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Abstract

We report the first spectroscopic detection of protein acetylation in solution using UV-Vis
Protein Charge transfer spectra (ProCharTS). Acetylation is an important post-translational
modification (PTM) that modulates diverse cellular processes, yet its detection relies on
antibody-based cost-intensive and/or destructive techniques such as mass spectrometry.
ProCharTS exploits the reduction of lysine charge post-acetylation to offer an alternate label-
free, easily accessible, and cost-effective option to detect the PTM. Using two charge-rich
proteins a3C and a3 W, we demonstrate that the ProCharTS extinction coefficient between 370-
800 nm monotonically decreases with increasing degree of chemical acetylation in the proteins.
Complementary spectroscopic analysis and molecular dynamics (MD) simulations indicate that
the ProCharTS signatures arise independent of secondary structure changes although tertiary
interactions weaken, post-acetylation. Using a new computational MD and Time-Dependent
Density Functional Theory (TDDFT) approach to simulate ProCharTS of whole proteins from
their known 3D structure, we assign the observed PTM induced decrease in intensity to changes
in the size, composition and spatial distribution of charged amino acid residue clusters. Our
joint experimental-computational approach enables us to detect five or more acetylation events
per protein with significant scope for further improvements in sensitivity. More broadly, this
study presents a new optical mode (ProCharTSP™) exploiting charge transfer transitions to
probe/track charged residue modifications in protein solutions.
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1. Introduction

Chemical Science

Post-translational modifications (PTMs) are an important class of cellular mechanisms which
expand the functional diversity, complexity and heterogeneity of the proteome by covalently
modifying constituent amino acid residues in proteins!-2. There are over 400 different types of
PTMs that can influence protein function’>. PTMs can significantly transform the
physiochemical properties of proteins including membrane binding propensities®, site
reactivity”® and accessibility?, and protein stiffness'®. Acetylation is an important PTM in
prokaryotes to eukaryotes which can be achieved by both enzymatic and non-enzymatic
routes'!. Acetylation adds an acetyl group (CH3CO) to the protein that removes the positive
charge from the amino group of Lys or N-terminus, making it neutral. Histone
acetyltransferases (HATSs) '213 are responsible for enzymatic acetylation of proteins;
alternatively, acetic anhydride'4, aspirin', and acetyl CoA '® are the major reagents used in
chemical acetylation. Extensive research over the past 50 years have revealed the role of
acetylation in regulating many cellular processes including transcription, metabolic states, cell
cycle, nuclear transport, and actin nucleation 720 . Acetylation plays a role in regulating
protein-protein interactions 2?2, in cancer biology 234, modulating enzyme activity 2> and
transport of essential molecules 26-28. Detection of acetylation in a protein is thus important for
understanding many physiological and pathological conditions.

At present, Lys acetylation can be confirmed by several techniques such as western blotting?®,
immunoprecipitation®, mass spectrometry3!, radiolabelling®?, NMR33, IR spectroscopy?4, and
Flow cytometry>. While Western blot and ELISA3¢ have both high sensitivity and accuracy,
these assays involve multiple washing steps and expensive antibodies making them laborious,
time-consuming and costly. Also, antibody cross-reactivity and false positive cases are
limitations®’. Mass spectrometry is a definitive tool for detecting PTMs?, as it provides a
quantitative and accurate change in the mass of the protein, upon addition of an external group
to the parent protein. However, expensive instrumentation and limitations maintaining labile
PTMs during sample preparation and need for careful separation techniques *° pose challenges.
The detection of sub-stoichiometric PTMs is especially difficult when the majority of the
protein molecules may be unmodified*’. Radiolabelled detection based upon ['*C] or [*H]-
acetyl-CoA enzymatic labeling and autoradiography analysis after separation with
electrophoresis is another option®’. These techniques for detection of acetylation in proteins
described above are costly and require complex sample processing or labelling to be carried
out, potentially perturbing the natural state of the proteins. Therefore, there is a need for
techniques capable of detecting protein PTMs unambiguously in their native solution state
without using external labels and requiring minimal sample preparation. In this context, optical
spectroscopy may offer a solution. Interestingly, distinct spectral signatures for acetylation of
both the N-terminus and the side chain amino groups of Lys have been reported experimentally
using IR and Raman spectroscopy*'. However, these signatures have not been tested for
detecting/tracking acetylation in proteins. Post-translational modification of the amino group in
Lys by acetylation alters the charge on Lys headgroup from +1 to zero. This radical change in
the charge of Lys headgroup upon acetylation presents another approach that can be explored
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to detect the PTM. Here we propose a UV-Vis spectroscopic approach to detect PTMsoHKE 552550
acetylation which alter the charged state of protein amino acid residues.

Our approach is based on a novel UV-vis absorption observed in aqueous solutions of Lys-
HCI* and charged amino acid rich proteins like a;C, human serum albumin and calf thymus
histones*** This new spectra has been assigned to photo-induced charge transfer (PICT)
transitions involving anionic and cationic head groups of all charged amino acid residues
(including those that become charged with PTMs like phosphorylation) and the protein
backbone. #4460 The link between charged amino acids and ProCharTS has been further
confirmed in recent studies of Vazquez and co-workers which showed that single alpha helical
(SAH) peptides comprising solely of (Lys)4(Glu), or (Arg)s(Glu), repeats exhibit a broad
absorption profile extending beyond 400 nm*’ Interestingly, the stability of Lys-Glu SAH
peptides increases with the number of repeats not due to formation of salt bridges as might be
expected intuitively, but rather due to the increasing number of possible charged states for the
individual residues “3. Our own studies have shown that within protein folds the sidechains and
neutral backbones of Lys and Glu can act as electronic donor-acceptor pairs in the absence of
salt-bridges to produce broad UV-vis ProCharTS profiles. Based on the charge
complementarity of the amino acids and their separations, five types of inter-residue and intra-
residue PICT transitions were shown to arise with diverse donor-acceptor separations ranging
from 3-10A 46, The demonstrated sensitivity of the underlying PICT transition intensities and
spectral range to the charge and clustering of amino acid residues makes ProCharTS potentially
useful in identifying conformational states of proteins, their interactions, and PTMs which alter
these properties. Indeed, ProCharTS absorption has been demonstrated as an easy in vitro
technique to track protein aggregation*>-*, protein unfolding’! and viral capsid assembly>2.
Beyond absorption, inter- or intra-residue PICT creates electron and hole pairs which can either
undergo charge separation or recombination. The separated charges derived from ProCharTS
excitations can be potentially harnessed for biochemical reactions as in the case of the light
harvesting chlorophyll special pairs during photosynthesis®. On the other hand charge
recombination leads to excitation dependent ProCharTS luminescence which has already been

demonstrated to be useful in tracking protein aggregation >* and in photosensitizing applications
47
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In this paper, we hypothesize that the ProCharTS absorption profile of proteins should be
sensitive to the progressive acetylation of Lys rich proteins. To validate this hypothesis, we
consider two small (~67 residues), folded (3-helix bundle), synthetic proteins, a;C and oz W.
These well characterized proteins, each of which possesses a high content of charged amino
acid residues (~54% of the sequence), serve as ideal models for studying the effects of
acetylation on ProCharTS. We carried out systematic and progressive chemical acetylation of
the proteins using acetic anhydride and employed a variety of experimental and computational
methods to characterize acetylation and analyze its impact on protein structure and dynamics.
Mass spectrometry (MALDI-ToF) confirmed the number of acetyl groups added to residues as
a function of increasing concentration of acetic anhydride, besides confirming the heterogeneity
in the acetylation levels of the sample protein. CD spectroscopy and the fluorescence of the
tryptophan in a3W probed changes in protein structure post-acetylation. Additionally, we
developed a computational framework based on classical molecular dynamics (MD)
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simulations and time-dependent density functional theory (TDDFT) calculations, tg-predichthe ;o050
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ProCharTS profile of whole proteins from their 3D structure. Here absorption profiles are
simulated from the spatiotemporal convolution of contributions from all charged amino acid
residue chromophores within the proteins, providing residue level understanding of spectral
changes between acetylated and unacetylated proteins and facilitating their deconvolution.

Our results demonstrate that ProCharTS and its associated luminescence are both sensitive to
the presence of charge among the side chains of amino acid residues and their spatial proximity.
Acetylation, which eliminates the positive charge of Lys, disrupts the size, composition and
spatial proximities among charge clusters, leading to notable changes in absorbance and
luminescence. Specifically, we find a monotonic quenching of the absorption spectra as a
function of acetic anhydride concentration, thereby validating our hypothesis. The simulation
and deconvolution of ProCharTS through computational methods allowed for the identification
of oppositely charged dimers as critical chromophores which significantly contributed to the
spectra changes brought about by progressive acetylation. Our study demonstrates an
accessible, label-free, and non-invasive optical mode to detect acetylation in protein solutions.
More generally, the results presented here highlight the potential of ProCharTS to detect any
PTMs that alter the charge environment of proteins and conceptually advance our understanding
of how specific modifications influence protein electronic spectra.

. Methods:

2.1 Experimental

Materials: Trifluoroacetic acid (T6508); Sinapic acid (85429); B Mercaptoethanol (63689);
Ammonium persulfate (A3678); Phenylmethylsulfonyl fluoride (P7626); CaCl, (C8106); 8-
Anilinonapthalene-1-sulfonic acid (A3125); Folin-Ciocalteu reagent (F9252); Acetic anhydride
(320102); N-acetyl tryptophan amide (A6501) were procured from Sigma Aldrich, Bengaluru,
India. Luria Agar (M557); Luria Broth (M1245); Ampicillin sodium salt (TC021); Isopropyl -
D-1-thiogalactopyranoside (15502); HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid); Sodium Chloride (GRM&853); Sodium hydroxide (GRM467); Tris (Hydroxy methyl
amino methane) (93315); Imidazole (GRM1864); MgCl2 were obtained from HiMedia
Laboratories, India. The PD-10 column (17-0851-01) was purchased from GE Healthcare.
Nuvia IMAC Ni-Charged Resin (780-0800) was purchased from Bio-Rad. All items purchased
are of analytical grade with >98% purity.

2.1.1 Purification of o3C and o; W

Recombinant a;C and its tryptophan (Trp) mutant form a;W were expressed in E. coli strain
BL21-DE3 and purified by Ni-NTA column chromatography, as reported earlier>>. The a;C
amino acid sequence is shown in Figure 1A. Protein purity was determined by SDS-PAGE
(ESI Figure F1) and additionally confirmed by MALDI-ToF (ESI Figure F2).

2.1.2 Acetylation reaction

Sample preparation: 20 uM 0;C and o; W were prepared in 100 mM HEPES buffer at pH 8.
We also considered NaH,PO, buffer, where the protein was less stable and found to precipitate.
The concentrations of a3C and azW were estimated using the Lowry method>¢. Here, protein
absorbance with Lowry reagents (Reagent I (NaOH, Na,CO;, KNaC,H,;0¢.H,0, CuSO,4.5H,0)
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and Reagent II (Folin's)) was recorded at 550 nm and the ProCharTS contamjnation ias s ose
eliminated by subtracting the protein absorbance in the absence of the reagents (ESI Table T1).

Reaction condition for chemical acetylation of o;C and o;W: In vitro chemical acetylation was
carried out using acetic anhydride as described earlier °7 with slight modifications. Briefly, 20
uM o3C and a3 W were titrated with varying concentrations (0.05, 0.1, 0.2, 2 and 20 mM) of
acetic anhydride. The reaction vessel was kept at 4 ‘C with continuous stirring during addition
of acetic anhydride in small aliquots and the pH of the reaction mixture was maintained between
7.5 and 8.5 by adding 0.5 N NaOH as required. The reaction was performed in HEPES buffer
for 30 minutes. Subsequently the dialysis and centrifugation of the prepared samples were
performed to remove the residual acetic anhydride, byproducts and any large particles which
can contribute to the scattering (details are mentioned in ESI Section M1.1.1 and spectral
analysis shown in ESI Figure F3).

2.1.3 Confirmation of acetylation by Mass Spectrometry

Mass spectrometry was used to determine the molecular weight of the proteins. Protein samples
(in deionised water) were mixed with a matrix formed by a saturated solution of sinapic acid in
the TA-30 solution (0.1% TFA and Acetonitrile in a 7:3 ratio). Protein samples dissolved in
matrix were analyzed in linear mode by flex analysis and flex control software from Bruker
Daltonics, Germany. The native (unacetylated) proteins have m/z values of 7464.2 Da (a3C)
and 7545.2 Da (a3 W) as shown in ESI Figure F2. The addition of an acetyl group to the protein
results in a 42 Da mass shift in the mass spectrum. For samples containing a heterogenous
mixture of populations with varying degrees of acetylation, the mass spectra exhibit a broad
distribution with multiple peaks. The number of residues acetylated in each population can be
obtained from the m/z value of each acetylated species peak as: (Acetylated,,;, — Native ,,

)/42
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Absorption spectra of all native and acetylated protein samples were acquired using a double-
beam UV-Vis Cary-100 spectrophotometer (Agilent Technology). Sample concentrations (~9-
10 uM, for more details refer ESI Table T1) were determined spectrophotometrically, as
mentioned above, using the calculated extinction coefficient and applying Beer-Lambert Law
(A4 = &cl, where A is Absorbance, ¢ is the extinction coefficient in M-'cm!, [ is the path length
in cm and c is the concentration in M). Spectra of all protein samples were collected between
250 to 800 nm at room temperature (~22 °C) using a 10 mm path length quartz cuvette (Hellma:
7600210). Each spectrum was scanned three times with 1 nm bandwidth and 600 nm/min speed
and subsequently averaged. The deionised water used in the samples as a solvent was used as a
reference for baseline corrections during spectral measurements.

2.1.5 Steady State Luminescence

ProCharTS luminescence: Steady-state luminescence emission spectra were collected for all
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native and acetylated proteins in deionised water at several excitation wavelengths; 280,310 55505¢
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340, 355, 370 and 410 nm (slit width: 2 nm) and emission spectra were recorded in the range
300-500, 330-550, 360-600, 375-650,390-700 and 430-750 nm respectively (slit width: 15 nm).
Excitation at 280 nm was not carried out for oW due to interference from emission of indole
in Trp which has a higher quantum yield (~0.14) compared to ProCharTS luminescence (~0.01).
For acquiring the luminescence spectra of a;C and a3 W, the protein concentration was kept at
~9-10 uM, and recorded spectra were corrected manually for Raman peaks (ESI Table T2) by
subtracting the emission spectra in the appropriate range from blank samples devoid of protein.

Quantum Yield calculation: Quantum yields (QY) for native and acetylated proteins (a;C and
o3 W) were estimated from experiments in deionised water by exciting samples at 280 and 355

nm at room temperature (25 °C) Details on the standard protocols followed °® are mentioned
in ESI Section M1.1.2.

ANS fluorescence: Protein-ANS binding was monitored by fluorescence emission. The ANS
stock sample was prepared in deionised water with concentrations determined from extinction
coefficient values at 350 nm (4900 M-'cm!). The stock sample was added to the protein samples
(~9-10 uM native/acetylated forms) in deionised water to achieve a final ANS concentration of
10 uM. All samples were excited at 380 nm and emission spectra were collected from 400 to
700 nm using 2 nm excitation and 15 nm emission slit widths. The ProCharTS luminescence
contribution was also subtracted manually from all the samples to avoid ProCharTS
contamination All the spectra were recorded in triplicates with Fluoromax-4 (Horiba Scientific,
USA) at 25 °C.

Trp fluorescence: Intrinsic fluorescence of Trp was measured using a spectrofluorometer
(Fluoromax-4, Horiba, USA). Native and acetylated o; W samples (~9-10 uM) were prepared
in deionised water and excited at 280 nm. All readings were measured in an optical glass cuvette
of path length 10 mm (Hellma: Z802875). Fluorescence data were acquired as S1/R1 signal
with a wavelength increment of 1 nm and an integration time of 0.1 s. Emission spectra of oz W
(300 — 500 nm) were collected with 2 nm excitation and 15 nm emission slit width. All spectra
were averaged over five scans and manually corrected for Raman peaks (ESI Table T2). The
emission spectrum of NATA was recorded as a reference for calibrating the monochromator.
Steady-state anisotropy of Trp in native and acetylated azW (~9-10 uM) was carried out in
deionised water using the same instrument (see ESI Section M1.1.2 for more details).

2.1.6 Time-resolved fluorescence

The fluorescence intensity decay was recorded using a Time-correlated single-photon counting
instrument equipped with MCP detection (Horiba Jobin, Model: Ultrafast-01-DD). An LED of
290 nm was used to excite the sample, and emission was collected at 327 and 345 nm for ~9-
10 uM native and acetylated samples with 20 mM acetic anhydride, respectively®. All samples
were measured in deionised water. Further details along with analysis are provided in ESI
Section M1.1.2).
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2.1.7 Circular Dichroism

Protein secondary structures were investigated using a Jasco J-1500 CD spectrometer, using a
2 mm pathlength rectangular quartz cuvette. The CD spectra were recorded between 190 to 260
nm (bandwidth 2 nm) for ~9-10 uM a3C and a3 W (native and acetylated forms) in deionised
water. Each reported individual spectrum is an average of 10 individual scans. The CD spectrum
of deionised water was also recorded as a baseline and a blank. The secondary structure content
was analyzed by the K2D3 online software .

2.1.8 Zeta potential measurements

The Zeta potential was recorded in Anton Paar Litesizer 500. Native o;C and o3 W and their
acetylated forms (~9-10 uM) were filtered through a sterilized 0.2 pm syringe filter before use.
Samples were run in triplicate, and each sample was scanned 50 times and subsequently
averaged. A disposable 900 pL Omega cell was used for the zeta potential calculation and
deionised water was used as the reference solvent.

2.2 Computational

We designed a general computational workflow (ESI Figure F4 and Section M1.2) based on
MD simulations and TDDFT calculations to generate the ProCharTS profile of proteins from
their 3D structure. We apply this protocol to native and acetylated forms of a;C and a;W as
detailed below:

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

2.2.1 Protein Models

PDB id 2LXY and 1LQ7 ®'were selected as starting structures for o;C (Figure 1A-B) and azsW
respectively. These proteins are rich in charged amino acid residues (17 Lys, 17 Glu, 2 arginine
(Arg)) and contain either a single Cys (a3C) or Trp (03 W) at position 34. Acetylated variants of
the proteins were generated by mutating Lys residues to acetyl-Lys (Aly) in the PDB structures
(Figure 1B). A total of six a3C models were generated: native, Acl, Ac3, Ac5, Ac12 and Acl7
(n = number of acetylated Lys residues in Acn). These systems were chosen to match the
dominant protein states obtained at different concentrations of acetic anhydride as verified by
mass spectrometry (Figure 1C-N). The Lys residues in o;C were progressively acetylated in
decreasing order of their relative solvent accessible surface area (rfSASA) value (ESI Section
M1.2.1 and Figure F5A-F). Further to test the sensitivity of acetylation sites on protein spectra,
three variants for Ac12 were created with three different permutations of acetylated states for
three specific residues: Acl2-a3;C-vl (Lys10, Aly32, Aly39), Acl2-a;C-v2 (Alyl0, Lys32,
Aly39), and Ac12-0;C-v3 (Aly10, Aly32, Lys39). For azW we generated only the native and
fully acetylated models (o3 W and Ac17-0;W). To summarize a total of ten native and acetylated
protein systems were generated for MD simulations. More details of the generation of the
modelled structures are provided in ESI Sections M1.2.1 and M1.2.5.

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:31:04 AM.
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2.2.2 Molecular Dynamics Simulations
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Figure 1: Structure of 0;C and o;W proteins and their mass spectra under native
(unacetylated) and acetylated conditions. (A) Amino acid sequence, helices (H1, H2 and H3) and
(B) structure (PDB code: 2LXY) of a3C protein. In the ayW protein, the cysteine (Cys) residue at
position 34 is mutated to tryptophan (Trp). In the acetylated (Ac-03C/Ac-03C) protein, lysine (Lys)
residue is chemically modified to Acetyl-lysine (Aly); Mass spectra of native 0;C (C) and acetylated
o3C (D-H); native o3W (I) and acetylated azW (J-N) reveal a gradual increase in mass with an
increase in the concentration of acetic anhydride. Acetylated proteins display a clearly resolved
distribution of mass peaks in each individual mass spectrum, reflecting the number of Lys residues
acetylated in each protein species as indicated by the integer above.

Fully atomistic MD simulations on each of the ten protein models were carried out under
periodic boundary conditions using Gromacs-5.1.7 9264 with the CHARMM36 force field .
Each model was solvated with explicit TIP3P water molecules ® and neutralized by adding
suitable number of Na" or CI- ions. During simulations, electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) algorithm ¢’ and non-bonded van der Waals
interactions were described by the Lennard-Jones potential. The protein systems were subjected
to energy minimization, 1 ns NVT (constant volume and temperature) and NPT (constant
pressure and temperature) equilibrations. Here temperature and pressure were controlled using
the velocity-rescale thermostat’® and Parrinello-Rahman barostat %° respectively. Following
this, unrestrained 100 ns MD trajectories were generated under NPT conditions with a time step
of 2 fs with the last 50 ns being considered as the production phase. The positions and the
velocities of the atoms were saved every 2 ps during the production stage yielding a total of
25,000 snapshots for each system which were taken forward for stability analysis 7° and
subsequent sampling of chromophores. Full details on the equilibrium protocol and stability
analysis are provided in ESI Sections M1.2.2 and Sections M1.2.3.

2.2.3 ProCharTS Chromophores
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From each snapshot of the MD trajectories we selected amino acid residues glusterso(Ci¥sorosn
comprising of i interacting charged residues and Trp (for a;W). Here two amino acid residues
are considered interacting if they lie within a specified cut-off distance (R, = 6A). A discussion
on the choice of R, is provided in ESI Section M1.2.4. The amino acid residues included in our
clusters include Lys, Arg, Glu, and Trp. For the acetylated systems we considered clusters both
with and without Aly. ProCharTS chromophores (clusters C;) were extracted from 50 snapshots
uniformly sampled from the 50 ns production MD trajectory using Visual Molecular Dynamics
(VMD)!. For Ac3-a3C, we sampled 25 snapshots from the first 25 ns equilibrated production
trajectory segment based on stability analysis (ESI Section M1.2.3). Here we verified that the
distributions of clusters C; of different sizes (i = 1-10) over the 50 snapshots were representative
of the distributions from the full set of 25,000 snapshots in native (0;C, azW) and fully
acetylated (Acl17-a3C, Acl7-a3W) protein trajectories (Figure F7 and Figure F8). For each
amino acid residue fragment in a cluster, the backbone of the adjacent residues was also
extracted to preserve local geometry. For residue pairs that are non-adjacent in sequence, both
the N—1 and N+1 backbone atomic positions were capped with hydrogens to create symmetric
terminal methyl (CHj3) groups, thereby neutralizing dangling bonds and mimicking the
extended backbone environment of the native protein®. For nearest-neighbor residue clusters,
the peptide linkage between the residues was retained and only the N-1 backbone atomic
position of the first residue and the N+1 backbone atomic position of the last residue were
capped.

2.2.4 Computations of spectra

We calculated electronic transitions beyond 250 nm for each individual cluster using TDDFT
with the OT-CAMB3LYP exchange correlation functional #¢ and 6-31++G(d) basis set in
Gaussian 09 2. An SCF convergence criteria of 10 was employed which was adequate to
produce reliable spectra (ESI Figure F30). The spectral range covered in our calculations spans
250-800 nm, over which the total number of TDDFT transitions calculated varies from 11-150
depending on the cluster size (ESI Figure F9). The absorption spectra of the jth cluster with i (
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1 < i < 10) residues (C;j) as a function of incident light wavelength A is given by a weighted
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sum of all TDDFT transitions calculated for the cluster:

[1 1
2 T

fijk
e(Ciph) = Z 1.3 x 108 x <171 X exp -
k

where fjk is the oscillator strength of kth transition with wavelength 4; jk for the cluster Cj
and o is the uniform broadening parameter (0.4 eV) used for all transitions. Since the clusters,
by definition, are electronically uncoupled (ESI Section M1.2.4), the spectra of protein in each
snapshot is obtained by adding the spectra of individual clusters as:

Esnapshot(l) = Zijg(cijrl)
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where, the indices i and j run over the number of residues in the clusters and number of clusters
in the snapshot respectively. Finally, the protein spectral profile is obtained by averaging the
spectra over all N snapshots for each system:

N

1
D) =1 raponor )

k=1

As discussed previously, we use N=50 for all protein systems except for Ac3-a;C where N=25.

Results

3.1 Chemical acetylation of a;C and a;W and confirmation using mass
Spectrometry

We incubated 03;C and o3W in acetic anhydride solutions and used mass spectrometry to
quantify the number of acetylations in the two proteins as a function of acetic anhydride
concentration. The mass of native 0;C and a;W (Figure 1C, I), as determined by MALDI-ToF,
is consistent with the expected protein mass based on sequence. Both proteins contain 18 amino
groups (17 e-groups of Lys and 1 N-terminal) which can be potentially acetylated. Since a single
acetyl group adds 42 Da to the parent protein the increment in the protein mass relative to the
native protein reveals the number of acetylated residues. The MALDI-ToF data for the proteins
in the presence of acetic anhydride in Figure 1, shows multiple m/z peaks which correspond to
a distribution of protein species with different number of modified residues (molecular mass
values for the peaks are given in ESI Figure F11-F12). We observe two peaks in the mass
spectrum for a3;C in 0.05 mM acetic anhydride (Figure 1D) corresponding to the native
unacetylated protein (~7,464 Da) and to a population with one residue modified (~7,506 Da).
As the concentration of acetic anhydride is increased to 0.1 mM, three peaks are observed that
reveal a decrease in the native population and acetylated protein populations with one and two
modified residues (Figure 1E). At higher acetic anhydride concentrations, a broad distribution
of peaks is observed (Figure 1F-G) indicating the presence of multiple protein species. While
species with 3-7 modified residues (5 acetylations for the dominant species) are observed at 0.2
mM acetic anhydride, species with 8-16 modified residues (12/13 acetylations for the largest
populations) are seen for 2 mM acetic anhydride. Finally, to achieve hyperacetylated protein,
20 mM acetic anhydride was used, which modifies 17-20 residues (Figure 1H). Since there are
only 18 amino groups in a3C, one or two residues other than Lys appear to be modified. Acetic
anhydride has also been reported to target the hydroxyl groups of Ser, Thr, and tyrosine (Tyr),
as well as the sulfur group of Cys 7>74. In o3C a Ser and a Cys residue are present that are
presumably targeted by acetic anhydride, resulting in their acetylation. Between these two
residues, the Cys sidechain (RSH) is intrinsically more nucleophilic than the Ser sidechain
(ROH). However, because acetylation occurs within the folded protein rather than in free
solution, steric effects and relative accessibility to acetic anhydride would also be important
factors. A comparison of the relative SASA (rSASA) of the Ser and Cys sidechains using MD
trajectories of a3C before and after acetylation reveals that Ser remains moderately exposed to

10
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solvent but exhibits a significantly broader thermal distribution of accessibjlities, U0t ;o oss
acetylation (rSASA of 35.7+8.0 % in native protein versus 36.6+25.3 % in Ac17-a3C). On the
other hand, the relative SASA for Cys changes from (0.1£0.1) % in native protein to (0.8+0.7)

% upon full Lys acetylation. Clearly Cys is deeply buried and is not very accessible to the
solvent either before or after acetylation in MD simulations. Nevertheless, there is a relative
increase in accessibility for the thiol ( — SH) group post-acetylation of the 17 Lys residues.
Here, the reactivity and relative accessibility of the -ROH and -SH groups have opposing
influences on the acetylation potential of Ser and Cys. Based on the present analysis, it is
therefore not possible to determine which of these residues is more likely to be acetylated within

the folded protein environment.

Similarly, asW was progressively chemically acetylated by adding 0.05, 0.1, 0.2, 2, or 20 mM
acetic anhydride. With 0.05 mM acetic anhydride, species with one modified residue is
predominantly generated along with a small population of native species and an even smaller
population with two modified residues (Figure 1J). Increasing the acetylating agent
concentration to 0.1 mM results in three m/z peaks which show 1-3 modified residues with the
predominant species showing a single acetyl modification (Figure 1K). When the acetic
anhydride concentration is increased further, the distribution of modified mass peaks
progressively changes, first exhibiting four prominent peaks with a range of 3-6 modified
residues (0.2 mM) and then showing seven peaks with 10-16 modified residues (2 mM) (Figure
1L-M). Finally, with a 20 mM concentration of acetic anhydride, azW species with 18 and 19
modified residues were generated. Here, 19 modifications in the protein can only be explained
if a residue other than Lys is modified. In a;W, the Cys is absent; however, a Ser residue is
present.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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but leads to weakening of tertiary interactions.
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Circular dichroism (CD) spectroscopy (190-260 nm) was used to investigate changes in the
secondary structure of 0;C and azW arising due to the reaction with acetic anhydride. Native
03C and a3 W spectra (Figure 2A-B) show two negative bands at 208 and 222 nm and a positive
band at 195 nm, which indicates the presence of alpha-helical structure in the proteins. The
spectra does not change significantly for either protein after treatment with acetic anhydride
(0.05-20 mM). Specifically, the CD spectra for 0;C and a;W at low concentrations of acetic
anhydride (0.05 and 0.1 mM) nearly overlap with that of the native protein. Even at higher
concentrations (0.2, 2 and 20 mM) of acetic anhydride, the spectra show only minor changes
indicating a slight increase in the helical content for both proteins (Figure 2A, B). An analysis
of the CD spectra using the K2D3 web server ® shows a consistent 95% helicity for azC and
a3 W independent of acetic anhydride treatment (ESI Table T4). Dictionary of Secondary
Structure Prediction (DSSP) analyses on production MD trajectories also show that the coil,
bend, turns, and alpha-helix elements of the protein are preserved following acetylation for both
a3C and o3 W (Figure 2C) and are presumably acetylated by acetic anhydride, as previously
reported’3.
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Figure 2: Global and local changes in protein structure post-acetylation. Far-UV CD spectra of ~9-
10 uM o;3C (A) and oW (B) at 25 °C in deionised water, incubated with different concentrations of
acetic anhydride for 30 minutes at 4 °C. (C) Secondary structure content of native and acetylated proteins
from 50 ns production MD trajectories obtained using the DSSP module in Gromacs. (D) Steady-state
Trp fluorescence emission spectra of native and acetylated a; W excited at 280 nm; emission was
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collected in the range 300 -500 nm with 10 uM NATA (as a control) at room temperature in deiotised ;05"
water using 2 nm excitation and 15 nm emission slit width. (E) Normalized frequency distribution of
Trp SASA in native and acetylated o3 W proteins obtained from snapshots derived from 50 ns production
MD trajectories. Normalized frequency distribution of backbone atom RMSDs of native and fully
acetylated 0;C (panel F) and o;W (panel G) relative to their initial conformation from 50 ns MD
trajectories. For reference, the backbone RMSD between the initial conformations (inset figures: yellow
= a;C/ a;W and green Acl17-03C/Acl7-03W)is ~ 0.3 A.

We next used the fluorescence intensity of Trp34 in azW to probe potential local changes in
protein structure after acetylation. NATA (a derivative of Trp) which showed emission maxima
at 347 nm, was used as a standard control. Trp34 was excited at 280 nm and its peak emission
intensity was observed at 327 nm in the native protein. The emission maximum remained fixed
for lower concentrations (0.05 and 0.1 mM) of acetic anhydride but exhibited a systematic red
shift at higher concentrations to 329 nm (0.2 mM), 336 nm (2 mM) and 345 nm (20 mM),
accompanied by decrease in intensity (Figure 2D). This data indicates that indole ring of Trp34
in native azW is buried in the hydrophobic core and as more residues get acetylated it gradually
gets more exposed to the polar aqueous environment. We note that relative to the control
NATA, the emission peaks for all systems are blue-shifted, indicating that even Ac17-a;W does
not have a fully exposed Trp. Additionally, the integrated area of fluorescence emission was
calculated for native and acetylated o;W. This analysis indicated that acetylation does not
exhibit a significant change in total fluorescence emission relative to native protein (ESI Figure
F13). Fluorescence anisotropy and time-resolved data provide further insights into changes in
Trp34 indole rotational motion 7> and local environment induced by acetylation. The steady
state fluorescence anisotropy of indole chromophore in native a;W was measured to be 0.083
and is sensitive to acetic anhydride concentrations (ESI Figure F14 and Table TS). The Trp34
anisotropy is comparable to the native protein at lower concentrations (0.05,0.1, 0.2 mM) but
decreases significantly at higher acetic anhydride concentrations (2 and 20 mM) where between
10-16 acetyl groups are added to the protein (Figure 1M). The large number of modifications
leads to a significant exposure of Trp34 to the solvent, which should increase its rotational
mobility and decrease fluorescence anisotropy. Note that the Trp34 anisotropy in o; W is always
higher than the anisotropy of NATA, as the former is linked to a polypeptide chain, unlike the
latter, which can freely tumble. The anisotropy data are summarized in Table S5. Trp
fluorescence intensity decay for native and acetylated a; W (20 mM acetic anhydride) both show
two lifetimes, which are assigned to different Trp rotamers (ESI Figure F15 and Table T6).
The native protein exhibits a mean lifetime that is slightly lower than NATA (ESI Table T6).
The amplitude values of native and fully acetylated (24-hour dialysis) samples are different,
which reflects the exposure of Trp to a different environment as compared to the native protein,
in agreement with the steady-state fluorescence data. The mean fluorescence lifetime of native
(2.4 ns) and fully acetylated (24 hours dialysis) sample (2.5 ns) are nearly same, consistent with
nearly equal integrated areas of their emission spectra (ESI Figure F13).

Computational SASA analysis (Figure 2E) for the Trp residue in o3W and Acl7-03W MD
trajectories reveal that acetylation indeed increases Trp solvent exposure, as shown by the
broader distribution and a shift toward higher SASA values for Acl17-0;W relative to native
protein. An analysis of spatially proximal residues further reveals that two Lys residues (19 and

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

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:31:04 AM.

(cc)

13


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09293k

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:31:04 AM.

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

(cc)

Chemical Science

Page 14 of 30

rficle Online

38) are located within 5.5 A of Trp34 in ~50% frames in the a;W production, trajectiis s oss

Notably, Lys38 forms a stabilizing salt bridge with Glu35 in ~66% frames in native protein
which is disrupted in Acl7- azW and weakens the tertiary fold near Trp. Our analysis reveals
more global changes created by acetylation as well. The protein backbone for both o;C and
a3 W proteins tends to get slightly more flexible upon acetylation as seen by the distribution of
RMSD (backbone atoms) of structures in the production MD trajectories (Figure 2F and 2G).
The distributions tend to get a bit broader and with a slight peak shift for both a;C and a;W
upon acetylation. Finally, the radius of gyration (R;) value increases systematically as we
increase the number of Aly residues (ESI Table T8 and Figure F16) in both o;C and azW.
indicative of a more expanded structure post-acetylation. Taken together the computational
results support the hypothesis of a loosely packed tertiary structure in oazW created by
acetylation.

3.3 Acetylation makes the surface of a;C and o;W more polar and negatively charged

The sequence of native o;C and a3 W is rich in polar, charged amino acid residues. However,
the number of positive and negatively charged groups are balanced (17 Lys, 17 Glu, and 2 Arg)
leading to a relatively small net charge of +2. Acetylation of Lys by acetic anhydride treatment
is expected to significantly change the surface charge and polarity of the proteins which we
probe experimentally and computationally in this subsection. First we use ANS, a hydrophobic
probe which can bind to solvent-accessible clusters of non-polar atoms 76. Specifically,
acetylated proteins (in 0.05-20 mM acetic anhydride concentrations) were incubated with ANS,
and the fluorescence intensity of the probe was measured. In the native o;C, the ANS emission
maximum appears at 490 nm, more intense than and blue shifted from the free ANS maximum
at 525 nm, which confirms the binding of ANS to the hydrophobic core of the protein. With
increasing acetylation, the emission maxima remain almost fixed with a slight blue shift
(484nm) at acetic anhydride concentrations of 0.2 and 2 mM (Figure 3A). However, the
emission peak intensity decreases with increasing acetic anhydride concentrations (> 0.2 mM),
approaching that of free ANS. In o3 W, the emission maximum in native protein (479 nm) and
its acetylated forms for acetic anhydride concentrations ranging 0.05-20 mM) are blue-shifted
relative to native protein. The blue shift and reduction in the peak intensity above a threshold
concentration (0.1 mM) of acetic anhydride were evident, while the emission spectra approach
that of free ANS at 20 mM acetic anhydride concentration (Figure 3B). These observations
suggest that subjecting the protein to acetic anhydride at concentrations above a threshold
reduces ANS binding in acetylated o;C and o3 W.

We employed further experimental and computational measurements to understand the
mechanisms by which acetylation reduces ANS binding to the proteins. In addition to anilino-
naphthalene a hydrophobic group, ANS also possesses a charged sulfonate group 7778 which
can bind to the positively charged Lys amino moiety. As the concentration of acetic anhydride
increases, more Lys residues are derivatized with the acetyl group, making the surface more
negative and creating unfavorable electrostatics for the ANS sulfonate ions. An examination of
the overall charge of native and acetylated a;C/0; W by measuring their zeta potentials 7° reveals
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Figure 3: Illustrating the effect of acetylation on protein hydrophobicity and surface charge.
Steady-state ANS Fluorescence emission spectra of ~9-10 uM native and different degrees of acetylated
03C (A) and a3 W (B) were recorded in deionised water after incubating all the samples in ANS at room
temperature for 10 minutes for the binding reaction. All the spectra were excited at 380 nm, and
emissions were collected from 400 — 700 nm with excitation slit width 2 nm and emission slit width 15
nm. Zeta potentials of native 0;C (C); and oW (D); compared with different degrees of acetylated
samples to depict the change in the surface charge of proteins after acetylation. (E) and (F) Normalized
frequency distribution of solvent-accessible surface area (SASA) for the hydrophobic residues (Ala,
Gly, Val, Ile, Leu, Phe, Met) in native and acetylated o3C and a3 W proteins, respectively.
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that the acetylated proteins have more negative values as compared to the native form. In 0;C,
addition of 0.2, 2, or 20 mM acetic anhydride changes the mean zeta potential from -8.1+0.7
(native protein) to -11.5+1.3, -16.1+0.9 and -21.4+1.5, respectively (Figure 3C). Similarly, in
az;W (mean zeta potential of -8.3+0.2), after acetic anhydride treatment at the same three
concentrations, the zeta potentials shift to -12.6+0.98, -18.2+1.0 and -22.3+1.1, respectively.
However, at lower concentrations (0.05 and 0.1 mM), the values of mean zeta potential closely

(cc)

match those of native proteins with o;C showing -7.8 +£ 0.5 and -7.9 £ 0.5 mV and o3 W showing
-8.2+0.5 and -8.5 + 1.2, respectively (Figure 3D). This data confirms that the protein surface
becomes more negative post-acetylation. Further, SASA analysis on native and acetylated
proteins shows that the hydrophobic residues (alanine (Ala), glycine (Gly), valine (Val),
isoleucine (Ile), leucine (Leu), phenylalanine (Phe), and methionine (Met)) are also less exposed
to the solvent post-acetylation (Figure 3E-F). The SASA distribution for hydrophobic residues
in native a3C (blue line) is shifted to higher values compared to that of acetylated o;C (gray
line). While the corresponding distribution for the native a; W (blue line) is also shifted to higher
SASA values relative to the acetylated a3 W (gray line), the shift is smaller as compared to a;C.
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These observations correlate with the higher threshold concentrations of acetic. anhydiide;oo5:
needed for o3W to reduce ANS binding in experiments. Further, the redder ANS emission
maximum position (463 nm) in o3 W compared to a;C (446 nm) when acetylated with 20 mM
acetic anhydride also indicates that ANS resides in less non-polar regions of a;W. In summary,

for both proteins (0;C and o3 W), acetylation appears to reduce the solvent accessibility of
hydrophobic residues and increase the surface negative charge leading to the observed weaker
binding of ANS.

3.4 The ProCharTS UV-Vis absorption of a;C and o;W proteins can track their
progressive chemical acetylation

The experimental absorption spectra (250-800 nm) of native and acetylated o;C and oz W in
different concentrations of acetic anhydride (0.05, 0.1, 0.2, 2 and 20 mM) are compared in
Figure 4. The broad absorption profile (black curve in Figure 4A) is characteristic of native
a3C and has been previously assigned by us to PICT in closely clustered charged Lys and Glu
residues within the protein fold. 44 46, As the two proteins are exposed to increasing
concentrations of acetic anhydride, they undergo progressive acetylation of the Lys residues
(ESI Figure F17) which in turn alters the ProCharTS profiles (Figure 4A-D). While o;C is
devoid of any aromatic amino acid residues, o3 W has a single Trp that shows strong absorption
from 280 — 295 nm which overrides changes in this wavelength range observed after acetylation
(Figure 4A-B). On the other hand, the ProCharTS from 370-800 nm for az;W is free of any
contributions from Trp and matches that from a3C. In both proteins, the ProCharTS responds
to acetylation only above a threshold acetic anhydride concentration of 0.2 mM, essentially
overlapping with the spectra of native protein at lower (0.05 and 0.1 mM) concentrations.
Beyond this threshold, the ProCharTS intensity across all wavelengths, monotonically drops
with increasing concentrations of acetic anhydride for both o;C (Figure 4C) and o;W (Figure
4D). The threshold acetic anhydride concentration (0.2 mM) required for ProCharTS to register
a change suggests a sensitivity limit of 3-7 Lys residue modifications. Note that at shorter
wavelengths (300-400 nm), the experimental spectra for a;C shows well resolved shifts (Figure
4A-C) even at lower concentration of acetic anhydride (0.05-0.1 mM) where only a single Lys
site is acetylated in the protein. However, in az;W, this sensitivity at bluer wavelengths is
reduced due to the strong absorption features of Trp (Figure 4B).

Our computational data (Figure 4E-G) confirms that the decrease in absorption intensity for
both a3C and Acl7- azW originates from the addition of the acetyl group to the Lys sidechains
in the proteins that contribute strongly to the ProCharTS intensity. As shown in Subsection 3.3
the overall positive charge of the protein is progressively reduced with increasing acetic
anhydride concentrations. Our mass spectrometry results (Figure 1D-E) show that at low acetic
anhydride concentrations (0.05 and 0.1 mM) only a single Lys residue is modified, and this
species co-exists with a significant population of native species. Our calculations show a
pronounced decrease in ProCharTS intensity for Ac5- 0;C Acl2- a3C, Acl17-03C (Figure 4E)
and Ac17-0;W relative to native protein (Figure 4F) consistent with experimental data (Figure
4C-D) at higher acetic anhydride concentrations (> 2 mM). The insensitivity of the spectra
above 400 nm at lower concentrations is also captured by the computed spectra. In Figure 4F
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we compare the weighted average spectra (orange and green data) from native a3C, and ACLE5o050
a3C with weights corresponding to the m/z peak ratios for the protein with 0.05- and 1-mM
acetic anhydride (Figure 1D-E). The weighted average spectra nearly overlap with that from
the native a;C reproducing the observed insensitivity of ProCharTS at lower concentrations
(Figure 4C). Our calculations predict that the spectra from Acl-0;C (Figure 4G) and Ac3-
alone (ESI Figure F18) appear to be slightly more intense than native a;C. We are not able to
comment on whether this increase is significant to resolve the species with the present set of
calculations and experiments. The spectral changes induced by acetylation can be better
understood by the UV-Vis response of smaller charged residue clusters (ESI Figure F19)
extracted from the Ac17-a;C MD trajectory. We find that ProCharTS in native protein clusters
above 370 nm is primarily composed of SS-CT transitions between oppositely charged
headgroups of Lys and Glu (ESI Figure F20 A-B). Upon acetylation of Lys, these low energy
transitions are replaced with higher energy BS-CT transitions between the charged carboxylate
and backbone of Glu (ESI Figure F20C). Note that the computed spectra in Figures 4G-F are
not expected to quantitatively reproduce the experimental data in Figures 4C-D since the
former is calculated for a single species of protein with a distinct acetylated state, whereas the
latter arises from the contribution of multiple species. A detailed analysis of these
considerations is presented in the discussion section.
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Figure 4: UV-Visible absorption spectra track progressive acetylation in asC and aszW. Experimental
(A-D) absorption spectra between 250-330 nm (A-B) and 370-800 nm (C-D) of native/acetylated asC
and asW. All acetylation reactions are performed with 20 uM protein in 100 mM HEPES buffer at pH 8
and room temperature and with varying concentrations of acetic anhydride; 0 (native), 0.05, 0.1, 0.2,
2 and 20 mM. The absorption spectra of native/acetylated samples (~9-10 uM protein) were recorded
in deionised water. In asC, the absorption is sensitive to low levels of acetylation between 300-400 nm
(red arrow in panel A and short wavelength range in panel C). The presence of Trp masks this sensitivity
at low acetic anhydride concentrations (B-D). Computed absorption spectra (370-800 nm) of native/
acetylated proteins (E-F). Computed spectra for either the most abundant or one of the highly
populated species (see Figure 1C-N) present in the experiments at different concentrations of acetic
anhydride (different colors in panels E, F). Panel G compares the computed asC native protein spectra
with that obtained from a weighted average spectrum from oasC and Acl-asC as per experimental
conditions (Figure 1D-E) with 0.05 mM (orange) and 0.1 mM (green) acetic anhydride.
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altered if Aly is included along with charged residues in the clusters (ESI Figures F21A-B).
This indicates that the neutral residue has a minimal impact on ProCharTS above 250 nm. This
was further confirmed by computing the absorption spectra of small clusters (dimer/hexamer)
of charged residues with and without Aly (ESI Figure F19). The computed spectra of Aly-Glu
dimer (blue line) are nearly identical to that of isolated Glu taken from the same dimer. The
minute differences seen are probably due to electrostatic effects coming from Aly which are
absent for the Glu monomer. In the case of hexamer, the cluster upon acetylation reduces to a
Glu dimer and isolated Glu monomer (with R.=6A). In ESI Figure F19D, cluster spectra with
and without the Aly show differences below 450 nm as the latter misses the electrostatic
influence of three Aly residues. While the red-most transition, BS-CT from negatively charged
carboxylate headgroup to the backbone of Glu remains the same independent of inclusion of
Aly (ESI Figure F20C-D), the transition is redshifted in the presence of Aly which further
confirms that electrostatic influence of the neutral residue. Nevertheless, the effect of
acetylation in reducing the spectra is fully captured independent of whether the Aly is included
or not. These calculations further strengthen our model of including only charged residue
clusters to study the effect of acetylation on ProCharTS.

3.5ProCharTS luminescence is not an effective probe of chemical acetylation in o;C

and ;W

Luminescence can arise when charges separated in the excited state subsequent to charge
transfer in charge-rich proteins undergo charge recombination. ProCharTS luminescence
intensities have previously been shown to correlate with population of proximal charges within
the protein®*. We therefore examined the possibility of using ProCharTS luminescence features
to track acetylation in a3C and az;W. Since ProCharTS arises from the absorption of multiple
chromophores (charged amino acid residue clusters) over a broad wavelength range, the
resultant emission is excitation dependent. We therefore excited the native and acetylated forms
of the proteins at multiple wavelengths and recorded the emission as a function of wavelength
(Figure 5). The ProCharTS native form luminescence of a;C and a;W is retained at low acetic
anhydride concentrations (0.05 and 0.1 mM), and shows reduction in intensity as acetylation
increased (for acetic anhydride concentrations > 0.2 mM) at all the excitation wavelengths.
However, the decrease is not systematic with increasing acetic anhydride concentrations with
trends highly sensitive to the excitation wavelength.

To determine the primary cause behind the decrease in the luminescence intensity after
acetylation, we calculated the integrated quantum yield (QY) of both native and acetylated
forms of a;C/o; W relative to reference 9,10-diphenylanthracene (DPA) and NATA excited at
355 and 280 nm, respectively. In a3C the luminescence from 280 nm excitation exhibits a
significant reduction in the quantum yield as the concentration of acetic anhydride increases
beyond 0.2 mM but is nearly similar to that of the native protein at lower concentrations (ESI
Figure F22). This suggests that the charge recombination is lowered post-acetylation with
higher concentrations of acetic anhydride. However, the luminescence QY with 355 nm
excitation in both the proteins is insensitive to the degree of acetylation (ESI Table T7), which
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Figure 5: Emission spectra of acetylated and native a;C and o;W. (A-F) Luminescence emission
spectra of ~9-10 uM native and acetylated o;C (D-I) and a3 W (J-K) were recorded in deionised water
at room temperature. Spectra were obtained by exciting the proteins at 280 nm (only 0;C) 310, 340, 355,
370 and 410 nm with a slit width of 2 nm, and their emission profiles recorded between 330-550, 360-
600, 375-650 and 430-700 nm respectively with an emission slit width of 15 nm.

indicates that the reduction in luminescence cannot be attributed to the changes in QY. Rather,
differences in protein absorption convoluted with different radiative and non-radiative
relaxation mechanisms of the excitations lead to the complex changes in the luminescence of

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

a3C and a3 W post-acetylation. Furthermore, the sensitivity of the emission spectra is the same
as that for the absorption profiles, both not responsive at low concentrations (< 0.1 mM) of
acetic anhydride. Based on these considerations, we conclude that ProCharTS luminescence
does not directly shadow charge neutralizing modifications of residues and is therefore not as
effective as absorption at tracking PTMs such as acetylation in proteins.

Open Access Article. Published on 02 April 2026. Downloaded on 4/3/2026 1:31:04 AM.
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4. Discussion
A direct label-free optical spectroscopic detection of PTMs offers many advantages in
comparison to conventional techniques such as mass spectrometry or antibody-based detection.
Absorption and emission spectroscopy are some of the most accessible characterization
techniques in protein biophysics and biochemistry labs around the world. Optical techniques
are least perturbative and can report on functional assays in solution phase*~!80, Additionally,
extensions to in-vivo measurements and more advanced non-linear (ultrafast) spectroscopies is
also possible®!-32, Recently there is growing interest in using spectroscopy to probe the
collective optical properties of amino acids in supramolecular architectures and utilize them in
sensing and therapeutic applications®. However, studies in this direction have been restricted
to aromatic amino acids (Phe, Tyr, Trp). From the vantage point of protein biophysics and
biochemistry, it would therefore be very useful to extend optical spectroscopy to detect PTMs
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in protein solutions by establishing distinct chemical signatures of modified and ynmedifi¢d
residues. In this direction, recently, vibrational markers were proposed for acetylated and non-
acetylated forms of Lys using Raman and FTIR spectroscopy of powdered samples of the amino
acids in combination with DFT calculations*'. However, these vibrational fingerprints and their
sensitivity to number of PTMs remain to be tested in solution phase. Here, we show for the first
time that emergent charge transfer transitions from collective excitations of charged amino acid
residues provide distinctive signatures in electronic absorption spectroscopy to detect PTMs in
solution phase. We have demonstrated that ProCharTS absorption profiles of o;C and oz W
show a monotonic decrease in intensities between 370-800 nm with progressive chemical
acetylation of the proteins in acetic anhydride solutions. Mass spectrometry (Figure 1C-N)
confirms that between 1-19 acetyl groups are added to both 03;C and a;W which are assigned to
modifications of 17 Lys residues, the protein N-terminus, and the single Ser residue in the
proteins. Additionally, a weak signal for an extra acetyl group in 0;C is assigned to the buried
Cys residue in the protein. Since the ProCharTS profiles are broad and featureless, we
developed a computational framework to simulate and deconvolute the spectral profile in terms
of the underlying charged amino acid residue chromophores. This provides us with new insights
to develop optical signatures of acetylation in terms of PICTs arising within the protein fold as
discussed below.

An analysis of the computed spectra of a;C/a; W show that the addition of acetyl groups to Lys
residues significantly alters the clustering among charged amino acid residues to influence the
spectra. For instance, as illustrated in ESI Figures F7-8, acetylation leads to an increase in the
number of charged residue monomers in Acl7-a3C compared to o3;C, accompanied by a
corresponding decrease in the size of larger clusters, particularly tetramers to heptamers. For
other acetylated systems, we find a wide range of clusters all of which are uniformly populated
with charged residues (ESI Figure F23A-E(i)) when 12 or less residues are acetylated.
However, as the degree of acetylation progresses and charged Lys residues are neutralized, we
see a gradual increase in the population of monomers and dimers at the expense of the larger
clusters (ESI Figure F23A-E(ii) and Table T10-11). Eventually, when all Lys residues are
acetylated, we find most of the residues (~85%) in monomeric form for Ac17-a;C (ESI Figure
F23F(i-ii)). We find that the decrease in spectral intensity is correlated with the total number
of monomers, dimers and trimers (ESI Figure F28) linking the decrease in the ProCharTS
intensity of spectra post-acetylation to the reduction in the clustering propensities of oppositely
charged Lys and Glu amino acid residues.

In previous computational studies we had shown that the excess charge on the sidechains of
amino acid residues like Lys and Glu creates a polarization of frontier filled orbitals to create
an electronic donor-bridge-acceptor (D-B-A) molecular architecture®. As a result, while
monomeric Lys or Glu residues absorb in the deep UV, they show facile backbone-sidechain
(BS) PICT transitions. More interestingly, when these D-B-A residues (Lys and Glu)
electrostatically interact through their charged headgroups, both the nature of the PICT and
their absorption wavelengths change. An oppositely charged Lys-Glu dimer which is separated
by 5-6 A shows 6 different inter/intra-residue PICTs including visible sidechain to sidechain
(SS) PICT from the Glu carboxylate group to the Lys amino group*. ESI Figure F29 shows
that the decrease in spectral intensity is strongly correlated with number of Lys acetylated and
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decrease in Lys-Glu dimers which are separated by more than 4 A. Thus, the intensjty dectBa8E 50
is a direct effect of Lys charge neutralization which is well accordance with the previous
finding*. Thus, based on these results we hypothesize that the classic ProCharTS profile of a3C

in the near UV and visible arises from the contribution of oppositely charged amino acid residue
dimers and higher order clusters. Below we carry out a deconvolution of the simulated spectra

of native a3C to validate this hypothesis which allows us to connect the spectral differences
post-acetylation to the underlying changes in PICT processes.

To fully understand the contributions of charged amino acid residue clusters to ProCharTS, we
first decomposed the computed spectral profiles of native and acetylated a3C into contributions
from individual snapshots from the MD production trajectories. Figure 6A and 6B showcase
the final averaged spectra (Black line) of native a3C and Acl7-a3C against a backdrop of
contributions (different colours) arising from 50 snapshots from the production runs. Similar
analysis for other acetylated systems are shown in ESI Figure F24. Interestingly, while the
averaged ProCharTS profile for native a3C is featureless, 46 % of the MD snapshots show a
rich array of features including clearly defined peaks ranging from the UV to the visible
(Figures 6A and ESI Figure F25). Strikingly, in fully acetylated Acl7-a3C all features
disappear and the resultant weak ProCharTS absorption is comprised of featureless
contributions from individual snapshots (Figure 6B). Further analysis reveals that oppositely
charged dimers contribute significantly to the spectra exhibiting peak features (featured
spectra). For instance, the spectral profile from the snapshot indicated by the black arrow in
Figure 6A, arises predominantly from dimer and trimer contributions between 350-450nm and
solely from dimers above 450 nm (Figure 6C). In this specific snapshot, there are a total of five
oppositely charged dimers present but only two of them with separation distances between 5-6
A exhibit SS-PICT transitions which contribute to the spectra beyond 450nm (Figure 6D) and
mixture of SS-PICT and BS-PICT transitions which contribute below 450 nm. Extending this
analysis to the full set of MD snapshots we find that isolated oppositely charged dimers

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

predominantly contribute to the native a3C absorption profile above 450 nm in more than 50%
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of the snapshots exhibiting featured spectra (Figure 6E). In remaining snapshots which exhibit
featureless spectra, dimers and trimers both predominantly contribute (Figure 6F). Similar

(cc)

analysis for acetylated a3C systems are also shown in ESI Figures F26-27. The ratio of
snapshots showing featured versus those showing featureless spectra decreases as a3C is
progressively acetylated and falls rapidly when 5 or more Lys residues are acetylated.

Interestingly, while the averaged absorption spectrum decreases with increasing acetylation, it
does not exhibit any peak features in any of these systems despite possessing multiple snapshots
with featured spectra. When the degree of acetylation is low (Acl- and Ac3-03C), oppositely
charged dimers still dominate the spectral intensity above 450 nm and produce a slight
enhancement in the spectra relative to native a3C (Figure 4G and ESI Figure F17). Only when
five or more Lys residues are acetylated, do we observe a significant decrease in the number of
snapshots showing featured spectra. Further even for the featureless spectra, the tails beyond
500 nm reduce with increasing acetylation. We find that featureless spectra in all systems arise
predominantly from isolated Glu monomers and either neutral (Lys-Glu pairs forming a salt-
bridge) or negatively charged Glu dimers (ESI Figures F26-27). These DBA systems lack SS-
PICT transitions and show only BS-PICT or backbone-backbone (BB) PICT 444This is also
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Figure 6: Spectral deconvolution reveals SS-PICT in oppositely charged dimers as key
Simulated spectra (black dotted line) of (A) a3C, and (B)

markers of the degree of acetylation.

Ac17-a3C. The spectrum for each system is obtained by averaging over 50 snapshots (coloured
dotted lines) from the 50 ns production MD runs. The spectra from individual snapshots are classified
as featured or featureless based on whether they show peaks or not (C) Contribution of clusters to
the intensity of a representative snapshot exhibiting featured spectra (black arrow in panel A)
between 350-450nm and above 450 nm. (D) The two dominant dimers, Lys32:Glu28 (Dimer 1)
and Lys40:Glu49 (Dimer 2) and their corresponding PICT transitions showing hole (pink) and
electron (blue) density. These transitions produce the peak features in the profile of the representative
snapshot (black arrow in panel A). Contributions of clusters to the set of featured (E) and featureless
(F) spectra for native 03C (panel A) in terms of the number of snapshots in which each cluster
dominates the spectral intensity (above 450nm (E) and 350-450nm (F)). Two frames had zero
transitions above 350nm and were discarded in this analysis.
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contributing to the spectra below 450 nm. Taken together, the analysis here alsq,shows,fHat, ;o050
long range (5-6A) SS-PICT transitions in oppositely charged dimers, are responsible for the
extended absorption feature above 450 nm for the native protein. With increasing acetylation,
these long-range PICT transitions are turned off due to the reduction in population of oppositely
charged residue pairs and manifests in the observed drop in ProCharTS intensity in the visible.
Given the broad features of the spatiotemporally averaged ProCharTS profile (Figure 4) and
experimental limitations in selectively acetylating specific residues during chemical acetylation
assay which results in an additional averaging over multiple species (in terms of acetylation
sites), it is not possible to directly verify the transient clusters predicted here by computations.
However, our sensitivity analysis of the Acl12-0;C (ESI Section M1.2.5 and Figure F18)
indicates that the ProCharTS profile may be much more sensitive to PTMs at certain sites in
relation to others, something which can be inferred from computational screening and then
verified by experiments which can carry out selective single point perturbations.

Charge neutralization of Lys (acetylation or any such PTMs) can create a number of changes,
both local and global, in the protein structure which impact the spectra to differing extents.
Some changes are universal, such as changes in the composition and size distribution of charged
amino acid clusters, tertiary interactions, and changes in the overall charge of the protein,
Others such as changes in the protein secondary structure, conformational changes, or changes
in function (e.g enzymatic activity) are very protein specific. The sensitivity of the protein
spectral changes to PTMs will also be protein specific depending on whether these effects act
in a concerted or opposing mode to alter the ProCharTS activity. Both computational and
experimental techniques are required to understand the interplay of these effects and
deconvolute them. In the present manuscript we have attempted to do precisely this for our
model systems as noted below. For our model protein systems, the CD, Trp spectra, and MD
simulations (Figure 2) indicate no major changes in the secondary structure of the protein or
the overall protein fold which leads us to the conclusion that the associated spectral changes do
not arise from factors such as backbone conformational changes. On the other hand, these
techniques do suggest a weakening of tertiary interactions which leads to a systematic increase
in R, and can be attributed to changes in the surface charges and polarity of the protein as
indicated by ANS binding, zeta potential measurements (Figure 3). Further, Trp emission and
SASA calculations (Figure 2D-E) on o3;W also indicate local unfolding of the structure
exposing the Trp to solvent post-acetylation is attributed from simulations to disruption of a
Lys38-Glu35 salt bridge in the vicinity due to charge neutralization. To more clearly show the
impact of these changes on the spectra we examined the distribution of cluster sizes as a
function of acetylation which clearly indicates a reordering of cluster sizes upon acetylation.
Scatter plots (ESI Figure F28) between spectral intensity and number of clusters of smaller
size (monomers, dimers and trimers) show that the systematic decrease in the intensity of
spectra is correlated to the reduction in the clustering propensities of oppositely charged Lys
and Glu amino acids. The drop in spectral intensity correlates even more strongly (ESI Figure
F29 and Tables 8-9) with protein R,, the number of Lys acetylated or the number of Lys-Glu
dimers which are separated by more than 4 A. Essentially, changes in cluster size reordering or
reductions in the number of oppositely charged Lys-Glu dimers or even the changes in R, can
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all be traced back to charge neutralization (acetylation). As demonstrated here, the combindtion;.>o5:

of computational and experimental analysis can be used to dissect the nature of changes induced
by the PTMs which manifest in spectral changes.

Our experimental studies and computational analysis identify a new optical mode employing
charge transfer transitions to follow acetylation or indeed any PTM that alters the charged state
of residues. We term the new detection mode ProCharTS?™ which has the potential to be
developed into a cheap and viable alternative to techniques such as Mass Spectrometry and
antibody-based assays. The strategy rests on the enhanced sensitivity of ProCharTS to charge
altering PTMs is due to charge transfer (CT) character of the underlying transitions which show
significant shifts and changes in intensity in response to perturbations in amino acid charge and
their clustering®. In the present study, we note that experimental ProCharTS spectra show
noticeable sensitivity (Figure 4A-B) to detecting lower levels of acetylation (at 0.05 and 0.1
mM acetic anhydride) in the 300-400 nm window. Mass spectrometry data indicates that only
0 and 1 Lys acetylated species are present at these low concentrations of acetic anhydride. Based
on the data from a3 W, the strong absorbance of tryptophan can mask this sensitivity and could
possibly be deconvoluted with the aid of computations as noted above. In order to assess the
applicability of ProCharTS to biologically relevant proteins, we carried out chemical
acetylation studies on two proteins, the GTPase K-RAS which regulates cellular response and
the Histone H2A which regulates gene expression, where acetylation has been shown to play
important roles®*83. Both proteins exhibit a clear systematic monotonic decrease in ProCharTS
absorbance with increasing concentrations of acetic anhydride (ESI Figure F31). Additionally,
both proteins have a lower predominance of charged amino acid residues (~30-40% of the
sequence) and a higher molecular weight compared to a;C and a;W (ESI Table T12). These
results show that ProCharTS?™ can also be used to detect modifications in biologically relevant
proteins, even when the charge content is low.

Despite these promising results, there are limitations on the ProCharTS””™ measurements and
analysis which need to be addressed in order to develop the technique further. We note that
there are quantitative differences between the measured and computed spectra (Figure 4),
particularly in terms of intensity, which is lower for the latter and the sharper drop in the
ProCharTS tail for the computational data. Further, the computed data cannot resolve the drop
in ProCharTS intensity when more than 12 Lys are acetylated. These differences and limitations
can be attributed to the diversity of protein species contributing to the experimental spectra and
approximations used in our computational analysis. The mass spectrometry data reveal (Figure
1C-N), that the experimental ProCharTS signal arises from multiple protein species with
different numbers of acetylated residues. Additionally, even for a fixed number of acetylation,
there are multiple protein species present. For instance, in Acl-0;C there are 18 possible amino
groups which can be acetylated. While all modifications sites are not equally accessible, a
solvent accessibility analysis (ESI Figure F5A) indicates that the number of degenerate
possibilities is still large. Our computational examination of single amino acid permutations in
the Acl2-03W system shows that the choice of amino acid site acetylated can impact the
ProCharTS profile above 400 nm significantly. Thus, specific acetylation sites could potentially
be detected with suitable combinations of experiments and computations. For instance,
experiments could be improved to selectively acetylate Lys sites or generate samples with one
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or a few species at most. Alternatively, the computations could be made more, gfficigtit, ¥ 5o>o5x
sample all possible permutations and combinations of PTM sites present in the sample. The
prohibitive computational costs of a full detailed MD plus TDDFT framework presented can
be mitigated by identifying geometric parameters/feature spaces to generate spectra using
AI/ML approaches. Reducing the cost of the computations will also help improve the quality
of simulated spectra. For instance, to generate the spectra in Figure 4 at a reasonable cost, the
clustering cut-off parameter R. was set to 6 A to restrict cluster sizes in ProCharT$ simulations
to decamers (Subsection 2.2.4). Increasing the value of R, will allow larger clusters which
should produce more accurate ProCharTS profiles. Further, our calculations do not include non-
charged amino acid residues in the spectra simulations which contribute to the spectra below
300 nm. Finally, even for charged amino acid residue clusters computational cost limits the
maximum number of calculated transitions to 120 per cluster covering a spectral range of 250-
800 nm. These factors lead to a poor description of the spectra in UV range (up to 380 nm) and
can be improved in the future. Moving forward, we suggest the following roadmap to develop
ProCharTS?™ into a potent tool for biochemistry and biomedicine:

Stage 1 (Accelerating Computations and Standardizing Experimental Protocols): Reducing the
computational time to simulate the spectra of ProCharTS (currently two weeks on a high-
performance computing cluster) to less than a day. This can be accomplished by developing
either AI/ML strategies or a library of precomputed cluster spectra. On the experimental side,
creating standard and systematic protocols for sample preparation (including enzyme catalyzed
PTMs) which isolate specific ProCharTS active species along with their spectral response to
modifications.

Stage 2 (Spectral Deconvolution and Experimental Validation): Development of computational
strategies to deconvolute the experimental signals arising from multiple proteins present in a
sample based on individual spectral fingerprints along with experimental validation

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

Stage 3 (Database of ProCharTSP™ Fingerprints): Creation of a database of ProCharTS active
proteins along with their spectral fingerprints. A comprehensive in-silico scan on protein
structures can be carried out first followed by experimental validation and spectral
characterization. Such a database can be regularly updated to include newly discovered
ProCharTS?™ fingerprints.
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These steps lay the foundation to develop ProCharTS”™ into a quantitative spectroscopic
method for detecting charge-altering PTMs such as acetylation in biological samples.

5. Conclusion

Our results show for the first time that charge transfer transitions can serve as markers to track
and study PTMs in charge rich proteins. Here, we use chemical acetylation of two model charge
rich proteins 03C and o3 W to develop an approach (ProCharTS””™™ ) which combines simple
UV-Vis absorption spectroscopy with computational analysis to follow the progressive
modifications of their charged residues. Extensive spectroscopic and biochemical
characterization enables us to map ProCharTS intensity changes to the number of modified
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residues in the proteins. The analysis reveals that the ProCharTS profile obtained wiith diffieht oo5s
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concentrations of acetic anhydride arises from heterogeneous protein populations with varying
degrees of acetylation. Joint experiments and MD computational analysis show that while
acetylation does not change the secondary structure of the proteins, their tertiary fold is
weakened by acetylation. ANS binding studies, zeta potential measurements, and
computational analysis indicate that acetylation makes the surface of the protein more polar and
negatively charged. Further hydrophobic pockets become less accessible for ANS binding with
increasing extent of acetylation. The ProCharTS emission profiles for the proteins as a function
of acetylation are complex showing considerable sensitivity to excitation and emission
wavelengths. As such, they are not conducive to tracking PTM modifications in proteins. We
believe that our study sets up an exciting new paradigm for tracking biologically relevant PTMs
among charge rich proteins, a biomedically relevant class that includes genome regulating
proteins such as histones; intrinsically disordered proteins implicated in neuropathological
disorders like tau, tumour suppressor protein p53 and gene-regulating transcription factor
modifications such as TFIIE, TFIIF; proteins that are activated or inactivated by PTM in
complex networks of signaling pathways.
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