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Reactions involving formaldehyde, lysine and another amino acid (tyrosine,
arginine, asparagine, glutamine or cysteine) were studied by *C-n.m.r. analysis.
The products of the crosslinking between lysine and tyrosine were found to be
acid-resistant and were isolated using ion exchange chromatography. With the
other selected amino acids, the crosslinked products with lysine are acid-labile
and could not be isolated; however, n.m.r. allows the determination of their
structure. In addition, the formation of methyllysine and of formyllsine have
been observed. The !3C-n.m.r. chemical shifts of the formaldehyde derived
hydroxymethyl, methylene, methyl and formyl carbons with the amino acids
side chains help in the interpretation of '3C-enriched formaldehyde treated
‘protein ¥3C-n.m.r. spectra. With BSA, we have observed the formation of
hydroxymethyllysine, hydroxymethylhistidine, hydroxymethyl-asparagine or
-glutamine, methyllysine, and a crosslink between lysine and arginine. These
results show the great importance of lysine in the treatment of protein with
formaldehyde. Use of 13C-n.m.r. is considered highly suitable for obtaining more

knowledge about formaldehyde binding to peptides and proteins.

Key words: amino acids; carbon 13 n.m.r.; formaldehyde; lysine; protein

Formaldehyde treatment of proteins, which is
of importance in a number of procedures
(1—4), can affect different chemical groups and
particularly the e-amino group of lysine (5, 6).
It is known that this latter group reacts with
formaldehyde, resulting in N-hydroxymethyl
(7-9), N-methyl (8), N-formyl (10, 11). The
N-hydroxymethyl may then react on other
nucleophilic sites, leading to the formation of
methylene bridges; the amino acids involved
have been tentatively identified as arginine
(12, 13), tyrosine, histidine or tryptophan
(4, 14), asparagine or glutamine (12, 15) and
cysteine (16).

The above scheme can explain most of
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the modifications produced in peptides and
proteins by formaldehyde treatment, but the
mechanism by which they proceed has not
yet been definitively established. The main
drawbacks hindering identification of the
reaction products are binding reversibility and
low concentration. These difficulties can be
overcome by use of 13C-enriched formaldehyde
and '3C-n.m.r. spectroscopy (17). However,
before obtaining a single step 3C-n.m.r. identi-
fication of the !3C-formaldehyde proteins
bonds, we need to know the 13C-chemical shifts
of the formaldehyde derived hydroxymethyl,
methylene, methyl or formyl carbons of the
different reactive groups suspected to be



involved in the reaction. Some knowledge has
already been obtained using model compounds
(13,18, 19) and amino acids (7,8, 16,17).

This paper describes *C-n.m.r. character-
ization of the bonds of formaldehyde or C-
formaldehyde in model systems containing
lysine or protected lysine in the presence of
various protected amino acids. The obtained
results allow interpretation, at least to
some extent, of the *C-n.m.r. spectra of *C-
formaldehyde treated proteins.

EXPERIMENTAL PROCEDURES

Amino acids and N® acetyl amino acids
(protected amino acids) were obtained from
Sigma and used without further purification.
Bovine serum albumin (BSA) (Sigma) was
extracted with hexane prior to use. A 10-M
solution of formaldehyde was prepared by
depolymerisation of pure paraformaldehyde
(Merck) in distilled water at 85°. A 6.5-M
solution of '*C-formaldehyde (91% enriched)
was obtained from Prochem.

Different model systems were designed in
which either lysine and one protected amino
acid (e.g. lysine and N® acetylglutamine), or
two protected amino acids (e.g. N acetyllysine
and IV acetyltyrosine) were allowed to react
either with formaldehyde or with !*C-for-
maldehyde. The experiments were carried out
in aqueous phase using different pH, time and
temperature conditions. The amino acid con-
centration was kept in the 0.1 -0.5 M range and
the molar ratio of the added formaldehyde or
3C-formaldehyde to amino acids was fixed at
1—-4. pH adjustments were made with concen-
trated HCl or NaOH. “Acid-labile” for-
maldehyde (Fh) was steam-distilled off after
addition of o-phosphoric acid (0.5 ml for 3ml
of solution).

The compounds Al and A2 (Table 1) were
prepared and isolated as follows: protected
lysine (0.5M) and protected tyrosine (0.5 M)
were mixed with formaldehyde (0.5M) or
B C-formaldehyde (0.5 M) and allowed to stand
at pH 7.5 and 37° for 1 week. Acid-labile
formaldehyde was first eliminated, then
deacetylation of amino groups was performed
by hydrolysis in 6 M hydrochloric acid for 24 h
at 110°. The hydrolysate was then concen-

13C-formaldehyde bonds

trated under reduced pressure at 40° and
fractionated by ion exchange chromatography
on a column (60 x 1.6cm) of Dowex 50X4
in pyridine acetate buffer 0.3 M, pH 4.7. The
column was regenerated by a pyridine acetate
buffer 2.23M, pH 54. The detection was
carried out on an aliquot of the individual
fractions by absorbance measurement at
560nm after reaction with ninhydrin. The
isolated compounds were concentrated under
reduced pressure at 40° in order to get rid of
the pyridine acetate, and redissolved in water.

BSA was used at a concentration of 100 g/l
in sodium phosphate buffer 0.1 M, pH 7.5, or
in sodium acetate buffer 0.2M, pH 4.5. The
protein was treated with 0.33M '*C-form-
aldehyde. Free 3C-formaldehyde was elim-
inated by means of dialysis against phosphate
buffer.

BCan.mr. spectra were recorded in the
pulsed Fourier Transform mode on a Bruker
WH 90 spectrometer operating at 22.635 MHz,
in 10 mm tubes. The field-frequency lock was
provided by deuterated benzene (C6D6) put
into a coaxial tube, and !'3C chemical shifts
measured with respect to the central peak of
C6D6 and calculated from TMS according to
the relation: & ¥C (C6D6) =8 3C (TMS) +
127 p.p.m. Typical running conditions were:
6000 Hz bandwidth, acquisition time 0.679s,
30° flip angle without pulse delay, quadrature
detection, broad band noise decoupling.
Conditions for quantitative measurement were:
90° flip angle; pulse delay 200s, broad band
noise decoupling only during acquisition.
Resonance lines were assigned by comparing
experimental data with those previously
reported in the literature. The use of resonance
decoupling and of the APT pulses sequence
(Attached Proton Test) helped in this
assignment.

The nomenclature used is that of the
IUPAC-IUB Commission on Biochemical
Nomenclature [European J. Biochem. (1975)
53,1-14].

RESULTS AND INTERPRETATION

In a preliminary study, mixtures of two pro-
tected amino acids with a reactive side chain (7)
were allowed to react in the presence of
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formaldehyde. In most cases, only the reaction
products of each side chain with formaldehyde
were traced on the *C-n.m.r. spectra (7-9).
In several cases, however, new reactions were
observed, four of which, resulting in the for-
mation of methylene bridges between cysteine
and respectively lysine, arginine, asparagine and
glutamine, have already been described in a
previous paper (16). Other reactions, con-
sidered in this work, result in the formation of
methylene bridges between lysine and tyrosine,
arginine, asparagine or glutamine (Table 1).
These reactions which involve lysine seem also
predominant when BSA is treated with ®C-
formaldehyde.

Reactions between lysine, tyrosine and
SJormaldehyde
In acidic medium, protected tyrosine does not
react with formaldehyde even if protected
lysine is added. However, at pH higher than 6,
the phenol ring becomes much more reactive.
In a system containing protected tyrosine
and formaldehyde left at pH 7.5 and 37° for
several days, a hydroxymethyl derivative is
formed by addition of formaldehyde on the
catbon 3 of the ring. This derivative is acid-
labile and lost through formaldehyde steam-
distillation. The reaction is never completed
and not very favoured. If, under the same
experimental conditions, protected lysine is
added to the mixture in an equimolar ratio,
different products are formed. Three of them
are acid-resistant and have been isolated using
ion exchange chromatography following
deacetylation (Fig. 1); they have been identified
by nam.r. as methyllysine and products Al and
A2. BCamr. spectra carried out under
quantitative conditions gave evidence of a ratio
of 1:1 between lysine and tyrosine in Al and
1:2in A2. A third product A3 is characterized
by two peaks at 81.6 and 49.5 p.p.m., deriving
from formaldehyde. These two peaks always
show the same intensity and they increase in
intensity with an excess of formaldehyde; these
products do not withstand the aciddabile
formaldehyde elimination step and disappear
with a subsequent increase of the peak at
473 p.pm. (Al). Therefore, it was assumed
that product A3 could result from a cyclisation
in Al through a methylene bridge between the

13C.formaldehyde bonds

n

05 1.0
elution volume (1)

Vv

FIGURE 1

Elution profile from Dowex 50X4 ion exchange
chromatography of the reaction products between
protected lysine, protected tyrosine and formal-
dehyde (after deacetylation). The mixture (1 ml)
was applied to the column (60X 1.6cm) and the
fractions were eluted with pyridine acetate 0.3M —
pH 4.7 at a flow rate of 60 ml/min. *C-n.m.r. analysis
of each peak: 1-tyrosine; 2-lysine 4+ methyllysine; 3-
product Al;4-product A2

nitrogen of lysine side chain and the oxygen
of the phenol ring of tyrosine.

After 5 days at pH 7.5 and 37°, the solution
still contains free formaldehyde and approxi-
mately 70% unreacted amino acids, 13%
Al, 7% A2, 7% A3 and 3% methyllysine.

When an excess of formaldehyde and lysine
is used, A2 decreases and Al, A3 and methyl-
lysine increase. In addition, it was shown, with
the help of ¥C-formaldehyde, that dimethyl-
lysine, with the methyl carbons at 42.8 p.p.m.,
and formyl lysine, characterized by the formyl
carbons at 164.8 p.p.m., were built up. These
latter products are found at low concentrations.

Reaction between lysine, arginine and
formaldehyde

Protected arginine reacts with formaldehyde
yielding an hydroxymethyl derivative on the
guanidyl function, characterized by the C-
n.m.r. peak of the hydroxymethyl carbon at
652 p.p.m. This derivative is the only one
which is produced in a large range of pH and
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represents nearly 35% of arginine when re-
agents are initially mixed in an equimolar ratio.

The reactions between protected lysine,
protected arginine and formaldehyde are pH
dependent. In acidic medium (pH 2—4), only
the hydroxymethyl derivative of each side
chain can be traced on the !3C-n.m.r. spectra
(hydroxymethyl carbons at 71.3 and 65.2-
p.p.m.); when the pH is higher than 4, three
new products Bl, B2 and B3 can be detected
after several hours at room temperature.

The crosslinked product B1, which shows
a methylene bridge between the side chain of
lysine and arginine at 59.9 p.p.m., is always
found in the largest amount. Its concentration
increases when pll is increased with a concomi-
tant disappearance of hydroxymethyllysine.

Product B2 1is characterized by two
methylene carbons deriving from formaldehyde
at 66.3 and 59.1 p.p.m. These peaks are always
of the same intensity and make up less than 5%
of the mixture. In light of the recorded chemi-
cal shifts, B2 can be considered a compound
resulting from an hydroxymethylation of
the free nitrogen of the guanidyl function
of B1.

The product B3 is characterized by two
methylene carbons at 642 and 64.8 p.p.m.
deriving from formaldehyde. These peaks are
always of the same intensity and make up about
3% of the products. They have not yet been
identified and several hypotheses can be put
forth. The most likely, if we consider their
chemical shifts, is the formation of a
dimethylene ether bridge between the side
chains of lysine and arginine.

All these derivatives are acid labile and break
up during the steam-distillation step. Therefore,
we did not succeed in isolating them; however,
if the reacting medium is acidified at room
temperature, just after the derivative formation,
B1 can still be found in the mixture. This gives
some evidence of a relative stability of the
methylene bridge.

After reaction of protected lysine, protected
arginine and formaldehyde in an equimolar
ratio at pH 7.5 and 37° for 1 day, it was found
that formaldehyde had been entirely con-
sumed and the mixture was approximately
made up of 15% unreacted amino acids, 15%
hydroxymethyl arginine, 60% B1, 10% B2
and B3.
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Reactions between lysine, asparagine or
glutamine and formaldehyde

The amide groups of protected asparagine and
glutamine slowly react with formaldehyde to
yield the hydroxymethyl derivatives (7).

In the presence of protected lysine, after
several days at room temperature and in acidic
medium only, the product of the cross-linking
by a methylene bridge between the amide
group of asparagine or glutamine and the
e-amino group of lysine (products C1 and D1)
can be traced on the *Cn.m.r. spectra. The
methylene signal is at 51.8 p.p.m. If protected
lysine is replaced by lysine, a secondary
reaction is also observed on the «-amino
group with the methylene bridge at 51.6 p.p.m.
(C2 and D2). These amideformaldehyde-amine
condensation products are unstable and easily
decompose when pH is higher than 5; therefore
they cannot be isolated.

The proportions of the reaction products
when the equilibrium is reached are the same
for both amino acids. After reaction of an
equimolar mixture of the three reagents at
pH 2.5 and 37° for several days, only 20% of
the formaldehyde has been used and the
solution contains 75% unreacted amino acids,
5% hydroxymethyl-asparagine or -glutamine,
5% hydroxymethyllysine and 10% of the
crosslinked products (C1 or D1).

Reactions between '3 Cformaldehyde and BSA
Typical **C-n.m.1. spectra obtained from BSA
treated with *C-enriched formaldehyde, either
in acid (pH 4.5) or neutral (pH 7.5) solution,
are shown in Fig. 2.

The intensified resonances occur in a fre-
quency range 30—80 p.p.m. which is the region
of the hydroxymethyl, methylene and methyl
carbons resulting from the reaction of formal-
dehyde with amino acids side chains. The
intensified resonances are not completely re-
solved because of an important line broadening.
Moreover, due to the very low concentration on
each bond, a long accumulation time is needed
in order to obtain spectra. Denaturation of the
modified protein would probably increase
the resolution; however, all the attempts
carried out either by thermal treatment or by
adding chemical agents, resulted in precipitation
of the protein. Despite these difficulties, five
intensified peaks for which it is possible to
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FIGURE 2

90-MHz **C-n.m.z. spectra of *C-formaldehyde treated
BSA at 37° 1-pH 4.5, 10h; 2-pH 4.5., 1 week; 3-pH
7.5, 1 week; 4-pH 7.5, 1 week, dialyzed against water.
Each spectrum results from 60 000 transients obtained
by using the 8K-frequency domain data point (spectral
width 6,000 Hz; recycle time 0.679s.; flip angle 30°).
F-peaks coming from the '*C-enriched formaldehyde
solution (formaldehyde monomer, 82.3p.p.m.;
methanol, 49.3p.p.m.,). P-peaks coming from the
protein. a, b, c, d, e, i, i': **C-formaldehyde — BSA
links (see in the text).

3C-formaldehyde bonds

postulate some structure are subsequently
designated a, b, c, d, e.

Both in acidic and neutral medium, the first
peak appears after some hours at 71.8 p.p.m.
(a), which is the chemical shift of hydroxy-
methyllysine and hydroxymethylhistidine (7).
In neutral medium only, another N-hydroxy-
methyl is formed at 70.2 p.p.m. (b) near the
value of a N-terminal hydroxymethyl (8).
These bonds decrease as the reaction goes
on and disappear when *C-formaldehyde is
eliminated by dialysis. The reversibility of these
linkages is in accordance with the properties
of the N-hydroxymethyls.

Within a few days, a broad band appears
between 50 and 70 p.p.m. In acidic medium its
formation is accompanied by a gelification of
the solution, preventing any obtention of
resolved spectra, and the only additional
identified peak is at 63.1 p.p.m. (c), which
is exactly the chemical shift of the amide
hydroxymethyl on asparagine or glutamine.
In neutral medium, the products remain soluble;
in that case, in addition to the aforementioned
amide hydroxymethyl at 63.1 p.p.m. (c), there
is another peak at 60.2 p.p.m. (d) very near the
chemical shift of a lysine-arginine crosslink
(599 p.p.m.) or of a tyrosine hydroxymethyl
(60 p.p.m.). A well resolved peak appears, after
several days, in neutral medium, at 33.1 p.p.m,
(e); considering this chemical shift, it may be
assumed that the compound is the NV-methyl-
lysine. The peaks ¢, d, € build up progressively
during the reaction and are not affected when
B(C.formaldehyde is eliminated by dialysis.
At last, the two signals i and i’, around 50-
p-pm., are very weak and badly resolved; their
assignment needs further investigation,

Identical spectra have been obtained with
other proteins (lyzozyme, $-lactoglobulin, ribo-
nuclease).

DISCUSSION

From the above results and those of previous
works, we are able to predict the *¥Cn.mu.
chemical shifts of several formaldehyde-derived
hydroxymethyl, methylene, methyl and formyl
carbons which may occur during the reaction
between formaldehyde and proteins (Table 2).
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TABLE 2

B Cn.m.r. chemical shifts (TMS) of the formaldehyde derived formyl (R-CHO), hydroxymethyl (R-CH,0H),
methyl (R-CH,) and methylene (R-Ch{2 -R') carbons with the amino acids side chains

System Formyl Hydroxymethyl Methylene Methyl

Lysine 164.8 71.9 - 33.1-42.84
Serine? - 89.1 - —
Histidine? - 71.7 - —
AlanineP - 69.5 - -
Tryptophane? - 68.4 - -
Cysteine - 65.7 - -
Arginine - 65.2 — -
Asparagine - 63.2 - -
Glutanine — 63.2 — —
Tyrosine — 60.0 - -
Lys:Arg - - 59.9 —
Lys:Cyst® - - 52.7-57.94 -
Lys:Asn - - 51.2 -
Lys:GIn - - 51.2 -
Lys: Tyt - - 47.1-55.34 _
Cyst:Arg® -~ - 43.8 -
Cyst:GIn® - - 41.4 -
Cyst:Asn® — — 41.4 _

aRef. 7.

b Model for N-terminal, from ref. 8.

CRef. 16.

dDisubstituted on lysine nitrogen.

Hydroxymethyl carbons absorb in the fre-
quency range 60—90p.p.m. and, with the
exception of sulthydryl, amide and phenol
function, form according to an equilibrated
reaction (7, 9, 20, 21). N-hydroxymethylation
is the most prominent on lysine side chain but
also occurs on o-amino groups; no evidence for
‘so-called Schiff-base formation was obtained
(8, 22). Moreover, spontaneous methylation
and formylation may proceed when lysine
and formaldehyde are in excess, leading to
N-methyllysine, N-N'-dimethyllysine and M-
formyllysine (8, 10, 11). The formation of
hydroxymethyls on amino groups (lysine and
N-ierminal) and of methyllysine, when BSA
is treated by *C-formaldehyde, is consistent
with these observations. In addition, hydroxy-
methylations on histidine and amide groups
which have also been suspected to act (23-25),
are confirmed by the present results. On the
other hand, hydroxymethylation on the phenol
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ring of tyrosine, which is unfavoured, probably
will not occur.

The observed methylene bridges, formed
between amino acids side chains, implicate
lysine or cysteine which are able to link either
together, or with arginine, asparagine or
glutamine. In addition, lysine reacts with the
phenol ring of tyrosine. Identification of some
of these cross-linked systems brings support to
hypotheses previously put forth (4, 12, 14);
however, the mechanism involved in their
formation is not yet clearly understood. For
instance, it seems surprising not to record
lysine-lysine or cysteine-cysteine bridges. The
BC.namr. chemical shifts of the methylene
carbons in a variety of cross-linked systems are
between 40 and 60p.p.m. The experimental
values are in agreement with those predicted
for lysine-arginine and lysine-amide systems
(13, 18), but somewhat at lower field for
lysine-tyrosine (18). In addition, the de-



shielding effect of the substitution of another
methylene on the nitrogen of lysine side chain,
in lysine-tyrosine and lysine-cysteine systems,
is consistent with the effects previously reported
for model systems of the same kind (26, 27).

The methylene bridge formed between
lysine and arginine side chains, which was
found to occur very easily in model mixtures,
presumably represents the major crosslink in
formaldehyde-BSA reaction. Although this
bridge is acid labile, it is relatively stable. The
n.m.r, study enables the visualization of such a
bridge, previously proposed as well in model
mixtures as in proteins (12, 13), but difficult
to observe by other techniques.

The only acid resistant methylene bridge
occurs between lysine and tyrosine. Its for-
mation in model mixtures, probably through
a Mannich reaction (28), is now definitely
established; moreover a disubstitution on the
nitrogen leads to the linkage of two tyrosine
molecules on the lysine side chain. From our
experiment using BSA, there is no evidence
that this lysine-tyrosine bridge, often sus-
pected to constitute most of the irreversibly
bound formaldehyde on proteins (4), was
formed. Actually it probably occurs at low
concentration and its detection may be
hindered because of the short spin lattice
relaxation time (T1) of this methylene
type (19).

The other bridges are more unstable. The
favoured lysine-cysteine crosslink may occur
(16) but rarely happens due to the lack of
cysteine which is mostly in the cystine form
in the studied proteins; however, formaldehyde
may induce, in some cases, the reduction of
cystine with liberation of reactive cysteine.
The lysine-amide crosslink, previously postu-
lated (12) could play a role in acidic medium
and partially explains the observed gelifica-
tion. Finally cysteine-arginine and cysteine-
amide bridges have also been observed in model
mixtures (16), but are very unfavoured.

CONCLUSION

According to current studies, lysine possesses
a highly reactive e-amino group allowing
various covalent reactions with formaldehyde.
Our BCnmr. experiments describe the

13C.formaldehyde bonds

structure of several hydroxymethyl, methyl and
methylene derivatives which are linked to this
amino group in model mixtures. The C-
enriched formaldehyde treatment of proteins
proved useful to point out the formation of
methyllysine and a lysine-arginine crosslink as
major products. However, further experiments
are needed in order to identify definitively any
of the components produced during the re-
action between proteins and formaldehyde.
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