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CHAPTER 4

Abstract

Formaldehyde-inactivated toxoid vaccines have been in use for almost a century. Despite
formaldehyde’s deceptively simple structure, its reactions with proteins are complex.
Treatment of immunogenic proteins with aqueous formaldehyde results in heterogenous
mixtures due to a variety of adducts and crosslinks. In this study we aimed to further
elucidate the reaction products of formaldehyde reaction with proteins, and report unique
modifications in formaldehyde-treated cytochrome c and corresponding synthetic peptides.
Synthetic peptides (Ac-GDVEKGAK and Ac-GDVEKGKK) were treated with isotopically labeled
formaldehyde (**CH,0 or CD,0), followed by purification of the two main reaction products.
This allowed for their structural elucidation by (2D)-NMR and nanoscale LC-MS analysis. We
observed modifications resulting from: formaldehyde-induced deamination and formation
of a,B-unsaturated aldehydes, and methylation on two adjacent lysine residues; and
formaldehyde-induced methylation and formylation of two adjacent lysine residues. These
products react further to form intramolecular cross-links between the two lysine residues.
At higher peptide concentrations, these two main reaction products were also found to
subsequently cross-link to lysine residues in other peptides, forming dimers and trimers.
The accurate identification and quantification of formaldehyde-induced modifications
improves our knowledge of formaldehyde-inactivated vaccine products, potentially aiding

the development and registration of new vaccines.
Keywords

formaldehyde; vaccines; antigens; NMR; mass spectrometry; structural elucidation; protein

modification
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Novel formaldehyde-induced modifications of lysine residue pairs in
peptides and protein: identification and relevance to vaccine development

Introduction

Formaldehyde is involved in a wide range of applications and processes. It is an important
precursor in the synthesis of many chemicals, such as polymers and resins . Furthermore,
the chemical is a potent disinfectant and sterilant. It is either obtained as a 37 wt.% aqueous
solution (known as formalin, usually stabilized with 10-15 wt.% methanol) or vaporized from
paraformaldehyde. As a disinfectant it is effective against a wide variety of bacteria, fungi
and viruses 2. Besides disinfecting equipment, formaldehyde is also used in other medical
applications, for instance in dentistry 3. In histology and pathology, it is used as fixation
agent % In pharmaceutical applications, formaldehyde-inactivation of antigens remains
an important method for chemical inactivation of pathogens (reviewed elsewhere °) in
the production of vaccines almost a century after its discovery ®. Marketed vaccines that
are inactivated this way range from toxins (e.g., diphtheria toxin, tetanus toxin) to viruses
(such as the poliovirus) and bacteria (such as whole-cell Bordetella pertussis vaccines) 2.
Formaldehyde-inactivation also has potential for the development of new vaccines, such as
enteroviruses (i.e., enterovirus 71 ° and coxsackieviruses *°) or coronaviruses (i.e., SARS-CoV-1
). Nevertheless, some formaldehyde-inactivated vaccine concepts have failed dramatically,
such as the formaldehyde-inactivated respiratory syncytial virus (RSV) vaccine, which
enhanced the severity of RSV °. Recently, this has been linked with the usage of suboptimal
concentrations of formaldehyde, resulting in misfolding of the RSV fusion protein > 3. This
failure underlines the importance of product characterization and a general understanding of
the mechanisms involved. The use of formaldehyde itself in vaccine production is sometimes
a source of criticism because of its toxicity **; however, formaldehyde is also an endogenous
product in various metabolic processes in vivo and present at higher concentrations in the
human body than in vaccines *°. It has been shown that endogenous formaldehyde induces
immunogenic adducts; increased immunogenicity of formaldehyde-treated proteins is
also observed in some vaccine products . The mechanism of formaldehyde-mediated
inactivation and other formaldehyde reactions with proteins and amino acids have been
studied by several groups %, As the formaldehyde is mixed with a solution containing
proteins, imine and hydroxymethyl adducts are formed on amines, amides and thiols.
These then react further with other amino acid residues in the mixture such as tyrosine and
arginine residues. This results in intermolecular (with other proteins or amino acids in the

solution) and intramolecular crosslinks *°. An overview of the most common formaldehyde-
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induced modifications is depicted in Table S1. Although a lot of progress has been made in
the identification of formaldehyde-induced modifications, the complexity and heterogeneity
of the reaction products still hinder a complete understanding of the processes involved.
Thorough vaccine product characterization and understanding is key to monitoring batch-to-
batch consistency. If the various chemical modifications and the degree of these modification
are known, batch release could be based on in vitro tests in a so-called consistency approach,
instead of traditional in vivo release tests, measuring immunogenicity and (absence of)
residual toxicity 2”*°. Moreover, better understanding of formaldehyde-inactivated vaccines

can aid the development and registration of new vaccines.

In previous work, we have analyzed the influence of formaldehyde modifications on the
kinetics of proteolytic digestion of various model proteins3*. To identify formaldehyde-induced
modifications in diphtheria toxoid or model proteins, such as cytochrome c, proteins were
treated with aqueous solutions of CH,0 or CD,0 *. After incubation, the resulting mixtures
were pooled in a 1:1 ratio. Subsequent protease digestion was used to obtain peptides that
were analyzed by nanoscale LC-MS. Classic formaldehyde modifications yield mass spectral
doublet peaks with a 2 Da mass difference or a multiple of 2 Da ** 2 with equal intensities.
The structure of these formaldehyde modifications in cytochrome ¢ have been assigned 3.
However, several atypical spectral doublet peaks were observed that could not be addressed

to these classic formaldehyde modifications.

In this study we aim to further elucidate the reaction products of formaldehyde with
proteins, and report new modifications in formaldehyde-treated cytochrome c and
corresponding synthetic peptides. Synthetic peptides were treated with isotopically labeled
formaldehyde (**CH,O or CD,0) followed by purification of the two main reaction products.
This allowed their structural elucidation by NMR and nanoscale liquid chromatography-
mass spectrometry (LC-MS) analysis. These modifications involved: formaldehyde-induced
deamination and formation of vinylic aldehydes, and methylation on two adjacent lysine
residues; formaldehyde-induced methylation and formylation of two adjacent lysine
residues. At higher peptide concentrations, these two main reaction products were found

to subsequently cross-link to lysine residues in other peptides, forming dimers and trimers.
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Materials & Methods

Synthetic peptides were purchased from Pepscan with >95% purity as TFA salt. In a typical
reaction the peptides were dissolved in water (LC-MS grade, Biosolve) and added to a 100
mM phosphate buffer (pH 7.4, obtained as a 1 M solution from Sigma Aldrich) containing 120
mM formaldehyde (Sigma Aldrich). The reaction mixture was then placed at 40 °C, typically
for two days. To stop the reaction and allow for nanoscale LC-MS analysis, 1 uL aliquots were
diluted in 1 mL 0.1 vol% formic acid (Merck) or 10-pL aliquots added to 90 uL 1 vol% formic
acid for conventional LC-MS. To stop the reaction and allow for purification, the pH of the

mixture would be adjusted to ~2 by addition of 10 vol% TFA (Sigma Aldrich).

Reductive methylation

Solutions of synthetic Ac-GDVEKGKK and Ac-GDVEKGKKIFVQ (1 mM) were treated with 123
mM formaldehyde (CH,0) in phosphate buffered saline (Gibco) with a total volume of 100
uL. After four days of incubation at 37 °C, an aliquot was taken for nanoscale LC-MS analysis
(diluted 1:100 in 0.1 vol% FA). Subsequently, 10 pL 1.23M NaBH.CN and another 10 pL 1.23
M formaldehyde were added and the samples incubated for 30 minutes at room temperature

after which another sample was taken.

Purification

Purification was achieved by reducing the total reaction volume tenfold by vacuum
concentration in an Eppendorf vacuum centrifuge. The reaction products were separated by
subsequent 20-pL injections on an XSelect Peptide CSH €18, 130 A, 5 um 4.6 mm x 250 mm
semi-preparative column (Waters) in an Agilent 1290 Infinity Il HPLC system with UV detection
at 215 nm. Eluent A consisted of water with 0.02 vol% TFA and eluent B consisted of 80 vol%
acetonitrile (LC-MS grade, Biosolve) with 20 vol% water and 0.02 vol% TFA. To separate the
products a 10% to 17% eluent B gradient in 6 minutes was used, followed by 17% to 50% B in
1 minute. Fractions were collected manually and subsequently concentrated in the vacuum
centrifuge to approximately 50 uL. For NMR analysis 600 uL D,0 (Sigma Aldrich) and 10 plL
D,0 containing 0.75 wt% TMSP (Sigma Aldrich) were added. Products were stored at room
temperature in NMR tubes at a pH <2.5 due to residual TFA.
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Stability of product 2a

90 uL of purified 2a (prepared from Ac-GDVEKGKK) was taken from the NMR tube (15 pg)
and mixed with 10 uL 1M phosphate buffer (pH 7.4). The pH was verified using pH indicator
paper. Immediately afterwards, a 1-pL aliquot was diluted into 1000 pL 0.1 vol% formic acid
to quench the reaction. The remaining mixture was incubated at 40 °C for 18 hours and

sampled subsequently.

Acetaldehyde reaction

Acetaldehyde (Sigma Aldrich) was dissolved in 100 mM phosphate buffer containing 0.1 mg/
mL Ac-GDVEKGAK and the mixture was placed at room temperature for 1 day. Subsequently
a 1-pL aliquot was diluted into 1000 uL 0.1vol% formic acid, and 1 pL of an LC-MS sample of
purified 8a (from Ac-GDVEKGAK treated with *CH,0) was added as a **C labeled reference

for nanoscale LC-MS analysis.

Nanoscale LC-MS

The peptides were analyzed by reversed phase nanoscale LC-MS using a vented column
system as described by Meiring et al 3. An Agilent 1290 Infinity HPLC system was used in
conjunction with a 100-um inner diameter (1.D.) trapping column packed to a bed length
(L) of 20mm with Reprosil-Pur C18-AQ 5 um particles and a 31 cm, L x 50 um I.D. analytical
column packed with Reprosil-Pur C18-AQ 3 um particles, coupled to a gold-coated nano
electrospray ionization spray tip with a 3.5-um tip diameter (all prepared in-house). 10-pL of
the sample was injected onto the trapping column. The trapping column was then washed
with 0.1 vol% formic acid in water at a 5 ulL/min flow rate for 10 minutes. The gradient
consisted of water with 0.1 vol% formic acid (eluent A) and acetonitrile with 0.1 vol% formic
acid (eluent B). The gradient started at 4% B to 34% in 15 minutes followed by washing steps
and re-equilibration. A flow restrictor was used to ensure a flow rate of approximately 125
nL/min through the analytical column. The LC system was coupled to an Orbitrap Fusion
Lumos Tribrid mass spectrometer (Thermo Fisher). Analysis was done in Data Dependent
Acquisition mode, with MS1 scans at 120,000 FWHM resolution from 300-1500 m/z. Collision
Induced Fragmentation (CID) MS2 scans were measured in either iontrap or orbitrap mode,
where the orbitrap resolution would be decreased to 7,500 FWHM resolution for increased
acquisition speed. All MS1 orbitrap m/z readouts were corrected using fluoranthene as

Internal Mass Calibrant. Typical mass errors expected on MS1 were <1 ppm and <20 ppm on
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MS?2 (in orbitrap measurements). Note: for ease of reading the number of digits behind the

decimal separator in some figures is lower than those still considered accurate.

Conventional LC-MS

Reaction kinetics of Ac-GDVEKGKK, Ac-GDVEKGAK, Ac-GDVEAGKK and Ac-GDVEKGKA were
compared by using conventional LC-MS. To this end, we used an Agilent Poroshell 120 EC C18
column (2.1 mm I.D. x 50mm L) packed with 1.9 um particles with an Agilent 1200SL HPLC
system coupled to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher) with electrospray
ionization. The same eluent system as with nanoscale LC was used with a 1% to 30% B in
a 4-minute gradient. 5-pL of the sample at a concentration of 0.01 mg/mL peptide was
injected. Measurements were performed in the ion trap at normal scan rate, from 300 to

900 m/z.

NMR

NMR experiments were carried out on a JEOL JNM-ECZ400S/L1 400 MHz NMR in D,0 with
trimethylsilylpropanoic acid as internal reference. Default experimental settings as provided
by JEOL were used. 'H-NMR spectra were recorded using Robust5 water suppression (1064
scans). Standard **C spectra, DEPT-135 and DEPT-90 spectra were recorded until signal/noise
was sufficient (typically, >30,000 scans). For HSQC and HMBC the HSQC_wet and HMBC_wet

experiments were used to suppress the water signal.

Results

Detection of unusual formaldehyde modifications in cytochrome c

In a previous study, chemical modifications were identified in cytochrome c after
formaldehyde treatment . However, some unexpected modifications were identified by
the PEAKS Studio PTM module, which could not be explained. These observations triggered
further investigation. In the previous study, proteins were treated with CH,O and CD,O
separately and after incubation, the samples were mixed 1:1 and digested with the protease
cathepsin S. Instead of the usual 1:1 ratio of the light and heavy peptide, the isotope
pattern was skewed towards the light peptide (Figure S1). This observation triggered further
investigation. Moreover, the mass increase after formaldehyde treatment was +42.0106 Da,

which commonly corresponds to acetylation (+C,H,O, on top of the standard acetylation
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of the cytochrome ¢ N-terminus), but acetylation by formaldehyde is not obvious. As the
mass increase between the light peptide and the heavy peptide was 4 Da, 2 formaldehyde
molecules (each containing 2 deuterons) must have been incorporated in the modification.
Peptides derived from formaldehyde-treated cytochrome c that included this mass increase
(+42.0106 Da) were Ac-GDVEKGKK, Ac-GDVEKGKKIFVQ, KGKKHKTGPNL and AYLKK. All these
peptides contain at least 2 lysine residues, making the involvement of two lysine residues in

one modification or crosslink very likely.

Formaldehyde modifications in synthetic Ac-GDVEKGKK

To study this modification in detail, a synthetic peptide with the sequence Ac-GDVEKGKK
was subjected to 120 mM formaldehyde (CH,O or CD,0) in 100 mM phosphate buffer (pH
7.4). Treatment of the native peptide resulted in the same modification with AM = +42.0106
Da, as observed for cytochrome c, along with a variety of other modifications. The most
important of these other modifications were AM = +24.9840 Da (+[C,O]-[NH]) and AM =
+73.0051 Da (+[C,H,0,]-[N]), where the latter is suggested to be an analogue where an
additional molecule has reacted with the former. A representative chromatogram is shown
in Figure 1. Because of the complicated nature and the many reaction products formed, we
decided to focus on the most important modifications, which form the basis for the other
reaction products: AM = +24.9840 Da (1a-b) and AM = +42.0106 Da (2a-b). The proposed
structures for these modifications are depicted in Scheme 1. Experimental evidence for

these structures is described below.
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Reaction kinetics

To investigate which lysine residues were involved in these formaldehyde modifications
(+24.9860 and +42.0106 Da), peptides with the general sequence Ac-GDVEXGXX were
made, where X = K or A in all possible permutations. Treatment of the peptides that
contained only 1 lysine did not result in the formation of significant additional peaks, with
the exception of a small amount of the classic hydroxymethyl and imine adducts (data not
shown). The other peptides showed different degrees of modification, where the extent
of modification decreased in the following order: Ac-GDVEKGKK = Ac-GDVEKGAK > Ac-
GDVEKGKA >> Ac-GDVEAGKK (Figure 2). The formation of 2 was diminished by the use of
deuterated formaldehyde (72% reduction for Ac-GDVEKGKK), while the effect of deuterated
formaldehyde on the formation of 1 was less substantial. Ac-GDVEKGKK and Ac-GDVEKGAK
form similar amounts of 2, with similar kinetics, but 1 was formed faster from Ac-GDVEKGAK.
The use of D,0 as a solvent instead of H,0 did not affect the structure of the reaction

products, but slightly decreased the speed of the reaction (Figure S2).

Ac-GDVEKGKK Ac-GDVEKGAK
2000000 20000007
- ~=- 1 (from CH,0) - -= 1 (from CH,0)
s 1500000 -v- 1 (from CD0) % 1500000 -v- 1 (from CD,0)
L e —e— 2 (from CH,0) o —e— 2 (from CH,0)
© . Sl
£ 1000000+ el -a- 2 (from CD,0) g 1000000 — -a- 2 (from CD,0)
@ _ / s | A
= s 3
& sooooo- ] __,_%-} _________ 3 H 500000
o L o e T [ SR "
T T T T T 1
[ 20 40 60 0 20 40 60
Time (h) Time (h)
Ac-GDVEKGKA Ac-GDVEAGKK
2000000 2000000
n ~=- 1 (from CH,0) n -a- 1 (from CH,0)
5 1500000 -v- 1 (from CD,0) 5 1500000 -v- 1 (from CD,0)
A — 2 (from CH,0) K — 2 (from CH,0)
© ©
€ 1000000 -a- 2 (from CD,0) £ 1000000 -a- 2 (from CD,0)
o @
2 3
£ 500000 £ 500000
@ i
o [
1 T T 1
60 0 20 40 60
Time (h) Time (h)

Figure 2. Comparison of the reaction between synthetic analogues of peptide Ac-GDVEKGKK (where one of the
various lysine residues is replaced with an alanine residue) and the use of CH,0 or CD,0 on the formation of
products 1 and 2. The area of the regioisomers has been summed.
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Reductive methylation of the reaction products

To elucidate the structures of reaction products 1 and 2, the reaction mixture of Ac-
GDVEKGKK with formaldehyde was subjected to reductive methylation by the addition of
more formaldehyde and NaCNBH,. Unreacted Ac-GDVEKGKK was methylated 6 times, twice
on each lysine residue. Although a variety of reaction products were formed, some of the
main peaks observed were those corresponding to products 1 and 2 with three additional
methyl groups. Thus, the original formaldehyde-induced adducts on 1 and 2 were both
stable under mild reducing conditions, and three positions on the amine groups could still
form imines and the corresponding methyl groups (Scheme S1). These results are consistent

with the proposed structures 1 and 2.

Purification and stability of products 1 and 2

To enable NMR analysis of products 1and 2, the reaction mixture of *CH,0 and Ac-GDVEKGAK
was purified by reversed phase, preparative reversed-phase HPLC. Ac-GDVEKGAK instead
of Ac-GDVEKGKK (found in cytochrome c) was used as the reactions were cleaner, which
simplifies the purification. The products were reasonably stable in aqueous solution at low
pH (<2.5) but not stable when drying, and thus no dry products 1 and 2 could be obtained.
Instead of completely removing the solvent, the solutions were concentrated with almost
complete removal of the acetonitrile. The pH was typically <3 due to residual trifluoroacetic

acid (TFA). Typical yields (NMR) were around 10%.

Despite product 2a being baseline separated from the chromatographically succeeding
products 2b, 1a and 1b, the concentrated solution always contained some 1a (Figure S3
A). Presumably, 1a was formed during concentration or other steps of the workup, after
collection of 2a. Likewise, the purification of 1a always resulted in some 3a being present,
despite this chromatographic peak eluting at the same time as the removed product 2a
(Figure S3 B). The presence of these impurities indicates that 1a can be formed from 2a and

that 3a can be formed from 1a without the presence of additional formaldehyde.

To further investigate the stability of the reaction products, purified 2a (from Ac-GDVEKGKK)
was placed in phosphate buffer at pH 7.4 and stored at 37 °C for 1 day. Despite 2a being stable
for weeks at low pH, exposure to pH 7.4 resulted in the formation of 1a and 1b, although 1a

was the more abundant degradation product (Figure S4).
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NMR of purified 1b and 2a

By using *CH,0, sufficient material could be obtained to perform *C NMR experiments
on two purified fractions containing 1b or 2a derived from Ac-GDVEKGAK. However, only
carbons originating from the formaldehyde modifications could be detected this way. To
provide further structural information, *H (Robust-5 water suppression), DEPT and HSQC were
combined with HMBC (Figure 3 and Figure 4, described in detail in supporting information)
and confirmed the structures of 1b and 2a respectively. Despite purification, nanoscalelLC-
MS showed more than one peak, although the major product was 1b. Indeed, in the NMR
analysis, two 2C signals were observed other than the peaks assigned to 1b. These signals

correspond to structure 3 (a tautomer of 1), and free formaldehyde.

v
1 1 ¥ Ujhl [
il L . WJ@‘W / /‘UJJL 1b

3 p—— f Ac—G-D-V-E-G-K-G-A-K—OH
=¥ % r40
1T

1 60 v HyRCP N 1
' NH i

- <— Product 3
j Hs'3c”
— «— Formaldehyde 3 :80 ppm v

i . ¥ 140
] : 150 Ac—G-D-V-E-G-K-G-A-K—OH

95 85 J5 B85 55 45 35 28 15
ppm
v 30 Hy3C7 ™ 9.5

V| | 13c-NH 63,65
1 . LW | L ape g
e Ll 5 ) “J'u ; 2.7,).,=140 1415

CH3{ | 1H-13C HMBC 1 ’ (30 366
¥ vV, v [40

< Product3 ' i 4 t70

- Forma|dehyde f r80 Ppm Ac—G-D-V-E-G-K-G-A-K—OH

1 110 i
i .20 NH o
[ 130 HyBC
m<? 1 u wlll, 11 [140
5? F150
95 85 75 65 55 45 35 25 15
ppm

Figure 3. 'H-3C HSQC and *H-*C HMBC of purified 1b obtained from a reaction with Ac-GDVEKGAK with **C labeled
formaldehyde (adducts containing *C are marked in red, *C NMR shifts are also marked in red). F1: DEPT-135 and
F2: Robust5-*H (for water suppression) spectra.
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Figure 4. 'H-*C HSQC and 'H-*C HMBC of purified 2a obtained from a reaction with Ac-GDVEKGAK with 3C labeled
formaldehyde (adducts containing *C are marked in red, *C NMR shifts are also marked in red). F1: DEPT-135 and
F2: Robust5-tH (for water suppression) spectra.

MS2 analysis of products 1,2 and 3

Subjecting Ac-GDVEKGKK, exposed to various isotopically enriched formaldehyde solutions
(CH,0, *CH,0 and CD,0), to MS2 analysis supported the NMR findings. Structures 1 and 2
were both found to exist as regioisomers, with mainly lysine-5 and lysine-8 being modified.
Either lysine-8 contained the methyl group (structures 1a and 2a), with the other modification

on lysine-5, or vice versa (structures 1b and 2b) (Figure S5).
Fragmentation of 2a revealed that the y1 ion contains an additional +14.02 Da, consistent

with methylation of the C-terminal lysine (Figure 5 A). *C-labeled formaldehyde resulted in

the y1, y2 and y3 ions to be 1.00 Da heavier than the corresponding y ions resulting from
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regular formaldehyde treatment (Figure 5 B). The *C-labeled formaldehyde resulted in a
y4 ion with AM = +2.01 Da, which is in compliance with the proposed structure and the
incorporation of two formaldehyde molecules on the peptide. Fragmentation of CD,O-
treated Ac-GDVEKGKK resulted in the y1 ion being 3.02 Da heavier than that obtained
after CH,O treatment, indicating that a deuteride was transferred from the modification on
lysine-5 to the C-terminal lysine. Indeed, the mass difference between the y3 and y4 ions
after CD,O treatment was 1.01 Da (AM = K+29.00) compared to the y3 and y4 ions obtained
after CH,0 treatment (AM = K+27.99).

Fragmentation of CH,O-treated 1a revealed methylation of lysine-8 and a AM = +10.97 Da
(-[NH,]+[CQ]) on lysine-5 (Figure 6 A). Contrary to 2a, CD,O-treated 1a showed a methylation
of the C-terminal lysine with just 2 deuterium atoms (Figure 6 C). The y4 ions of 1a show
that the C-terminal lysine contains a modification which is 2 Da heavier when using CD,0,

corresponding to incorporation of both deuterium atoms on this residue.

MS2 analysis of the chromatographic peaks corresponding to structure 3b showed specific
fragmentation resulting in only the y4-H O ion (data not shown). The lack of backbone
fragmentation between lysine-5 and lysine-8 supports a cyclic structure. lonization of 3a

already resulted in significant fragmentation and detection of the b4 ion in the MS1.
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MS2 of product 4

Product 4 was only observed for the peptide containing three lysine residues. Collision
induced dissociation fragmentation (CID) (ion trap detection) showed identical ions for the
two isobaric chromatographic peaks but at different relative intensities (Figure S6). This
would fit having both the Markovnikov and anti-Markovnikov product present, but with
different intensities. From this data the two isomers could not be assigned to a specific

chromatographic peak.

Dimerization and oligomerization

In order to obtain as much purified reaction product as possible, the reaction of formaldehyde
was performed with various concentrations of synthetic Ac-GDVEKGAK. At the lowest peptide
concentration (0.25 mg/mL), nanoscale LC-MS analysis revealed a few reaction products,
mainly 1 and 2 (Figure S7). When the peptide concentrations were increased to as high as
5.75 mg/mL, reaction products other than 1 and 2 started to form. Some of the most intense
peaks may belong to cross-linked structures, such as the trimer 7 (Figure S7) and the dimers
8 and 9. These proposed structures are based on their total mass (MS1 mass error < 1 ppm).
Both 1 and 2 seem to be involved in oligomerization, where 1 can form multiple reaction
products, such as hydrogen bond stabilized enolates (7) or hetero-Diels-Alder products (8). A

variety of reaction products with different numbers of methyl groups were observed.

Reactions with acetaldehyde
The formation of isobaric reaction products under the influence of acetaldehyde is described

in the supporting information.

Discussion

Two new groups of formaldehyde-induced modifications on peptide sequences containing
(at least) two lysine residues were identified. The first modification involved methylation
and formylation of the lysine pair, resulting in AM = +42.01 Da (product 2). In the second
modification, one lysine of the lysine pair was converted to a a,B-unsaturated aldehyde
while the other lysine residue was methylated (product 1). Structure 1 could also form a
tautomer where both lysine residues are crosslinked (product 3). While lysine-lysine cross-
links in the form of aminals have been suggested °, to our knowledge no NMR evidence for

formaldehyde-induced lysine-lysine cross-links have been reported yet.
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Formaldehyde modification (product2) (AM =+42.01 Da) was not found in our previous studies
*%, where we used proteins treated with either CH,0 or CD,0 in a 1:1 mixture. Hydroxymethy!
adducts exchange their oxygen atom with the oxygen in water through the equilibrium
with the corresponding imine. However, deuterons of the common formaldehyde-induced
protein modifications were not expected to be exchanged *°. This assumption implies that
formaldehyde-induced modifications are always present at an almost perfect 1:1 ratio. In
our current study, we identified a new modification where slower reaction kinetics with
deuterated formaldehyde resulted in a skewed isotope pattern. These reaction kinetics point
to the transfer of a hydride (or deuteride) from one part of the molecule to another. This
transfer would be the rate-limiting step in the formation of 2. Our suggested mechanism for
the formation of 2 (Scheme 2) involves the formation of an imine on the e-NH, group of one
of two lysine residues and the corresponding hydroxymethyl on the other lysine residue. We
propose that the nitrogen of the imine acts as a base, deprotonating the hydroxymethyl OH;
and subsequent transfer of the hydroxymethyl a-hydride to the adjacent imine form product
2. This last step would explain the observed kinetic isotope effect, which is further supported
by MS2 analysis of the deuterated 2a, showing a methylated y1 ion 3 Da heavier than its non-
deuterated counterpart. NMR evidence for this structure is strong with 'H, DEPT-90, DEPT-
135 and *H-*C HMBC supporting this structure. Formylation in combination with methylation
by formaldehyde has been observed before in solutions of the amino acid ornithine, but not
on lysine %, indicating that the orientation of the amino groups is pivotal for this reaction.
Indeed, the spacing between the lysine residues was important for this reaction to occur; the
fastest reaction rates were observed when two spacing amino acids were located between

the two lysine residues.

The modification with AM = +24.98 Da (1) was less affected by the use of deuterated
formaldehyde. Our suggested mechanism for the formation of 1 (Scheme 2) again starts
with formation of an imine on one of the lysine residues. However, instead of involvement
of another formaldehyde molecule, the side chain of the nearby lysine residue is oxidized
to an imine. The hydrogen of the lysine side chain is transferred to the imine adduct
originating from formaldehyde to form intermediate 12. Subsequent hydrolysis of imine
12 results in aldehyde 13. Similar to the formation of 2, this results in methylation of one
lysine residue; however, when deuterated formaldehyde was used, not 3 but 2 deuterons

were present on the methyl group, the other hydrogen originates from the lysine side
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chain. Intermediate 13 has been observed by LC-MS. Tautomerization of 13 leads to enolate
14, which can then perform a nucleophilic attack on a formaldehyde molecule to give 17.
Subsequent B-elimination gives product 1. Product 1 could tautomerize to form enol 3.
This enol could be stabilized by a hydrogen bond between the lysine nitrogen and the enol
proton. Hydrogen bond-stabilized enols are well described *. The limited fragmentation of
3 during MS2 analysis further supports a cyclic structure, with a bridge between the two
lysine residues which hinders complete fragmentation of the y4 ion. The high amount of
reactive intermediates would suggest that multiple reaction products could be formed
through various pathways. Indeed, the NMR spectra of purified reaction products always
contained some impurities, likely formed due to side reactions after purification. The main
impurity in purified 2ais 3, a tautomer of 1, which happens to co-elute with 2a. Furthermore,
formaldehyde is present in the purified samples. While it is possible that this is due to
incomplete removal of formaldehyde through the preparative-HPLC, it is more likely that the
formaldehyde is released from the reaction products through equilibria, as the formaldehyde
is present in a similar amount. Storage at low pH (<3) seemed to keep both products 1 and
2 stable for weeks, probably because protonation of the amines decreases nucleophilicity
and prevents them from acting as a Brgnsted base which could catalyze further reactions.
Increasing the pH (to 7.4) resulted in relatively fast (days) conversion of 2 to 1. Due to the
reactivity of a,B-unsaturated aldehydes we expect these reaction products to react further
when exposed to suitable nucleophiles in biological matrices. Indeed, the modification with
AM = +24.98 Da (1) was observed only in reactions with synthetic peptides, presumably
because either the modification is not formed in cytochrome c due to folding or because of
the modified lysine residues reacting further with other amino acids to form other reaction
products. As a large number of low-intensity side products were observed by nanoscale LC-
MS after formaldehyde treatment of a simple purified peptide, high reactivity of the reaction
products combined with a more complicated protein would be a likely explanation for the
difference we observed between peptide reactivity and the presence of these modifications

in cytochrome c.
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Product 4 s likely formed from 1b (Ac-GDVEKGKK), as the modification of lysine-8 involves loss
of a nitrogen, similar to product 1b. Presence of the b7 ion supports a methylation on either
lysine-5 or lysine-7 and not lysine-8, while y1 related ions confirm modification of lysine-8
by AM = +58.9895 Da. Overall, product 4 is thought to be one of many reaction products
that are eventually formed from 1 (or 2). Our suggested mechanism involves the formation
of an hydroxymethylated 1b as an intermediate (Scheme S2). Purification and structural
elucidation of all reaction products present in this peptide-formaldehyde reaction mixture
is beyond the scope of the present study; thus, no further purification and subsequent NMR

analysis of 4 or other side products was attempted.

Several dimers and trimers were also observed. The most probable structures are suggested
based on their accurate mass (AM <1 ppm), as MS2 fragmentation was not informative
and purification and subsequent NMR analysis was deemed unfeasible. Because of the
relatively simple reaction components being the peptide and formaldehyde, the possible
combinations that lead to the same exact mass are limited. The bulk of the mass has to be
made up by a number of peptides, where the residual mass is likely a combination of the
main reaction products 1 and 2 along with other formaldehyde adducts. Trimer 7 is most
likely a ring of three peptides, one peptide is one of the regioisomers of 1, the other two are
unmodified peptides. Although a linear structure with one aminal and a hetero-Diels-Alder
product similar to dimer 8 is possible, a ring would be more thermodynamically favorable.
Hydrogen bonding between the enol hydrogen and the amine could further stabilize this
product. Aminals are not very stable in water, especially at lower pH, but in a ring system
held together in a hetero-Diels-Alder product, this reaction could reverse, making the
cyclic structure more favorable than a linear one. It is interesting that we managed to
observe these aminals, as prior to analysis, aliquots of the reaction mixture were diluted
in 0.1 vol% formic acid, which would usually result in rapid hydrolysis of the aminal 34
Two species of dimers were observed, one consisting of reaction product of 2 with an
unmodified peptide (9), and one consisting of a reaction product of 1 with an unmodified
peptide (8). To get to the mass of product 9, two extra formaldehyde molecules and three
extra ring double bond equivalents (RDBe) are required. Thus, an aminal formed from the
methylated lysine and lysine with an imine adduct, and a new ring involving the formylated
lysine and a lysine with an imine adduct is the most logical explanation. Product 8 most likely

consists of the product of a hetero-Diels-Alder reaction between an imine adduct on a lysine
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and the vinyl aldehyde of product 1, and an aminal connecting the other lysine residues. The
imine corresponding to the aminal of 8 would have the same total mass, but it would be
entropically favorable that the aminal forms first, so that the intramolecular Diels-Alder can
happen afterwards as these reactions require decent activation energy 3> 3¢, In reality, the
reaction mixture probably contains a mixture of the cyclic reaction product and the imine,

which are in equilibrium.

Conclusion

Overall, we identified two new groups of formaldehyde-induced modifications of lysine
residue pairs in peptides. Both the formylation/methylation modification pair and the o,B-
unsaturated aldehyde/methylation modification pair were involved in further crosslinking
reactions, which should be addressed in future studies. These reaction products should
be taken into consideration when analyzing biological samples exposed to exogenous or
endogenous formaldehyde. Especially biologicals, such as toxoid vaccines, are notoriously
heterogeneous because of their formaldehyde modifications 2 3”. These newly discovered
modifications could help us to further understand the nature of these vaccine products. As
formaldehyde-induced modifications are linked to alterations in immunogenicity Y7, their
accurate identification and quantification may improve our understanding of formaldehyde-
inactivated vaccine products, potentially aiding the development and registration of future

formaldehyde-inactivated vaccines.
Supporting Information (available online)

Contains Table S1, Figure S1-S9, Scheme S1-S3, a detailed description of NMR spectra, and a

description of similar reactions with acetaldehyde instead of formaldehyde.
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