~107.1 k] mol ™" at B3LYP/6-
311++G(d,p), higher than the TSs of the neutral and N-protonated
forms. In conclusion, N-deprotonation and O-protonation cannot
increase the isomerization rate in a continuous solvent model.

Explicit solvent assisted acidic-base reactions
of the N-methylacetamide

Amide structures (minima, TSs, and maxima) complexed with
a critical number of correctly positioned explicit H,Os could be
involved in a catalyzed cis-trans isomerization route. Recognizing
the limitations of an implicit hydrate model system, all minima, TSs
and maxima of N-methylacetamide have been reoptimized so that
the amide model is now complexed with two explicit H,Os.

In general, the reoptimization with the two H-bonded waters
has only a marginal effect on the geometrical properties of
N-methylacetamide (STables 100 and 101). Since the intramolecular
H-bonds lower the total energy of the explicitly hydrated molecular
complexes, the two water molecules in the desired protonation state
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(H,0, H30" or OH™) were added in such a way, that the whole pro-
tonation/deprotonation and isomerization reaction could be treated
and evaluated within a common molecular framework.

The addition of two H-bonded water molecules to the neu-
tral amide system and the formation of H-bonded complexes does
not qualitatively change the isomerization PES: its C, symmetry
is preserved and the relative energy of TSs remain high enough
to practically disallow isomerization via this path at room tem-
perature [Table I'V(a)]: AAECCSPMVAeRTZVP 4 ctivation energies are
76.5 and 91.3 kJ mol ™', respectively. Thus, the TSs with explicit
H,Os remain approximately the same as those calculated using the
implicit (using only CPCM) approach (80.8 and 83.5 kJ mol~},
respectively) (Table I). Nevertheless, the lowest energy pathway
selected in the explicitly hydrated amide model (76.6 k] mol™) is
about 7 kJ mol™" lower than its implicitly hydrated counterpart
(83.5 k] mol™).

N-deprotonation of the amide bond does not pro-
vide a better alternative either, even with the inclusion of
the two explicit water molecules. The energy gap between
the cis (Min[N™ q0)aqmm)(wo)]) (SFig. 51) and trans
(Min[N™3q0)aqvm) (w180)])  (SFig. 48) isomers shrinks to
66 kJ mol™! (AEMin[N;q(o),,,,,(NH)(wo)] _AEMiﬂ[N;,(o)‘“q(NH)(wlso)]))
[Table TIV(f)] as compared to that the 152 KkJ mol ™
calculated applying the implicit water solvent model
(AEMInIN" (o)) _ ApMinIN™(@wo) ]y (T3ble 111). More importantly,
the maximum separating the trans from the cis isomer of this
form remains also too high to overcome at room temperature:
AN 0000y (9] g PMINN Gy 0).aqimy (@150)] 1183 kJ mol™’
[Table IV (f)].

The examples of both cyclophilin and dihydrofolate reductase
(DHFR) enzyme substrate complexes’ show that the cis-trans iso-
merization of Xxx-Pro amides is associated with an N-protonation
step, which terminates amide conjugation and facilitates w rotation.
While direct N-protonation occurs only at very acidic pH (e.g.,
N-methylacetamide pKa = —7), O-protonation could be completed
under less acidic conditions at pH ~ 0. Here we propose that
O-protonation could occur first, followed by a still unclear proton
“jump” from the O-atom of the carbonyl group to the nitrogen of
the amide linkage. Therefore, the associated PESss of both the syn-
and anti-O-protonated N-methylacetamide were analyzed focusing
especially on this aspect. The topologies of the PESs change only
slightly when explicit H,Os are applied, compared to those obtained
using the implicit water model [Figs. 3(a) and 3(b)]. In case of
O-protonation of the amide bond, proton transfer from H3O(+) to
N-methylacetamide - 2H,O lowers the relative energy of the com-
plex to —83.1 (syn) (SFig. 39) and —95.9 kJ mol™! (anti) (SFig. 34),
respectively. The lowest energy TS for the syn-O-protonated form
is +43.2 kJ mol™ (SFig. 42), while for the anti configuration this
value is +50.0 k] mol™! (SFig. 37), with respect to the neutral
amide - 2H,O plus H3O(+), which means significantly smaller net
energy cost for the cis-trans isomerization, compared to that of the
neutral form (see above): AAET Zagoyaqoum (o)) — 76 5 kJ mol™
[Tables ITV(a)-IV(c)]. The conformational shift of the O-protonated
N-methylacetamide - 2H,O from Min[O™**1q(0)aqmin) (W150)]
(SFig. 39) to TS[O™*.q0)aqnm(w—, a4)] (SFig. 42) is similar in
extent to that seen along the IRC path, calculated using the implicit
water model [Fig. 5(a)].
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Proton transfer between the O- and N-protonated
states of N-methylacetamide

The energy barrier of tautomerization between O- and
N-protonated states (RC[(O-N)+aq(O),aq(NH)]) (SFig. 62) is even
higher (AAECCSPVARTZVE _ 161 4 k] mol™) [Table 1V(e)]
than the energy barrier of cis-trans isomerization of the neutral
N-methylacetamide. Thus, it is not a likely route for proton trans-
fer between the two protonated states. However, at (w = —139.6°,
a = +41.5°) the transition state RC[O**,q(0NH)aqH)(@180)]
(SFig. 63) (AAECCSDMIeRTZVE 4 119 6 k] mol ™) points to a pos-
sible gateway leading from the O- to the N-protonated state. This
TS-optimized feature marks a particular point on the O — N proton
transition pathway, along which the rotation of w progresses from
-180° to 0° [Fig. 5(a)]. The molecular structure of this key junc-
tion of the two paths (RC[O+Saq+(o,NH),aq(NH)(wlgo)]) is also peculiar:
that six atoms (N-,C’-,0-,Hag+-,0aq+- and Hag+) form a pseudor-
ing containing two H-bonds. The O-H bond of the hydroxonium
ion coordinated by both heteroatoms of the amide is slightly weak-
ened [Fig. 4(a)]. There is an overlap between the lone electron
pair of the nitrogen and the anti-bonding orbital of the H;0™ ion
(SFig. 66) thus the partial donation of the hydrogen toward the N
can be seen.

The critical points of the N- and syn-O-protonated amide
potential curve and surface were obtained by IRC calculations
started from the RC[O™.q+(0Nm)aqm(w1s0)] (SFig. 63) and
RC[N"ag+0Nm)aqmy(wo)] (SFig. 64) at (w = -1.3°, a = +46.2°)
transition state pair. Assuming a Boltzmann distribution, the ratio
of trans syn-O-protonated to N-protonated N-methylacetamide is
1:1077, which result is in agreement with previous NMR data,"’
where this ratio was measured to be 1:107°. This also further sup-
ports our thesis that N-protonation of amides can only occur via
O-protonation with the help of the aqueous environment through
this special RC[O+Saq+(o,NH),aq(NH)(wlgo)] transition state, however
this route does proceed with surprisingly low energy barrier.
The trans to cis isomerization pathway follows the N-protonated
PEC, as reported above for the implicitly hydrated amide sys-
tem [Figs. 3(c) and 5(a)], leading via the N-protonated minimum,
termed Min[N",q(0)aqvm) (0-)] (SFig. 47) (0 = —42.1°, a = 57.8°)
with a relative energy of —47.4 kJ mol™ [Table IV(d)], to the local
cis maximum labelled Max[NJ'aq(o),aq(NH)(wo)] (SFig. 46) (w = +2.4°,
a=+57.2°).

As mentioned above, for the implicitly hydrated model, the
conformer Min[N" ,q(0)aqviy(w-)] (SFig. 47) is a fully optimized
minimum with no negative second derivatives, while the critical
point Max[N*aq(o),aq(NH)(wo)] (SFig. 46) is a structure with one
imaginary vibrational frequency (~75.62 cm™"), representing mainly
the torsional vibrational mode operating along the C'-N o bond.
As expected also for the N-protonated explicitly hydrated amide
model, the relative CCSD(T) energy range associated with a com-
plete w period (180° < w < +180°) is in the range 0-10.8 k] mol™"
[Table I'V(d)]. This relatively small energy difference between the cis
and frans isomers means that any configuration along w is possi-
ble, meaning that even the cis isomer is readily accessible at room

temperature.
A similar transition state has been found for (w = -1.3°,
o = +46.20) (RC[N+aq+(o)NH)‘aq(NH)(wo)]) (SFlg 64) with

AAECCSPMVATZVE 9 4 k] mol™' compared to the neutral
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of N-methylacetamide compared with those obtained for the neutral trans molecule Min[Zan(o),aq(NH)(m80)], with the following labeling: 1 is Min[Zan(o),aq(NH)(m30)],
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FIG. 5. (a) The IRC path (red) connecting Min[0*®(w1gp)] (w = —180.0°, & = +0.0°) to TS[O**(w_,a+)] (w = —61.1°, « = +56.8°) and the lowest energy trans to cis
isomerization path (“superway”) (orange) connecting Min[O*Saq(o),aq(NH)(wmo)] to Max[N+aq(o),aq(NH)(w0)] via the O- to N- proton transfer step (RC[O+saq+(O,NH),aq(NH)(w180)]):
depicted by the PEC obtained from a “scan” calculation in 1° steps in the range (-180° < w < 0°) from Min[N* 40 aqnH) (@180)] @nd IRC path calculations started from
RC[O*® g+ (0 NH)aqNH) (@180)] @nd RC[N* aq.4 o NH)aqvH) (wo)] at the B3LYP/6-311++G(d,p) level of theory (b) The IRC paths and the potential energy curve for the
N-protonated ~ N-methylacetamide - 2H,0 complex calculated from the proton transfer steps in both the trans (RC[O*®s.(onH)aqnH)(@1g0)]) and cis
(RCIN ag+(0NH)aquH)(wo)]) structures with the local potential energy surfaces [AAE(w,«)] for both of them and for the cis (Min[0*®q(0)aqnm)(wig0)]) and trans
(Min[0*® 34(0),aqNH) (@180)]) Syn-O-protonated N-methylacetamide - 2H,O complexes obtained at B3LYP/6-311++G(d,p). The potential energy surfaces are calculated
relative to the given critical point (black) RC[O+Saq+(O,NH),aq(NH)(w180)], RC[N+aq+(O,NH),aq(NH)(U~)0)]y Min[0+Saq(o)’aq(NH)(w130)] and (Min[O*Saq(o),aq(NH)(w130)]). The blue
curve represents the O-protonated part of the IRC curve and the red curve represents the N-protonated part. (c) Based on our data, the critical steps of a hypothetical
enzyme-catalyzed cis-trans isomerization, focusing on the substrate, explicit H,O and acid-catalyzed sidechain (e.g., Asp or Glu) rearrangements at the active site.
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trans structure. This low energy barrier allows the proton to
be transferred back from the N-atom to the O-atom of the
amide, giving a cis O-protonated form with AAECCSD(D/def2-TZVE
= -85.5 kJ mol™' compared to the neutral trans structure. This
O-protonated cis state is even in a lower energy state than the
O-protonated trans N-methylacetamide due to the extra hydrogen
bond between the two surrounding water molecules. If back-
protonation occurs when w is close to or exactly 0° (close to
the cis isomer), the neutral cis amide form is obtained, as the
highest barrier it had to overcome during the entire isomerization
pathway was only +11.6 k] mol™'. Note that this relative energy
is only one seventh of the lowest TS (TS[Zan(o),aq(NH)(wh a)]:

AAECCSPMIAR-TIVE _ 76 51T mol™!) for the neutral IRCs.

A hypothetical reaction route for the cis-trans
isomerization of non-proline amides

Figure 4(b) summarizes all the critical points of the latter
“superway,” starting with the proton transfer step leading to the rare,
but more abundant O-protonated state, which conformer shifts to
a critical TS where the proton is transferred from the O-atom of
the carbonyl to the N-atom, catalyzed by a well-positioned water.
Once the n-7 conjugation is terminated, as the N-atom becomes
protonated and acquires its sp® hybrid state, the rotation around
w becomes nearly barrier-free and thus, the cis isomer is reach-
able. At certain points of continuous rotation of the C'-N bond the
proton can be back-transferred to the O-atom with the assistance
of a water molecule, which can also take up the proton from the
amide. The six critical steps of the protonated N-methylacetamide -
2H,0 complex offer a possibility to propose a hypothetical enzyme-
catalyzed cis-trans isomerization pathway [Fig. 5(c)]: (i) at pH = 6,
the carboxyl sidechain of Asp or Glu protonates the key water
molecule, producing a COO- group and a H3;O" ion. (ii) In the sec-
ond step, the proton is transferred from H;O" to the C=0 group
of the amide bond. (iii) During the third step, the O — N proton
shift occurs with the assistance of the H,O molecule. (iv) Now the
N-atom of the protonated amide becomes positively charged (sp®
hybrid state), the C’'-N rotation becomes almost barrier-free, thus
the w dihedral angle rotates to ~0° (cis form). (v) In the fifth step,
the proton is transferred back to the oxygen, resulting in an O-
protonated cis form. (vi) In the final, sixth step, the amide is depro-
tonated. The key water molecule (H3;0%) held by the sidechain of
Asp/Glu.

CONCLUSION

Statistical analysis of proteins retrieved from the PDB confirms
that the cis isomer of the amide bond exists for hundreds of protein-
embedded Xxx-Yyy dipeptides. Undoubtedly, most of the cis amide
bonds are associated with the Xxx-Pro units, but even when Pro is
excluded from the analysis, dozens of cis examples were identified
for almost every amino acid residue (STable 1). Since the thermody-
namically more stable trans isomer is separated from the cis isomer
by a high kinetic energy barrier (~85 kJ mol™), it ensures that there
is no spontaneous transition between cis-trans isomers under phys-
iological conditions, raising the question of what kind of molecular
machinery could nevertheless ensure the emergence of such an equi-
librium in living cells? In a cellular environment, isomerase enzymes
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facilitate this otherwise too high energy barrier to maintain equilib-
rium and “repair” “faulty” amide bonds. We have shown that the
energetics of the isomerization of N-methylacetamide is quite sim-
ilar to dipeptide segments thus is it a suitable model - especially
with two explicit H,Os - for its study. Reaction pathways of both
the neutral system and protonated and deprotonated, variants were
considered. In the case of O-protonation, the isomerization energy
barrier remains too high (~150 k] mol™") regardless of whether it
is in syn- or anti-configuration. However, we also found that the
N-protonated amide bond can be rotated around w at a low energy
cost (0 < AAE < +10k) mol™"). Direct -spontaneous - N-protonation
of the amide can only occur under at extremely acidic conditions of
-5 < pH < -9, as its pKa is —7.°! Interestingly, O-protonation has
a lower pKa of 0 and can therefore occur under milder acidic con-
ditions or be initiated by an ideally positioned donor trapped in a
proximal position - as in the case of an activated water or a proto-
nated side chain within a protein matrix. In view of the above, we
started a systematic search for possible transitions between O- and
N-protonated isomerization pathways of amides. We found that any
tautomerization would have too high energy cost, but if two H,O
molecules, both H-bonded to the amide, are explicitly included in
the model, the connecting TSs could be identified and optimized
(RC[O™* 4qs(0.Nm)aqvt) (@180) ], RCINT a4 oNH)aquvm (@0)]) (Fig. 4).
N-protonation in aqueous solution can occur via O-protonation
through these TSs.

Two reversible low energy pathways were also found for pro-
ton transfer between the amide O- and N-atoms with the active
assistance of a water molecule. Interestingly, there is no stable cis
(w = 0°) state for the N-protonated amides since the cis criti-
cal point is a maximum. However, as the torsion angle along w,
requires only low energy to rotate (0 < AAE < +10 kJ mol™"),
the cis orientation also becomes available; this amide form could
be stabilized via a proton back transfer. In other words, w will be
either trans or cis, depending on the rotational state of the tor-
sional angle w, if back-protonation stabilizes one of the two isomers.
The probability of O-protonation is proportional to the acidity of
the medium, but if the amide is locally protonated in an aque-
ous environment, the cis amide bond can be spontaneously formed
and “fixed” by deprotonation. This explains why such a large vari-
ety and small but significant number of cis amide bonds can be
identified in oligo- and polypeptides, but also in globular proteins
(STable 1).

Here we have studied the detailed mechanism of the amide iso-
merization reaction supported by a pair of water molecules in the
context of an acid-base reaction, revealing the elementary steps of
a catalysis. We have identified six key steps, determined the asso-
ciated molecular complexes, and outlined a possible low-energy
pathway for trans to cis isomerization. The series of minima, TSs and
maxima now revealed can be regarded as a model of the defining
steps of such a biocatalyzed reaction. Without the explicit knowl-
edge of a protein scaffold, we have outlined the essence of such
an isomerization with calculating the CCSD(T) energy levels of
the critical points of the process. We present here, for the first
time, a coherent mechanism of the acid/water catalyzed, cis-trans
amide isomerization pathway, along which the highest TS is only
11.6 k] mol™ [Fig. 4(b)], creating the possibility for the two isomers
to be in contact with each other at room temperature in an aqueous
medium.
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SUPPLEMENTARY MATERIAL

The detailed statistical data from the PDB for the cis:trans
ratio of peptide bonds can be found in SFig. 1 and STable 1.
Geometrical and energetical data for neutral, protonated and
deprotonated N-methylacetamide calculated at the theoretical levels
B3LYP/6-311++G(d,p), M06-2X/6-311++G(d,p) and CCSD/def2-
TZVP//B3LYP/6-311++G(d,p) in the implicit solvent model can be
found in STables 2-42 and SFigs. 2-27. Geometric and energetic
data for neutral, protonated and deprotonated N-methylacetamide,
calculated at the theoretical levels B3LYP/6-311++G(d,p) and
CCSD/def2-TZVP//B3LYP/6-311++G(d,p) in explicit solvent
model can be found in STables 43-101 and SFigs. 28-64. Some
examples of the structural and conformational notation developed
in the article for neutral, protonated and deprotonated molecular
structures can be found in STable 102. Critical points and rela-
tive energies compared to Min[Zan(o),aq(NH)(wlgo)] calculated at
CCSD(T)/def2-TZVP//B3LYP/6-311++G(d,p) for N-deprotonated,
N-protonated and O-protonated structures are shown in SFig. 65.
Second order perturbation energies from natural bond orbital
calculations at B3LYP/6-311++G(d,p) of the H,O---NH and
H,O- - -O=C'interactions at points of the IRC path calculated from
RC[O™** 3g+0Nm),aqniy(@is0)] and RCINT uq10Nm)aqvin (@0)] can
be found at SFig. 66. Geometric and energetic data for the neutral
H-Gly-Gly-OH and N-acetyl-L-proline N-methylamide can be
found in STables 103-113 and SFigs. 67-75.
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