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Theory

The Perturbed Matrix Method

Estimating the electronic properties of complex molecules in aqueous environments requires

treating both classic and quantum degrees of freedom. An accurate yet efficient compu-

tational approach comprises the application of different levels of theory within the same

system. The complex system is divided into a small group of atoms, which are directly

involved in the electronic process of interest, and the complementary part of the system, i.e.

S1

marco.dabramo@uniroma1.it


the environment. The former, called Quantum Center (QC), is accurately described using

Quantum Mechanics (QM) calculations, while the rest of the system can be treated using

Molecular Mechanics (MM).

In the Perturbed Matrix Method (PMM), the electronic properties of the QC (Ĥ) are ob-

tained by adding a perturbation operator (V̂ ), which describes the semi-classic, electrostatic

interaction between the QC and the environment, to the gas-phase unperturbed QC elec-

tronic properties (Ĥ0). The interaction can be recalculated for each MD frame ”a posteriori”,

as shown in Equation S1. This unique feature allows the use of accurate QM level of theory

and long timescale MD simulations (MD-PMM), making it a suitable approach for studying

chemical reactions of in complex systems.1–6

Ĥ = Ĥ0 + V̂ (S1)

The diagonalization of the electronic Hamiltonian matrix of the QC within the envi-

ronment, at each MD frame, produces a trajectory of eigenvalues and eigenvectors that

correspond to the QC perturbed eigenstates and energies. In this work, the MD-PMM

calculations – under the atom-based expansion for the diagonal and the dipole-based ap-

proximation for the off-diagonal elements of the electronic Hamiltonian matrix7,8 – were

performed to estimate the free energy barriers of the two-step succinimide formation and for

the determination of the acidic constant of the N-H group of Gly in the Ace-AsnGly-NH2

(AsnGly) system, which are described in the next sections.

Estimation of the Laundau Free Energy and the Generalized Tran-

sition State Theory

In the context of chemical reactions, the definition of reaction coordinate (ξ) is a convention-

ally utilized concept. Within the MD-PMM scheme, by performing the calculations along

ξ, the free energy variation at specific ξ values (∆A(ξ)) can be obtained. For each point i
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along ξ (solid pink points in Figure S1), the free energy variation between i and the following

point i+ 1 is:

∆Ai−→i+1(ξ) ≃ −kBT ⟨e−β∆U⟩i (S2)

where ∆U is the perturbed energy change (Ui+1−Ui), which can be estimated by diagonal-

izing the perturbed electronic Hamiltonian matrix, as obtained by the PMM calculation. In

the equation, β = 1/kBT , where kB is the Boltzmann constant and T is the thermodynamic

temperature.

Figure S1: Pictorial representation of the free energy variation along the reaction coordinate
(ξ) for a chemical reaction in solution. The yellow area is a graphical representation of∫ ξMax−δ/2

ξMin
e−β∆A(ξ)dξ in Equation S3.

.

As previously described,1,2,4,6 the estimation of ∆A(ξ) allowed us to apply the Gener-

alized Transition State Theory (GTST), a theory that has been proven to be efficacious in

describing the kinetics of chemical reactions in solution, as in the case of this work. The

GTST indeed permits the inclusion of the complex nature of the reaction coordinate, by

explicitly computing the velocity (v) with which the Transition State (TS) transits through

the tiny TS region (δ), and takes into account the deviation from the harmonicity in the

reactant (R) and TS regions by analyzing the shape of the free energy profile along ξ (yellow
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area in Figure S1). Therefore, according to the GTST, the kinetic constant for a general

reaction R −→ TS −→ P going through a unique TS state, can be expressed as:

k =
e−β∆A‡∫ ξMax−δ/2

ξMin
e−β∆A(ξ)dξ

v

2
(S3)

where the integral limits (ξMin, ξMax − δ/2) define the reactant ensemble ξ area, from

the energy minimum, i.e. the reactant, to the TS immediately preceding point. ∆A(ξ) is

the Landau free energy variation along ξ, while ∆A‡ is the free energy variation between the

transition state and the reactant (Figure S1). When the shape of the reactant area is fully

quadratic (dotted red line in Figure S1) and the TS traversing velocity (v) is approximated

to a normal mode fluctuation, Eq. S3 becomes the well-known Eyring equation:

kE = κ
kBT

h
e−∆A‡/RT (S4)

where R is the ideal gas constant, and κ the transmission coefficient. For a thoughtful

explanation of the theoretical foundation beyond the concepts here discussed, please refer to

the following references: Amadei et al. 9 , Amadei et al. 10 ,Peters 11 , Nardi et al. 1 .

pKa Theoretical Determination

Given the relevance of an accurate estimate of the pKa of the Gly NH in comprehending the

deamidation reaction in solution, we employed a previously developed PMM-based frame-

work12 to rigorously estimate the acidity of the amide NH group in AsnGly.

The deprotonation reaction of AsnGly reactant species, referred to as Asn (Figure 1 A), into

its conjugate base Asn−, can be expressed as:

Asn −⇀↽− Asn− +H+ (S5)

The pKa of the Asn species can be expressed as

S4



pKa = −log
[Asn−][H+]

[Asn]
=

µ◦
Asn− + µ◦

H+ − µ◦
Asn

2.303kBT
(S6)

For diluted species, as in the case of this work, the activity coefficient is assumed unitary

and, therefore, µ◦ corresponds to the standard chemical potential. The standard chemical

potential variation occurring upon deprotonation (∆µAsn−→Asn− = µ◦
Asn− − µ◦

Asn) coincides,

at constant volume, with the Helmholtz free energy variation (∆A) plus the vibrational

contribution to the deprotonation energy (∆Asol
vib), i.e. ∆µAsn−→Asn− ⋍ ∆A+∆Asol

vib.

The standard chemical potential of the solvated proton (µ◦
H+), reported in Equation S7,

is obtained from the experimental solvation energy of the proton (∆µH+), the gas-phase

standard free energy variation of the deprotonation reaction (∆Ggas
AH−→A+H+) and the QC

unperturbed ground state energy change upon deprotonation, ∆U0
el.

µ◦
H+ = ∆µH+ +∆Ggas

Asn−→Asn−+H+ + kBT ln(kBT
ρ◦

P ◦ )−∆U0
el −∆Agas

vib (S7)

where the term kBT ln(kBTρ
◦/P ◦) is the correction factor for the gas to solution state

change, with ρ◦ being the solution standard molecular density (1 M) and P ◦ the gas phase

standard pressure (0.1 MPa).

Finally, using Equations S6 and S7 and assuming ∆Asol
vib

∼= ∆Agas
vib , the pKa expression

becomes:

pKa =
∆µH+ +∆Ggas

AH−→A+H+ + kBT ln(kBT
ρ◦

P ◦ ) + ∆A−∆U0
el

2.303RT
(S8)

The Helmholtz free energy change upon deprotonation can be efficiently obtained through

MD-PMM calculations. In this work, the atom-based expansion approximation was utilized

to estimate the Helmholtz free energy change. Following the derivations reported in Zanetti-

Polzi et al. 12 , D’Annibale et al. 13 , the ∆A can be expressed as:

∆A ∼=
kBT

2
ln
⟨eβ∆U⟩Asn−

⟨e−β∆U⟩Asn

(S9)
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Materials and Methods

Computational Strategy

The estimation of Ace-AsnGly-NH2 (AsnGly) deamidation kinetics required the calculation

of i) NH acidity to estimate the pKa; ii) the Helmholtz free energy of activation for the ring-

closure step; iii) the Helmholtz free energy of activation for the deamination step (see Figure

1A). Specifically, for points ii) and iii) it was extended the methodological framework already

used in a previous work4 on the succinimide formation on the model compound AsnNHMe.

The reactions were modeled using the Molecular Dynamics-Perturbed Matrix Method (MD-

PMM) scheme, a theoretical-computational hybrid quantum mechanics/molecular mechanics

(QM/MM) approach featuring remarkable accuracy at a reasonable computational cost (see

previous section). For each reaction step, the kinetic constants were estimated following the

Generalized Transition State Theory (GTST), discussed in the Theory section. Two method-

ologies were applied to the calculation of the acid dissociation constant. One is based on the

theoretical derivation discussed in the previous section, which involves the MD-PMM scheme.

In previous works,12,13 the employed methodology demonstrated its ability to capture acidity

variation of ionizable side chain groups in proteins. In this work, to model this thermody-

namic property, we used as QC a model compound for the backbone amide,14 namely the

N-methylacetamide (NMA). The procedure required calculating the ground state electronic

properties of NMA in neutral (NH) and anionic (N−) states, as well as one MD simulation

of the peptide in water for each protonation state. Given the complexity of treating the

QM/MM boundary region (i.e. the link atoms) in the protein backbone, we also applied

a full-QM methodology, developed by Muckerman et al. 15 . According to such a method,

on the optimized structure of interest, a single point calculation using the Conductor-like

Polarizable Continuum solvation Model (CPCM) to model the implicit solvent and the sol-

vation, along with vibrational frequencies calculations, is required for each state (neutral

and anionic). In this case, the whole AsnGly was used for the calculations.
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Quantum Chemical Calculations

All the Quantum Chemical calculations were performed using Gaussian16.16 The initial

coordinates of the optimized structure of the trans-NMA in the anionic form were retrieved

from the work of Kelemen and coworkers.17 The neutral form of NMA was generated by

adding a hydrogen ion to the anionic nitrogen atom using the Avogadro software,18 leaving

the nuclear position of the other atoms unchanged. For each protonation state, the structures

were optimized at the CCSD/Def2TZVP level, and the frequencies checked to verify that was

a minimum. Then, these structures were subjected to another optimization step at the same

level of theory but using a more extensive basis set, specifically aug-cc-pVDZ. Once verified

that the stationary point was a minimum, the ground state electronic properties (energies,

dipoles, and ESP charges) at the CCSD(T)/aug-cc-pVDZ level were utilized in the MD-

PMM scheme (Ĥ0). For the QM-pKa procedure,15 the calculations were performed on the

whole AsnGly in the neutral and anionic NH amide form of Gly. Due to the high number of

atoms in the system, calculations using CCSD was not feasible as the level of theory resulted

in a prohibitive computational cost. Consequently, the calculations were performed using

B3LYP and 6-311++G** as the basis set. The initial coordinates of the neutral dipeptide

were obtained by extracting the most sampled conformation among a subset of conformations

having a distance N-Cγ minor than 4 Å from an MD simulation of the dipeptide in water.

The corresponding anionic form was generated by removing the hydrogen ion from the NH

amide of Gly. The structures were optimized at the B3LYP/6-311++G** and their nature

was verified by calculating the vibrational frequencies of the stationary point found. To

enable a proper comparison between NMA and AsnGly pKa, using the QM-pKa procedure,

the same calculations were also conducted on NMA, utilizing the same level of theory and

basis set of AsnGly.
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Molecular Dynamics Simulations

Neutral and anionic NMA as well as neutral and anionic AsnGly were simulated for 150ns

without constraints in the NVT ensemble at 300 K. Conversely, the MD simulations of the

dipeptide required for estimating the free energy variation along the reaction coordinate for

the two-step succinimide formation, in the MD-PMM context, were performed constraining

the reaction coordinate. This procedure ensured the calculation of the Landau free energy

and thus the application of the GTST. These simulations were performed in the NVT ensem-

ble, at 300K, and lasted 150 ns. The force field used for all the simulations of the dipeptide

was Amber99sb-ildn. Tet−, Suc, and NMA parameters were obtained using ACPYPE.19

Asn− parameters were manually set equal to the of Asn with the exception of all the bonded

parameters involving the missing hydrogen ion, which were removed. The parameters for

the anionic form of NMA were obtained using the same strategy described above for Asn

and Asn−.

All the simulations were performed with Gromacs software package.20 The solute molecule

was centered in a cubic box and subsequently filled with water molecules, using the TIP3P

model. Na+ and Cl− ions were added to the simulation box to ensure electroneutrality (the

final NaCl concentration was 0.15 M). Following a minimization step using the steepest de-

scent algorithm, a series of consecutive NVT equilibration steps were performed by adjusting

the simulation box size to reproduce the experimental density of the water, as previously

described.21,22 The velocity-rescale algorithm23 was applied to control the temperature of the

simulations. Long-range electrostatic interactions were estimated according to the Particle

Mesh Ewald (PME) scheme,24,25 with a cut-off of 1.1 nm. The same cut-off was utilized

for the non-electrostatic long-range interactions, using the Verlet algorithm to generate the

neighbor list.26
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MD-PMM calculations

The MD-PMM procedure was employed to estimate the free energy profile along the reaction

coordinate for the two-step succinimide formation and for the NH amide pKa. In this

work, the QC (AsnNHMe) electronic properties were taken from our previous work.4 The

perturbation generated by all the remaining atoms (V̂ in Equation S1) was estimated using

the MD simulations of the dipeptide in water. Employing the theoretical-computational

framework discussed in the Theory section, we estimated the pKa of the NH amide of NMA

and the dipeptide, using in both cases NMA as QC, via Equation S8. In that equation,

the experimental value27 for the free energy variation upon deprotonation in gas phase

∆Ggas
NMA−→NMA−+H+ was used, as previously reported.12,13 The chemical potential variation

due to the proton solvation (∆µH+) was also retrieved from previous experiments.28

Chemicals

The dipeptide AsnGly, N-terminal acetylated and C-terminal amidated, was purchased as

lyophilized powder from GenScript (UK). Phosphate buffer (PB) was prepared by titrat-

ing with concentrated HCl a solution of Na2HPO4 prepared by dissolving the salt (Sigma-

Aldrich) in the suitable amount of ultrapure water (18.2 MΩ/cm) from Arium pro UV system

(Sartorius Stedim Biotech). Once the desired pH (6 or 8) was reached, the buffer solution

was brought to volume in a volumetric flask. pH was measured using a glass combined elec-

trode (Hamilton MiniTrode) connected to a digital pH-meter (Hanna pH301 pH/ion-meter).

The solution preparation was performed at room temperature by weighing the appropriate

amount of AsnGly, typically 2-4 mg, into an Eppendorf vial and then adding the PB buffer

at the required pH. Samples intended for NMR measurements were prepared in a 5% (by

volume) mixture of D2O/H2O. In case of NB experiments, the same amount of AsnGly was

dissolved in water and a solution of NaOH was added until a pH of 8.2 was reached. Once

prepared, the solutions were kept at room temperature (∼ 298 K).
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Attenuated-Total-Reflection Infrared Spectroscopy (ATR-IR): ex-

perimental set-up and data collection parameters

Attenuated-Total-Reflection Infrared (ATR-IR) absorption spectra were collected using a

Bruker Vertex 70v Michelson spectrometer (Bruker Corp., Billerica, MA, USA) equipped

with a monolithic ATR–Diamond single reflection module and a DLaTGS wide range de-

tector. The spectroscopic measurements were carried out at room temperature and under

vacuum conditions to minimize interferences induced by water vapor and CO2 absorptions.

The buffer spectrum was collected immediately prior to each sample measurement, using

the same experimental settings as the AsnGly solution. For each ATR-IR measurement, 5

µl of the solution (dipeptide solution and/or buffer) were directly dropped onto the ATR

diamond crystal, collecting several repetitions of 128 scans between 50–6000 cm−1 with a

spectral resolution of 4 cm−1 and then the ATR crystal was cleaned with ethanol (purity >

90 %), distilled water and lens tissue, to eliminate spurious signals. The AsnGly solution

at pH 8 was investigated daily for two weeks at exactly the same time each day to monitor

the Asn deamidation kinetics. ATR-IR data pre- and post-processing (such as absorbance

calculation, baseline correction, water subtraction, ATR advanced correction, cut and av-

erage, and Gaussian fitting) were performed using OPUS 8.2 software (Bruker Optics) and

dedicated algorithms for weighted fittings based on MATLAB (ver. 2020, MathWorks Inc.,

Natick, MA, USA).29–32 Dipeptide analysis was focused on the 1350-1800 cm−1 spectral

region associated with the amide I, II and III absorption bands.33–35 Each spectrum was

normalized to the area under the spectrum in the 1350-1800 cm−1 interval and deconvoluted

into single spectral components. The minima of 2nd-derivative absorption spectrum were

used to obtain the spectral frequencies as starting points for multiple Gaussian fitting,36,37

performed with OPUS 8.2 software considering the residual error (RMSE) value as goodness-

of-fit parameter.30,31,33,36 The characteristic frequencies were assigned to specific vibration

modes,33,35 including the absorption bands attributable to xAsp. The integrated areas of

their convoluted bands were considered.33,35 The obtained values for the xAsp areas were
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normalized to the maximum value of the xAsp area, which was obtained on day 11 of the

analysis.

NMR measurements

All NMR measurements were performed at 298 K using either a Bruker Avance 400 spec-

trometer (Bruker Corp., Billerica, MA, USA) equipped with a 5 mm Prodigy cryoprobe or a

JEOL 600 MHz ECZ600R spectrometer (JEOL Inc., Tokyo, Japan) equipped with a 5 mm

ROYAL probe. A series of one-dimensional (1D) 1H spectra were collected at different time

points (see Tables S1 and S2) from their preparation (t0) up to nearly three months in the

case of samples at pH 6.0 and up to 10 days for PB pH 8 and NB. For the 1H-1D experi-

ments, a pulse sequence with excitation sculpting and gradients for water suppression (the

zgesp pulse program) was used with the following instrumental parameters: spectral width,

6400 Hz; recycle delay, 1 to 5 s; 8 dummy scans; 32 transient scans; 65-K time domain data

points. For chemical shift assignment and identification of the different reaction species, the

following two-dimensional (2D) spectra were recorded in the Bruker Avance 400 spectrome-

ter: 1H-1H TOCSY, 1H-1HROESY, 1H-13C HSQC, and 1H-13C HMBC. The 1H-13C HSQC

spectra used an HSQC sequence with Echo/Antiecho-TPPI (Time Proportional Phase In-

crementation) acquisition mode in F1, sensitivity improvement, and gradient and shaped

(selective) pulses (the hsqcetgpsisp2.2 pulse program). The spectra had a spectral width of

4802 Hz and 4528 Hz for the 1H and 13C dimensions, respectively, 80 or 128 t1 increments,

each with 2048 complex data points, 8 transients, and a relaxation delay of 1.0 s. The 1H-1H

TOCSY spectra (80 ms of mixing time) used a homonuclear Hartman-Hahn transfer using

MLEV17 sequence for mixing, two power levels for excitation and spinlock, and water sup-

pression was achieved using a 3-9-19 pulse sequence with gradients (the mlevgpph19 pulse

program). The spectra had a spectral width of 3605 Hz in both the direct and indirect

dimensions, 200 t1 increments, each with 2048 complex data points, 16 dummy scans, 2

transients, and a relaxation delay of 2.0 s. The 1H-1H ROESY spectra (250 ms of mixing
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time) used a sequence with cw spinlock for mixing, while water suppression was achieved

using a 3-9-19 pulse sequence with gradients (the roesygpph19 pulse program). The spectra

had a spectral width of 3605 Hz in the direct and indirect dimensions, 160 t1 increments,

each with 2048 complex data points, 16 dummy scans, 8 transients, and a relaxation delay

of 1.0 s. NMR data acquisition, processing, and analyses was performed using the Bruker

software package TopSpin.

The 600 MHz JEOL spectrometer was used to record the 1D-1H and 2D 1H-13C HSQC

and 1H-13C HMBC spectra of the three samples at t0, and at 90 days for the sample at pH

6. The 1D spectrum used watergate and dante presaturation for solvent suppression. The

spectral width was 9000 Hz; 3 s, the recycle delay; 4 dummy scans and 64 transients scans

were recorded with 2088 time domain data points. For the 1H-13C HMBC, a hmbc sequence

with wet and dante presaturation for solvent suppression was used. The spectra had spectral

widths of 9002 Hz and 27162 Hz for the 1H and 13C dimensions, 256 t1 increments, each with

2048 complex data points, 80 transients, and a relaxation delay of 1.0 s. The 1H-13C HSQC,

used watergate and dante presaturation schemes for solvent suppression. The spectra had

spectral widths of 6600 Hz and 6795 Hz for the 1H and 13C dimensions, 128 t1 increments,

each with 2048 complex data points, 4 dummy scans, 20 transients, and a relaxation delay of

1.0 s. NMR data acquisition and processing were performed using the JEOL software package

Delta v6.1 and analysed using MestReNova v14.3.3 (Mestrelab Research S.L.) software.

Analysis of experiment-derived species concentrations

The measure of the relative concentrations of each of the stable species (Asn, Suc, Asp,

and isoAsp) simultaneously present in the AsnGly solution during the deamidation reaction

allowed the investigation of the reaction mechanism by comparing the values of the kinetic

constants determined theoretically and experimentally. The main focus of this work was

the determination of the kinetic constants of all the processes occurring during the transfor-

mation of Asparagine into the Succinimidic intermediate, which is generally accepted - and
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confirmed by this work - as the rate-determining step of the deamidation reaction.38–41 For

this purpose, the amount of Asp and isoAsp was summed and treated as a single product,

termed xAsp. Based on our knowledge of the overall reaction, we built a set of ordinary

differential equations describing the transformation of Asn to xAsp, including an initial de-

protonation stage and the formation of the metastable tetrahedral intermediate (Tet−; see

Scheme 1), reported in Equations S10 - S13.

d[Asn−]

dt
= −k1[Asn

−] + k−1[Tet
−] (S10)

d[Tet−]

dt
= k1[Asn

−]− (k2 + k−1)[Tet
−] (S11)

d[Suc]

dt
= k2[Tet

−]− k3[Suc] (S12)

d[xAsp]

dt
= k3[Suc] (S13)

where the concentration of the deprotonated reactantAsn− is defined on the pH-dependent

pre-equilibrium between the protonated and deprotonated reactant (Asn and Asn−), i.e.

[Asn−] = K[Asn]. When extending the deamidation kinetic scheme to comprise the com-

plete, non-approximate, hydrolysis of succinimide intermediate into Asp and isoAsp, the

differential equations describing the variation of Suc, Asp and isoAsp species concentration

over time become:

d[Suc]

dt
= k2[Tet

−]− k4[Suc]− k5[Suc] + k−4[Asp] + k−5[isoAsp] (S14)

d[Asp]

dt
= k4[Suc]− k−4[Asp] (S15)
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d[isoAsp]

dt
= k5[Suc]− k−5[isoAsp] (S16)

Such equations were first resolved using the kinetic constants calculated by means of MD-

PMM as an initial guess. The initial guess for the succinimide hydrolysis kinetic constant

(k3), which was not estimated via the MD-PMM approach, was set to 10−4 and 10−6 for pH 8

and 6, respectively, according to previous NMR experiments.42 Note that the ratio between

the Asn and Asn− concentrations, expressed by the quantity K (K = log10

(
[Asn−]
[Asn]

)
), can be

easily obtained as a function of pH by rearranging the Henderson-Hasselbalch equation:

K = 10(pH−pKa) (S17)

To solve the above equations, the PMM-pKa value was utilised and the pH value was set

equal to the one used in the NMR experiments (pH 6 and 8). The obtained kinetic constants

were further optimized by minimizing the differences between the predicted concentrations

and the experimental ones, using the Nelder Mead method43 implemented in Scipy (version

1.10.1). The tetrahedral intermediate (Tet−) could not be detected during the NMR experi-

ments due to its metastable nature, confirming its very low concentration along the reaction.

A similar approach was also employed for the IR-derived concentrations. However, as only

the xAsp concentration could have been directly estimated from the deconvoluted spectra,

we utilized the NMR quantification of the species to estimate the Asn and Suc concentra-

tions. Specifically, at each time point, we computed the ratio between xAsp and Asn as well

as the one between xAsp and Suc determined by NMR. Then, for the shared time points

between IR and NMR spectroscopy, we applied the NMR-ratio to the xAsp concentration

derived from IR spectroscopy, thereby obtaining an estimate of the Asn and Suc species.

To remove a possible bias due to the use of theoretical estimates as starting guesses, we

test the efficiency of random combinations of the three kinetic constants associated with the

formation of succinimide (k1, k−1 and k2 in Scheme 1), considering different initial pKas
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(9.5, 10, 10.3 and 10.6). For each kinetic constant, 122 values within the range 10−5-106

were randomly assigned, obtaining approximately 1 · 106 possible combinations at each pKa.

Each combination was utilized to solve the set of kinetic equations S10-S13. The combi-

nations giving a root mean square error (RMSE) between the predicted concentrations and

the NMR data without buffer at pH 8 less than 3 were further optimized, following the

above-mentioned procedure. The optimized kinetic constants leading to a calculated con-

centration of species with an RMSE less than 0.02 and a maximum value of residuals less

than |0.05| for Asn and Asp and a value not higher than |0.01| for Suc were regarded as po-

tential combinations of kinetic constants. Among these, all the combinations with negative

kinetic constant values were disregarded. The activation free energies, associated with the

obtained kinetic constants, were estimated employing the Eyring equation (see Equation S4),

using a transmission coefficient κ equal to 1 and at T=300K. A schematic illustration of the

filtering process is reported in Figure 3C. The developed program (FindYourKs) might in

principle be applied to any mechanism and requires only the kinetic scheme and the exper-

imentally determined species concentrations. FindYourKs is publicly available on GitHub

(https://github.com/MariaLauraDeSciscio/FindYourKs).
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Figure S2: Theoretical estimation of the relative concentration of Asn species at pH 8,
calculated by numerical integration of Equation S10, using the range of pKa comprised
between the MD-PMM estimated value and the experimental error (see Methods for further
details).
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Figure S3: IR spectra of dipeptide solution over two weeks, in the spectral range between
1350-1800 cm−1. IR spectra, vertically shifted to increase readability, are graphed with a
scale of color from blue (Day 0) to red (Day 14). At low wavenumbers (Amide III 1350-1500
cm−1), the spectrum from Day 0 (blue line in Figure S3) presents a modulated double peak
with its maximum value at 1429 cm−1, while the spectrum obtained on Day 14 (red line
in Figure S3) shows a higher peak at 1396 cm−1. At higher wavenumbers (Amide II and
Amide I 1500-1800 cm−1), the spectra follow a similar trend. The Day 0 spectrum shows
the maximum peak at 1668 cm−1 in the Amide I band region, with a minimum value at
1586 cm−1 in the Amide II range. In contrast, the Day 14 spectrum presents its maximum
value at 1586 cm−1 in the Amide II range; meanwhile, the spectrum intensity for the Amide
I band is reduced compared to Day 0.
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Figure S4: AsnGly Deamidation Kinetics followed by IR spectroscopy. In each panel, the
experimental IR spectrum of the solution is colored according to the time-based colorbar.
Below each AsnGly IR spectrum, the corresponding Gaussian deconvolution at that time
point is shown as solid gray lines. The Gaussian components associated with the xAsp
vibrational modes are colored and filled in pale orange.

Table S1: Area of xAsp signals (normalised by the area of xAsp at time 14 days) as a function
of incubation time (pH 8; T= 298 K).

Time (days) AreaxAsp

0 0.00
1 0.13
2 0.29
3 0.49
4 0.53
7 0.66
8 0.74
9 0.90
10 0.94
11 1.00
14 1.00
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Figure S5: Relative Concentration of xAsp as a function of incubation time as estimated
by the normalized areas of IR peaks (Table S1 - dots) fitted to a monoexponential equation
(y = 1− e−kt) (continuous line).
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Figure S6: A) Superposition of the 1H-NMR spectra showing the methyl acetate region of
the AsnGly samples measured immediately after the solution preparation (blue lines) and
after three months (pH6) or eight days (pH 8) (red lines) with peaks’ assignment. B) AsnGly
relative moles’ percentage as a function of the incubation time for samples at T= 298 K and
pH 6 (orange), and pH 8 (blue) in PB.
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Figure S7: AsnGly deamidation reaction scheme showing the intermediate succinimide for-
mation and its hydrolysis through which AspGly and isoAspGly, the final reaction products,
are formed.

Table S2: 13C and 1H NMR chemical shifts assignments for the sample in PB at pH 6 (T=
298K); for atom numbering and color coding refer to Figure S7.

Position AsnGly Succinimide AspGly isoAspGly
13C δ 1H δ 13C δ 1H δ 13C δ 1H δ 13C δ 1H δ

1 22.0 1.95 20.3 1.97 21.6 1.94 22.1 1.92
2 174.6 - n.d. - n.d. - 173.5 -
3 - 8.35 - 8.59 - 8.20 - 7.94
4 50.7 4.60 49.5 4.60 52.3 4.45 52.1 4.41
5 36.4 2.74/2.68 34.7 3.14/2.75 38.7 2.57/2.57 38.4 2.72/2.58
6 174.7 - n.d. - 177.9 - 173.8 -
7 - 7.52/6.83 - - - - - -
8 173.6 - n.d. - 174.7 - 177.2 -
9 - 8.47 - - - - - 8.29
10 42.5 3.84/3.78 40.6 4.26/4.26 42.3 3.81/3.76 42.4 3.74/3.78
11 174.0 - 171.1 - 173.8 174.6 174.7 -
12 - 7.41/7.02 - 7.64/7.13 - 7.00/7.48 - 7.52/6.98
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Figure S8: 13C and 1H resonances assignment for AsnGly, succinimide, and
AspGly/isoAspGly deamidation products in PB (pH 6; T= 298K). 1H-13C HSQC (A) and
amide region of the 1H-1H TOCSY (B) spectra recorded at the end of the reaction (52 days;
400 MHz ). For the numbering and colour coding, refer to Figure S7.

S22



Figure S9: Diverse expansions of the superposition of the 1D NMR spectra of the AsnGly
sample at pH 6 at 298 K at different reaction times (immediately and after 7, 17, 24, 31,
42, 52 and 90 days after sample preparation, from blue to violet, respectively). For the
numbering and color coding, refer to Figure S7. The arrows indicate signals that increase or
decrease over time.
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Figure S10: Relative moles percentage concentrations of AsnGly, the succinimide intermedi-
ate (blue circles), AspGly, and isoAspGly as a function of incubation time (T= 298 K) for
samples prepared in PB at pH= 6 (panel A) and 8 (panel B).
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Table S3: Relative moles % concentrations of AsnGly, the succinimide intermediate, and
the AspGly and isoAspGly products as obtained by NMR at different time points for the
deamination reaction in PB at pH 6.

Time (days) AsnGly Suc AspGly IsoAspGly

0 99.0 1.0 0 0
0.50 98.8 1.2 0 0
1.25 98.7 1.3 0 0
2.50 98.5 1.5 0 0
4.00 97.5 1.5 0.5 0.5
7.00 96.0 2.0 1.0 1.0
10.00 95.0 2.5 1.0 1.5
13.00 93.0 3.0 1.0 2.0
15.00 92.5 3.5 1.5 2.5
17.00 92.0 3.5 1.5 3.0
25.00 88.0 4.5 2.5 5.0
31.00 84.0 5.0 4.0 7.0
42.00 79.5 4.5 5.0 11.0
52.00 75.0 4.0 6.0 15.0
91.00 62.0 4.0 8.0 26.0

Figure S11: Temporal evolution of hydroxide ion moles, expressed as pH value, in solution
along the deamidation reaction course in the absence of buffer. The solid point represents
the experimental measures of pH sampled during the AsnGly deamidation reaction, while
the line is the exponential decrease fit using the equation y = a · t−pH .
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Table S4: Relative moles % concentrations of Asn, Suc, the AspGly and isoAspGly products
as obtained by three independent NMR experiments (Exp1, Exp2 and Exp3) at different
time points for the deamidation reaction in PB at pH 8.

Time (days) Asn Suc Asp IsoAsp

Exp1 Exp2 Exp3 Exp1 Exp2 Exp3 Exp1 Exp2 Exp3 Exp1 Exp2 Exp3

0.00 98.80 98.80 98.80 1.20 1.20 1.20 0.00 0.00 0.00 0.00 0.00 0.00
0.25 94.20 94.30 94.40 2.50 2.60 2.60 2.40 2.40 2.30 0.90 0.70 0.60
0.50 90.20 90.30 90.40 3.00 3.00 2.90 5.10 5.10 5.20 1.70 1.60 1.60
0.75 86.20 86.40 86.40 2.90 2.90 2.90 8.20 8.20 8.40 2.70 2.50 2.50
1.00 82.00 82.50 82.40 2.90 2.80 2.80 11.40 11.30 11.80 3.70 3.40 3.50
2.00 68.50 68.50 68.50 2.20 2.50 2.40 22.50 22.40 22.70 6.80 6.60 6.70
3.00 56.60 56.70 56.60 1.80 2.10 2.10 31.80 31.70 31.80 9.80 9.50 9.60
4.00 47.40 47.20 47.00 1.60 1.60 1.70 38.90 39.40 39.40 12.10 11.80 11.90
5.00 37.60 39.30 39.30 1.40 1.40 1.40 46.70 45.70 45.50 14.30 13.60 13.60
6.00 33.90 34.10 32.90 1.10 1.20 1.40 49.90 50.30 50.10 15.10 14.40 15.40
7.00 29.20 28.90 29.70 0.90 1.00 0.90 53.60 52.70 54.20 16.30 17.40 16.70
8.00 25.80 25.30 24.50 0.90 0.80 0.90 56.20 56.70 56.90 17.10 17.20 17.90
9.00 20.40 21.00 20.60 0.60 0.70 0.60 60.50 60.20 61.60 18.50 18.10 18.60
10.00 18.00 18.50 18.00 0.60 0.50 0.60 62.30 62.30 63.10 19.10 18.70 19.10

Figure S12: Simulated evolution of the relative concentration of Asn over time in the absence
of buffer as a function of the measured pH variation.
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Table S5: Relative moles % concentrations of Asn, Suc, the AspGly and isoAspGly products
as obtained by three independent NMR experiments (Exp1, Exp2 and Exp3) at different
time points for the deamidation reaction without buffer.

Time (days) Asn Suc Asp IsoAsp

Exp1 Exp2 Exp3 Exp1 Exp2 Exp3 Exp1 Exp2 Exp3 Exp1 Exp2 Exp3

0.00 99.20 99.30 99.2 0.80 0.70 0.8 0.00 0.00 0.00 0.00 0.00 0.00
0.25 99.10 98.70 98.9 0.70 0.80 0.8 0.20 0.40 0.30 0.00 0.10 0.00
0.50 98.10 98.00 98.5 0.80 0.90 0.8 0.80 0.90 0.60 0.30 0.20 0.10
0.75 97.40 97.30 98 0.80 0.80 0.9 1.40 1.40 0.90 0.40 0.50 0.20
1.00 96.90 97.10 – 0.70 0.90 – 1.80 1.60 – 0.60 0.40 –
2.00 94.50 94.70 95.4 0.90 0.90 0.8 3.50 3.50 3.00 1.10 0.90 0.80
3.00 92.40 92.50 93.5 0.90 0.90 0.9 5.10 5.10 4.50 1.60 1.50 1.10
4.00 90.40 90.20 91 0.90 0.90 0.9 6.80 6.90 6.30 1.90 2.00 1.80
5.00 88.10 88.50 89 1.10 1.00 1 8.40 8.20 7.70 2.40 2.30 2.30
6.00 86.60 86.40 87.1 1.00 1.00 1 9.60 9.70 9.20 2.80 2.90 2.70
7.00 84.40 84.50 85.2 1.20 0.90 1.1 11.30 11.30 10.90 3.10 3.30 2.80
8.00 – 82.60 83.6 – 1.10 1 – 12.60 12.30 – 3.70 3.10
9.00 – 81.10 81.2 – 1.20 1.2 – 13.80 13.70 – 3.90 3.90
10.00 – 78.30 79.3 – 1.30 1.3 – 15.70 15.10 – 4.70 4.30

Figure S13: Evolution with time of the relative concentrations of Asn, Suc, and xAsp in NB
at pH 8 as determined by NMR measurements in comparison with the normalized population
variation as obtained by solving Equations S10-S13 assuming an initial pKa value of 10.6.
The differences between the experimental and simulated data (residuals) are reported in the
lower panel (same colors as in the main graph).

S27



Table S6: Deamidation experimental constants estimated from NMR experiments performed
in water, considering the central pH of 8.

Exp pKa k1 (s−1) k1 (s−1) k2 (s−1) k3 (s−1)

NB 1 10.20 10.23 3.64·106 15.43 3.10·10−5

NB 2 10.23 23.11 6.30·106 12.55 2.64·10−5

NB 3 10.42 40.93 5.65·106 9.31 2.19·10−5

Figure S14: Evolution with time of the relative concentrations of Asn, Suc, and xAsp in PB
at pH 8 as determined by NMR measurements in comparison with the normalized population
variation as obtained by solving Equations S10-S13 with the kinetic constants reported in
Table S7 (colored lines), assuming an initial pKa value (pKain) equal to 9.3 (top row) or 9.4
(bottom row). The differences between the experimental and simulated data (residuals) are
reported in the lower panel (same colors as in the main graph). The overall RMSE is less
than 0.01.
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Table S7: Comparison between sets of deamidation kinetic constants, potential solutions
to the set of ordinary equations describing deamidation kinetics in PB at pH 8. The same
procedure for minimizing the calculated and experimental relative concentrations of species
was iterated across different pKas, ranging from 9.0 to 10.6, the PMM-pKa value. The
footnote in and opt indicates the initial and optimized pKa value, respectively.

Exp pKain pKaopt k1 (s−1) k1 (s−1) k2 (s−1) k3 (s−1) RMSE

PB 1 9.00 8.85 36.38 1.02·107 6.55 8.54·10−5 1.05·10−2

PB 2 9.00 8.87 37.31 1.03·107 6.57 8.49·10−5 9.18·10−3

PB 3 9.00 8.84 35.45 1.02·107 6.58 8.57·10−5 8.07·10−3

PB 1 9.10 8.86 41.65 1.11·107 6.33 7.03·10−5 1.07·10−2

PB 2 9.10 8.91 36.71 9.47·106 6.86 8.36·10−5 9.20·10−3

PB 3 9.10 8.86 40.27 1.08·107 6.41 6.87·10−5 8.16·10−3

PB 1 9.20 8.99 39.39 8.51·106 6.90 8.28·10−5 1.05·10−2

PB 2 9.20 8.98 38.73 8.65·106 6.96 8.21·10−5 9.17·10−3

PB 3 9.20 8.97 41.78 9.46·106 7.04 6.86·10−5 8.16·10−3

PB 1 9.30 9.08 42.77 7.40·106 6.76 8.24·10−5 1.05·10−2

PB 2 9.30 9.02 34.79 7.57·106 7.38 8.17·10−5 9.18·10−3

PB 3 9.30 9.02 36.07 7.50·106 7.14 8.28·10−5 8.04·10−3

PB 1 9.40 9.14 40.78 6.67·106 7.40 8.20·10−5 1.05·10−2

PB 2 9.40 9.14 41.44 6.76·106 7.25 8.13·10−5 9.17·10−3

PB 3 9.40 9.13 41.41 6.72·106 7.26 8.24·10−5 8.04·10−3

PB 1 9.50 9.22 42.47 5.42·106 6.87 8.94·10−5 1.06·10−2

PB 2 9.50 9.21 42.45 5.51·106 6.88 8.81·10−5 9.31·10−3

PB 3 9.50 9.22 42.53 5.42·106 6.87 8.91·10−5 8.16·10−3

PB 1 9.60 9.30 43.68 4.79·106 7.11 8.75·10−5 1.06·10−2

PB 2 9.60 9.29 44.02 4.85·106 6.96 8.69·10−5 9.30·10−3

PB 3 9.60 9.30 43.64 4.72·106 7.04 8.77·10−5 8.13·10−3

PB 1 9.70 9.39 44.24 3.86·106 7.02 9.17·10−5 1.06·10−2

PB 2 9.70 9.30 46.52 4.52·106 6.21 7.97·10−5 9.16·10−3

PB 3 9.70 9.39 44.55 3.86·106 6.93 9.15·10−5 8.13·10−3

PB 1 9.80 9.41 46.54 3.96·106 7.21 8.01·10−5 1.05·10−2

PB 2 9.80 9.40 53.48 3.66·106 5.55 8.42·10−5 9.23·10−3

PB 3 9.80 9.42 51.44 3.67·106 6.19 8.05·10−5 8.02·10−3

PB 1 9.90 9.61 45.32 3.11·106 9.11 8.28·10−5 1.06·10−2

PB 2 9.90 9.56 35.72 3.31·106 10.87 8.23·10−5 9.19·10−3

PB 3 9.90 9.43 24.97 1.75·106 6.17 6.85·10−5 8.21·10−3

PB 1 10.00 9.69 50.91 2.21·106 7.00 9.51·10−5 1.07·10−2

PB 2 10.00 9.69 50.94 2.24·106 7.03 9.44·10−5 9.37·10−3

PB 3 10.00 9.66 51.30 2.78·106 8.24 6.69·10−5 8.17·10−3

S29



Table S8: Estimated mass fraction of the Asn and Suc species from IR measurement at pH
8, as obtained by applying the NMR xAsp/Asn ratio and xAsp/Suc ratio to the xAsp IR
estimation (see Methods for further details).

Time (days) Asn Suc xAsp

0.0 0.99 0.01 0.00
1.0 0.80 0.04 0.16
2.0 0.62 0.03 0.35
3.0 0.39 0.02 0.59
4.0 0.34 0.02 0.64
7.0 0.20 0.01 0.79
8.0 0.10 0.01 0.89

Figure S15: Single-step kinetic constants estimation (upper panel; filled circles) obtained
by the fitting of IR relative concentrations of species (Table S1) in PB at pH 8 and T=
298 K. Theoretical kinetic constants utilized as the initial guesses (see Methods) resulted
in a satisfactory representation of the IR concentration trend, with an RMSE lower than
0.025. The simulated variation of relative populations is shown as solid lines. The differences
between the experimental data and the mathematical simulation of the concentration changes
(residuals) are reported in the lower panel (same colors as in the upper panel).
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Figure S16: Ac-NGAA-NH2 deamidation in PB at pH 7.4 and T=310K, as monitored
through NMR spectroscopy by Pilhal and coworkers.44 Experimental data (solid points)
were automatically digitized using WebPlotDigitizer; data were then prepared using the
same procedure adopted for the AsnGly NMR data described in the Method section. The
kinetic constants utilized as an initial guess were estimated through Eyring’s equation using
T=310K. The optimized kinetic constants extracted, resulting in the variation of species con-
centration shown as solid lines and providing an RMSE lower than 0.018, are: K = 10−2.25

(pKa = 9.65 at T=310K), k1 = 17.19, k−1 = 7.1 ·104, k2 = 5.34 and k3 = 2.0 ·10−4.

Figure S17: Comprehensive AsnGly deamidation to Asp and isoAsp, considering a com-
plete reversible mechanism for succinimide hydrolysis, using eqs. S10-S11 and S14-S16. The
kinetic constants associated with the forward and backward reactions of succinimide hydrol-
ysis into Asp and isoAsp were retrieved from the work of Geiger and Clarke,40 in which
these constants were estimated using NMR spectroscopy in PB at pH 7.4 (k4 = 1.79·10−5,
k−4 = 1.65·10−7, k5 = 6.56·10−5, k−5 = 1.65·10−7, all in s−1). The optimized kinetic con-
stants providing an average RMSE minor than 0.15 (calculated on all the species) are: K =
(5.03± 1.72) · 10−2, k1 = (6.33± 2.34) · 10, k−1 = (1.16± 0.35) · 107, k2 = (8.37± 2.87) · 10
s−1.
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Table S9: Average free energies (kcal/mol) barriers for the two-step succinimide formation
associated with the kinetic constants obtained at the end of the filtering process imposing
K=0.1 (pKa= 9). The corresponding MD-PMM free energy barriers are reported for com-
parison. The error on these values is less than 0.1 percent.

∆A1 ∆A−1 ∆A2 Nr. of solutions

Model pKa 9.5 17.76± 0.05 11.06 ± 0.24 17.66 ± 0.22 33
Model pKa 10 20.17 ± 2.33 15.27 ± 3.32 18.74 ± 3.24 9093
Model pKa 10.3 17.74 ± 0.17 12.15 ± 0.18 17.67 ± 0.16 320
Model pKa 10.6 17.62 ± 0.51 12.37 ± 0.53 17.63 ± 0.36 613

MD-PMM 16.06 9.90 17.36 -
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