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Covalent modification of proteins exerts significant effects on their chemical properties and has important
functional and regulatory consequences. We now report the identification and verification of an
electrically-active form of modified proteins recognized by a group of small molecules commonly used to
interact with DNA. This previously unreported property of proteins was initially discovered when the
v-ketoaldehydes were identified as a source of the proteins stained by the DNA intercalators. Using
1,4-butanedial, the simplest y-ketoaldehyde, we characterized the structural and chemical criteria governing
the recognition of the modified proteins by the DNA intercalators and identified N*-pyrrolelysine as a key
adduct. Unexpectedly, the pyrrolation conferred an electronegativity and electronic properties on the
proteins that potentially constitute an electrical mimic to the DNA. In addition, we found that the pyrrolated
proteins indeed triggered an autoimmune response and that the production of specific antibodies against
the pyrrolated proteins was accelerated in human systemic lupus erythematosus. These findings and the
apparent high abundance of N°-pyrrolelysine in vivo suggest that protein pyrrolation could be an
endogenous source of DNA mimic proteins, providing a possible link connecting protein turnover and
immune disorders.

t is estimated that most of the proteins in the human body are post-translationally modified. Such modifica-

tions include phosphorylation, methylation, glucosylation, etc. They are enzyme-mediated and homeostati-

cally important, either to carry out a specific structural or functional role or to allow the efficient recycling of
the amino acid constituents. The post-translational modifications of proteins are some of the most efficient
biological mechanisms for expanding the genetic code and for regulating cellular physiology. The covalent
modifications of proteins are typically introduced onto proteins by enzyme-catalyzed processes, but can also
result from enzyme-independent interactions between reactive metabolites and nucleophilic residues’, such as
the side chain of lysine, one of the three basic residues critical for protein structure and function. Post-trans-
lational modifications of lysine residues have proven to be major regulators of gene expressions, protein-protein
interactions, and protein processing and degradation.

It has been suggested that many of the effects of cellular dysfunction under oxidative stress are mediated by the
products of the non-enzymatic reactions, such as the peroxidative degradation of polyunsaturated fatty acids™.
Some of the lipid peroxidation products exhibit a facile reactivity with proteins, generating a variety of oxidation-
associated molecular patterns that include intra- and intermolecular covalent adducts. Such molecular patterns
could be the targets of B cell-mediated immune responses and induce T cell responses and add to the potential of
certain aldehydes to induce an autoimmunity by breaking the B cell tolerance to non-modified proteins. The
modification of self-proteins by lipid peroxidation products indeed results in reducing the tolerance to self-
proteins®. It has also been proposed that the adducts, called oxidation-derived epitopes, generated on self-antigens
are important immunodominant targets of natural antibodies (Abs) and suggested that these Abs play an
important function in the host response to the consequences of oxidative stress during oxidative events that
occur when cells undergo apoptosis®. These findings and the fact that the post-translational modification of
proteins is enhanced during aging and in stressed cells, and arise under physiological conditions®” suggest the
existence of an association between the formation of covalently-modified proteins and immune disorders.
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Figure 1| Recognition of ONE-modified proteins by DNA inercalators. (a) Chemical structure of 4-oxo-2-nonenal (ONE). (b) A hypothesis for the
recognition of ONE-modified proteins by DNA intercalators. (¢) Binding of EtBr to the ONE-modified proteins. The ONE-modified proteins were
prepared by incubating BSA (1.0 mg/ml) with ONE (0-5 mM) in PBS at 37°C for 24 h. Electrophoresis was performed in a 1% agarose gel. After
electrophoresis, the gels were stained with EtBr. (d) Binding of SG to the ONE-modified proteins. The ONE-modified proteins were prepared by
incubating BSA (1.0 mg/ml) with ONE (0—-1 mM) in PBS at 37°C for 24 h. Electrophoresis was performed in a nondenaturing polyacrylamide gel. After
electrophoresis, the gels were stained with CBB (left) and SG (right). (e) Recognition of oxidized LDL by SG. LDL (1 mg) was incubated with 5 pM Cu**
in 1 ml of 50 mM PBS at 37°C. Agarose gel electrophoresis was performed with the Titan Gel lipoprotein system (Helena Laboratories, Saitama, Japan)
for lipoprotein samples and the Titan Gel high-resolution protein system for protein samples. The samples were run on two separate gels. One gel was used
for staining with Fat Red 7B (left) and the other was used for staining with SG.

A number of studies have shown that the anti-DNA autoantibo-
dies (autoAbs) cross-react with a variety of antigens, including the
intracellular and extracellular components. Some of the anti-DNA
autoAbs, sharing structural similarities with the Abs against a bac-
terial polysaccharide, were shown to cross-react with the polysac-
charide and protect mice against a lethal bacterial infection®®. Other
studies also demonstrated the cross-reactivity of the anti-DNA
autoAbs with microbial protein antigens, non-nucleic acid autoanti-
gens, cell membranes and extracellular matrix components'>'". In
our previous study, to investigate whether lipid peroxidation is assoc-
iated with the formation of autoantigenic proteins, we examined the
cross-reactivity of protein-bound lipid peroxidation products with
the sera from systemic lupus erythematosus (SLE)-prone mice, and
identified 4-oxo-2-nonenal (ONE) (Fig. 1a), a y-ketoaldehyde gen-
erated during the peroxidation of polyunsaturated fatty acids', as a
potential source of autoantigens". In addition, following the iden-
tification of the active substance, we generated several anti-DNA
monoclonal Abs (mAbs) from the SLE mice and observed that the
mAbs showed a multi-specificity toward DNA and the ONE-modi-
fied proteins. However, the scope and broad functional significance
of the antibody multi-specificity remain poorly understood. In this

context, we developed and examined the hypothesis (Fig. 1b) that the
modified proteins might have structural properties similar to the
double-stranded (ds) DNA.

Results

Identification of y-ketoaldehyde-modified proteins as a target of
DNA intercalators. To determine the possibility of a structural
similarity between dsDNA and the ONE-modified proteins, a
group of small molecules (Fig. S1) commonly used to stain dsDNA
were examined to determine if they could bind the modified proteins.
We first tested ethidium bromide and found that the ONE-modified
BSA could be moderately stained by the DNA intercalator (Fig. 1c).
We also tested an alternative probe, SYBR Green I (SG), which
appeared to be much more sensitive than ethidium bromide
(Fig. 1d). Of interest, the ONE-modified BSA not only showed a
stability against heat denaturation, but also retained its SG-binding
potential after the heat treatment (Fig. S2), suggesting that the ONE
modification may result in the preferential enrichment of the stably-
folded structure in proteins. Furthermore, the oxidative modification
of low-density lipoproteins (LDL), generating a number of lipid
peroxidation-derived aldehydes including ONE, was accompanied
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Figure 2 | Pyrrolated proteins as a target of DNA inercalators. (a) Chemical structures of 4-oxo-2-alkenals and related aldehydes. Abbreviations: OHE,

4-0x0-2-hexenal; OPE, 4-ox0-2-heptenal; OOE, 4-oxo-2-octenal; OHE, 4-

o0x0-2-hexenal; ODE, 4-ox0-2-decenal; ONA, 4-oxononanal; 2-NON, 2-

nonenal; HNE, 4-hydroxy-2-nonenal. (b) Binding of SG to the modified proteins with 4-oxo-2-alkenals and related aldehydes. (c) General structures of
v-ketoaldehydes and chemical structure of 1,4-butanedial (BDA). (d) Binding of SG to the modified proteins with y-ketoaldehydes. (e) Formation of a

pyrrole derivative upon reaction of primary amines with BDA.

by the increase in the SG-binding potential (Fig. 1e). This result and
the previous finding that oxidized LDL is present in the athero-
sclerotic lesions of all examined animal models and humans"
suggest the SG-binding proteins could be ubiquitously generated
through lipid peroxidation modification of proteins in vivo.

To determine the structure essential for the recognition by the
DNA intercalators, the aldehydes with chain lengths varying from
three to ten carbons were tested. The ONE-modified proteins were
very efficiently recognized by SG, whereas the modified proteins with
the reactive aldehydes, such as the 2-alkenals, 4-hydroxy-2-nonenal,
methylglyoxal, and malondialdehyde, were barely stained (Fig. S3).
Of interest, the y-ketoaldehyde derivatives typically showed a potent
activity for the formation of the SG-binding proteins (Fig. 2a, b). The
binding studies with ethidium bromide also gave similar results (Figs.
$4 and S5). 1,4-Butanedial (BDA), the simplest y-ketoaldehyde, was
identified to be the most efficient source of the SG-binding proteins
(Fig. 2¢, d). The observations that (i) similar dialdehydes with dif-
ferent chain lengths, such as malondialdehyde and glutaraldehyde,
did not generate the SG-binding proteins (Fig. S6), and (ii) the serum
albumins, among the tested proteins, upon treatment with BDA were
most efficiently stained by SG (Fig. S7) suggest the specificity of the
v-ketoaldehyde-modified serum albumins upon recognition by the
DNA intercalator. We therefore speculated that the protein-bound
pyrroles, a major product of the y-ketoaldehyde modification of

proteins (Fig. 2e)"’, might be, at least in part, involved in their SG-
binding potential.

Enhancement of SG fluorescence by y-ketoaldehyde-modified
proteins. It has been established that intercalation between base
pairs and stabilization of the electrostatic SG/dsDNA complex
contributes to the increased SG affinity to dsSDNA'. In a manner
similar to the SG/dsDNA, the fluorescence of SG was dramatically
enhanced by the BDA-modified proteins (Fig. 3a, b). A very limited
overall alteration in the secondary structure of the protein after
treatment with the y-ketoaldehydes, such as 4-oxo-nonanal and
BDA, was observed (Fig. S8). These data support the hypothesis
that the protein-bound pyrroles might be involved in the structural
and chemical criteria governing the recognition of the modified
proteins by the DNA-binding molecules (Fig. 3c).

Identification of N*-pyrrolelysine as a key adduct. To characterize
the chemical properties of the y-ketoaldehyde-modified serum albu-
mins as a target of the DNA intercalators, we examined the formation
of the pyrrolated adduct(s) in the BDA-modified protein. Because
the general methods for the acid hydrolysis of protein (e.g., 6N HCl at
105°C for 24 h) were postulated to decompose the pyrrole structures,
the modified proteins were hydrolyzed by 2 N NaOH under an argon
atmosphere for 18 h at 120°C. Mainly three products, including two
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Figure 3 | Fluorescence spectra of SG free in solution and in complex with dsDNA or BDA-modified BSA. (a) Fluorescence spectra of SG in complex
with dsDNA. dsDNA (1 mg/ml) was incubated with SG (100 nM) in TAE buffer for 30 min. (b) Fluorescence spectra of SG in complex with BDA-
modified BSA. BSA or BDA-modified BSA (1 mg/ml) were incubated with SG (500 nM) in TAE buffer for 30 min. (c) A schematic illustration of the

binding of DNA intercalators to the pyrrolated proteins.

aromatic amino acids (Phe and Trp) and one unknown product (P-
1), were detected in the hydrolysate of the BDA-modified protein
(Fig. 4a). The LC-MS (m/z 0£197.1 [M + H]*) of P-1 was completely
identical to those of the expected BDA-lysine adduct (N°-
pyrrolelysine) (Fig. 4b). The product was also eluted at the same
retention time as that of the authentic N°-pyrrolelysine prepared
by the reaction of L-lysine with BDA. The treatment of BSA with
BDA (0-1 mM) in phosphate-buffered saline for 24 h at 37°C
resulted in the dose-dependent formation of N°-pyrrolelysine
(Fig. 4c). In addition, the formation of N°-pyrrolelysine in the
BDA-modified protein correlated well with the recognition of the
protein by SG (Fig. 4d). We further characterized the N*-
pyrrolelysine formation sites using nano-LC-ESI-Q-TOF MS (Fig.
S9, Table S1-1-S1-3) and found that BDA could be incorporated into
Lys-4, 12, 106, 127, 180, 187, 204, 211, 221, 224, 239, 261, 273, 280,
377,388,413,431, 439, 465,471, 474, and 524 (Fig. S10-1-S10-25). It
appeared that the formation of N*-pyrrolelysine mainly occurred in
the ITA and IITA subdomains. This agrees with the fact that the vast
majority of albumin ligands are bound in one or both sites within
specialized cavities of these subdomains'’. The albumin ligands, such
as palmitic and myrisitic acids, indeed inhibited the SG staining of
the modified proteins in a dose-dependent manner (Fig. S11). The
computational analysis of the BDA-modified BSA showed that the
pyrrolation produced a distinctive charge distribution on the protein
surface (Fig. S12). In contrast to the native BSA, the surface of the
pyrrolated BSA became more hydrophobic in domains ITA and IIIA
due to the formation of a substantial number of N*-pyrrolelysines
(Fig. 4e). Thus, although the exact location of the bound SG in the
subdomains remains unclear, the pyrrolated lysine residues
generated in specific subdomains and the narrow fit of SG between
the N°-pyrrolelysine residues and/or between N°-pyrrolelysine and
the aromatic amino acid residues may be responsible for the unusual
staining of the proteins by the DNA intercalators.

Pyrrolated proteins act as a DNA mimic. Because pyrrolation is an
amino charge-neutralizing reaction, it was speculated that the BDA
modification might give rise to the generation of electronegative
proteins. An enhanced anodic mobility of the BDA-treated protein
compared to the native protein was indeed observed during gel
electrophoresis (Fig. 2d). We also evaluated the electronegativity of
the BDA-modified proteins by measuring the zeta potential, an
electrochemical property determined by the net electrical charge of
the molecules. The zeta potential of the native BSA was —12 mV,
which is in agreement with the previously reported zeta-potential of
~—10 mV for BSA™. The zeta potential of the protein decreased
upon BDA modification, in which a zeta-potential aslow as —30 mV
was observed (Fig. 5a). Thus, the reduction in the zeta potential was
consistent with the enhanced anodic mobility of the modified protein
observed during the gel electrophoresis.

On the other hand, pyrrole is one of the most used monomers for
the preparation of electroconducting polymeric materials. Based on
the observation that the BDA modification generated a significant
amount of N*-pyrrolelysine in the protein, the electric property of the
pyrrolated protein was investigated. Figure 5b shows the temperature
dependence of the conductivity of the native and BDA-modified
proteins that could be well described by the Arrhenius relation with
a single activation enthalpy for each. As expected, the conductivity of
the pyrrolated protein was much higher than that of the native pro-
tein. The pyrrolated protein showed an electrical conductivity of 2.1
X 107% Sem™" at 324 K. Thus, the introduction of the pyrrole struc-
ture in the protein through BDA modification resulted in the forma-
tion of an electric semiconductor (Fig. 5¢).

Pyrrolation transforms self-molecules into autoantigens. To
evaluate the biological significance of the protein pyrrolation as a
source of DNA mimic proteins, we examined the autoantigenic
property of the pyrrolated self-proteins. Balb/c mice were
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Figure 4 | Formation of N°-pyrrolelysine in the BDA-modified proteins. (a) HPLC detection of N°-pyrrolelysine in the BDA-modified proteins. The
BDA-modified protein was prepared by incubating BSA (1.0 mg/ml) with 1 mM BDA in PBS at 37°C for 24 h. The protein samples were hydrolyzed by
2 N NaOH under argon atmosphere for 18 h at 120°C. After the alkaline hydrolysis, the samples were neutralized with hydrochloric acid and analyzed by
reverse-phase HPLC. Chromatogram: upper, BDA-treated BSA; lower, BSA. (b) Chemical structure of N°-pyrrolelysine. (c) Measurement of N°-
pyrrolelysine generated in the BDA-modified proteins. The native and modified BSAs were analyzed by LC-ESI-MS in the selected ion monitoring (SIR)
mode followed by alkaline hydrolysis. (d) Binding of SG to the BDA-tretaed BSA. BSA (1.0 mg/ml) was incubated with BDA (0-1 mM) in 1 ml of PBS at
37°Cfor 24 h. (e) Changes in electric properties on the molecular surface of both sides of native and BDA-modified BSA. The BDA-modified protein was
prepared by incubating BSA (1.0 mg/ml) with 1 mM BDA in PBS at 37°C for 24 h. Panels: upper, native BSA; lower, BDA-treated BSA. The left and right
panels represent the pair of images. The left panels shows molecules in the orientation with domain I on the left and further domains arranged
counterclockwise, whereas in the right panels, domain I is on the right and the domains are arranged clockwise. Colored residues: red, negative amino
acids; blue, positive amino acids; green, hydrophobic amino acids including pyrrolated lysine.

immunized every two weeks with the BDA-modified mouse serum
albumin (MSA) emulsified with complete Freund’s adjuvant, and the
Ab responses to the DNA and pyrrolated BSA were examined. The
Ab titers to both antigens were enhanced by the immunization with
the pyrrolated MSA (Fig. 6a). We then isolated the hybridoma
clones, producing mAbs specific for the DNA and/or pyrrolated
proteins, from the mice and characterized their specificity in detail.
Spleen cells from the balb/c mice immunized with the pyrrolated
MSA were fused with P3/Ul murine myeloma cells and, after
screening based on a specific binding to the pyrrolated proteins,
we established one hybridoma clone, PSB, producing the mAb
specific for the pyrrolated protein. The mAb PSB established from
the mice immunized with the pyrrolated protein was found to be
IgM. Of interest, the specificity study showed that the mAb cross-
reacted with multiple antigens, including dsDNA and aldehyde-
modified proteins (Fig. 6b).

Pyrrolated proteins as a molecular target of autoimmunity. The
observations that the pyrrolated proteins showed a significant cross-
reactivity with the SLE sera and the anti-DNA mAb (Fig. 7a)
suggested that the production of specific antibodies against the
pyrrolated proteins might be accelerated in autoimmune diseases,
such as SLE. Hence, we evaluated the Ab titers to the pyrrolated
proteins in the SLE-prone MRL-Ipr mice. When the age-dependent
change in the Ab titers was measured in the sera from the MRL-Ipr
mice and control MRL-Mp] mice, only the MRL-Ipr mice displayed a
spontaneous age-dependent elevation of the IgG and IgM responses
to both DNA and the pyrrolated proteins (Fig. 7b). We established

the IgM mAb PSL from the MRL-Ipr mice, which showed speci-
ficities toward multiple antigens, including dsDNA and the pyrro-
lated proteins (Fig. S13). Of interest, the mAb PSL mainly
cross-reacted with the modified proteins that showed binding
potentials with SG.

Glomerulonephritis is a major cause of morbidity and mortality in
patients with SLE. The deposition of autoAbs in the glomeruli plays a
key role in the development of lupus nephritis. We assessed the
specificity of the Abs that was deposited in glomeruli of the MRL-
Mp] and MRL-Ipr mice and observed that the titers of the anti-
pyrrolated proteins Abs were significantly higher in the MRL-Ipr
mice than in the MRL-Mp] mice (Fig. 7c).

We also evaluated the presence of the antibodies against pyrro-
lated proteins in autoimmune disease patients, such as SLE (n=26)
and IgA nephropathy (n=20), and in the healthy controls (n=5).
The ELISA measurement showed that the serum IgG titers to the
DNA and pyrrolated proteins significantly varied among patients
with SLE and IgA nephropathy. The levels of the anti-DNA titers
in the SLE patients were notably higher than those in the healthy
individuals and IgA nephropathy patients (Fig. 7d, left). The SLE
patients also exhibited prominent increases in the Ab titers to the
pyrrolated proteins (Fig. 7d, right). The pull-down assay also con-
firmed the enhanced production of IgG and IgM that recognize the
pyrrolated proteins in the SLE patients (Fig. S14).

Presence of pyrrolated proteins in vivo. Finally, to gain an insight
into the formation of DNA mimic proteins in vivo, we established a
highly sensitive and specific method for the measurement of N*-
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electron transfer in pyrrolated proteins.

pyrrolelysine using LC-ESI-MS/MS coupled with a stable isotope
dilution method (Fig. 8a, Fig. S15). When the alkaline hydrolysates
of the sera from normal humans and balb/c mice were analyzed, the
pyrrolated lysine was detected in all tested samples (Fig. 8b, c).
Subsequently, we measured N°-pyrrolelysine in the immune
complex deposits in the kidneys from the SLE-prone MRL-Ipr and
control MRL-Mp] mice and found that, while there was no difference
in the serum N*-pyrrolelysine levels between the MRL-Ipr and MRL-
Mp] mice (Fig. S16), the pyrrolated proteins were accumulated more
in the SLE mice than in the control mice (Fig. 8d). The result is
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consistent with the observation that the levels of Abs against the
pyrrolated proteins in the immune complex deposits were higher
in the MRL-Ipr mice than in the control mice (Fig. 7c). These data
provided direct evidence, for the first time, that the pyrrolation of
proteins, generating N°-pyrrolelysine, occurs in vivo.

Discussion

In the present study, we gained a deeper insight into what constitutes
the multi-specificity of the anti-DNA autoAbs. A remarkable finding
is that the DNA-binding molecules, such as SG, showed the ability to
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Figure 6 | Pyrrolation transforms self-molecules into autoantigens. (a) Elevation of immune response to pyrrolated proteins and dsDNA in the balb/c
mice immunized with the pyrrolated MSA. Female balb/c mice were immunized with complete Freund adjuvant and 50 pg of the BDA-modified
MSA, and then boosted every 2 weeks with incomplete Freund adjuvant by emulsifying and intraperitoneal injection. The Ab titers were determined by
ELISA using the BSA, BDA-modified BSA (pyrrolated BSA), and DNA as the absorbed antigens. Symbols: open circle, anti-BSA titer; closed circle,
anti-pyrrolated BSA titer; closed triangle, anti-DNA titer. (b) Immunoreactivity of the anti-pyrrolated proteins mAb PSB established from the balb/c mice
immunized with the pyrrolated MSA. The coating antigen was prepared by incubating BSA (1 mg/ml) with 1 mM aldehyde in 1 ml of PBS for 24 h at
37°C. Five microgram of antigen was coated per well on polystyrene plates and antibody binding detected. CRA, crotonaldehyde, ACR, acrolein;

ONE, 4-ox0-2-nonenal; BDA, 1,4-butanedial.
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MRL-Ipr mice. Affinity of the Abs was determined by a direct antigen ELISA using BSA (left), pyrrolated BSA (middle), and dsDNA (right) as the absorbed
antigens. The means were tested for statistical significance by Welch’s test analysis. Statistically significant differences between the MRL-Mp]J and MRL-Ipr
mice are indicated by asterisks (¥, P < 0.05; ***, P < 0.005). (d) Elevation of immune response to dsDNA (left panel) and pyrrolated proteins (right panel)
in autoimmune diseases. The plasma samples were prepared from 5 healthy individuals, 20 patients with IgA nephropathy (IgA-N), and 26 patients with
SLE. The levels of the IgG Abs against the dsDNA and pyrrolated proteins in the plasma samples were measured by ELISA using calf-thymus dsDNA and
pyrrolated BSA, respectively, as the coating antigens. The means were tested for statistical significance by Welch’s test analysis. Statistically significant

differences between control and SLE and between SLE and IgA-N are indicated by asterisks (**, P < 0.01; ***, P < 0.005).

bind the proteins that could be recognized by the anti-DNA autoAbs.
SG is an asymmetrical cyanine DNA-binding dye that provides an
opportunity for increasing the sensitivity of the nucleic acid detection
when used in conjunction with gel electrophoresis. SG is not fluor-
escent unless it is bound to dsDNA. The alterations in the fluor-
escence emission of the free and DNA-bound SG and the
underlying mechanisms depend on the structure and binding mode
of SG. An analysis of the SG/dsDNA association has revealed that the
dye forms the following three different interactions with dsDNA:
intercalation between base pairs, electrostatic interaction, and
extended contact with the groove of dsDNA'C. It had been generally
believed that SG is not able to bind non-nucleic acid biomolecules
like proteins. However, the present study revealed that it could stain
proteins when modified with y-ketoaldehydes. To the best of our
knowledge, this is the first report describing the recognition of
non-nucleic acid biomolecules by the DNA intercalating agent.
Based on the fact that the y-ketoaldehydes primarily react with the
lysine residues of proteins to form pyrrole derivatives, the protein-
bound pyrroles were speculated to be an unrecognized target of the
DNA-binding molecules. The five-membered heteroaromatic pyr-
role ring is planar and electron rich, highly susceptible to electro-

philic attack, capable of oxidation and able to participate in both m-n
stacking and hydrogen-bonding interactions. Members of this
important class of heterocyclic compounds also display a variety of
pharmacological properties including antibacterial, antiviral, anti-
inflammatory, anticancer, and antioxidant activities. In addition,
the pyrrole framework is a ubiquitous structural motif found in a
wide range of biologically active natural products and pharmaceut-
ically active agents. The detailed mechanism for the unusual binding
of SG to the pyrrolated proteins still remains unknown. However, the
structural features of the DNA intercalator might, at least in part, be
involved. The SG molecule contains phenylquinilinium and ben-
zothiazole aromatic systems and dimethylaminopropyl and propyl
elongated chains. Each of these structural elements contributes to the
energy of the SG/dsDNA complex formation. The aromatic rings of
SG intercalate into dsDNA, an interaction that is energetically favor-
able’. In a manner similar to the intercalation into dsDNA, the
narrow fit of the aromatic group between the N°-pyrrolelysine resi-
dues and/or between N°-pyrrolelysine and the aromatic amino acid
residues coupled with van der Waals interactions with the pyrrole
ring may significantly dampen the internal motion of SG. An addi-
tional SG molecular rigidity may also come from the electrostatic
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Figure 8 | Presence of N*-pyrrolelysine in vivo. (a) Collision-induced dissociation of the [M+H]* of N°-pyrrolelysine at m/z 197 at a collision

energy of 25 V. (b) LC-ESI-MS/MS analysis of authentic isotope-labeled ["*Cg, '°N,] Ne-pyrrolelysine (lower) and N°-pyrrolelysine in the hydrolysate of
normal human serum (upper). The ion current tracings with SRM are shown. (c) LC-ESI-MS/MS analysis of N°-pyrrolelysine in the hydrolysates of sera
from normal human (n=>5) and male balb/c mice (15w, n=5). (d) LC-ESI-MS/MS analysis of N*-pyrrolelysine in the immune complex deposits in the

kidneys from the SLE-prone MRL-Ipr and control MRL-Mp] mice.

interactions between SG and the pyrrolated proteins; the SG/pyrro-
lated protein complex can be stabilized by a charge-charge inter-
action formed by the positively charged thiazole group and
carboxylic acids from the protein side-chains. Thus, the intercalation
and columbic interaction may effectively immobilize the quinili-
nium-thiazole system in a favorable conformational state, which is
characterized by a dramatic enhancement of the SG fluorescence.
It is also noted that the modification of proteins by y-ketoalde-
hydes is associated with an increase in the net negative charges of the
proteins due to the modification of the lysine residues and formation
of amino charge-neutralized structures, such as pyrrole. This may
give rise to the structural similarity to the dsDNA backbone, which is
composed of negatively charged phosphate groups. Indeed, the bind-
ing to dsDNA is one example of the potential cross-reactivities with
flexible phosphodiester polymers, such as RNA, teichoic acid, or
other molecules whose distribution of phosphates or similar nega-
tively charged epitopes conform with the available contacts in the
anti-DNA combining site”. In addition, the pyrrolation by BDA
produced an electronic semiconducter protein (Fig. 5). It may be
likely that, although the detailed mechanisms underlying these elec-
tronic properties of the pyrrolated proteins remain unknown, some
of the electron orbitals belonging to the pyrrole overlap with each
other along the long axis of the protein. These so-called stacking
interactions indeed underlie many of the one-dimensional molecular
conductors. The lysine-bound pyrroles in proteins may therefore be
ideal for electron transfer. Based on the fact that dsDNA transports
an electrical current as efficiently as a good semiconductor®, the y-
ketoaldehyde-modified proteins may potentially constitute an elec-
trical mimic to the dsDNA. These electronegativity and electronic

properties may be closely associated with the fact that the anti-DNA
autoAbs often bind to non-nucleic acid biomolecules.

This study proved for the first time that the pyrrolation transforms
self-molecules into autoantigens. The immunization of balb/c mice
with the pyrrolated self-molecule (MSA) indeed accelerated the pro-
duction of autoAbs (Fig. 6). The spontaneous age-dependent
increase in the IgG and IgM titers to the dsDNA and pyrrolated
proteins was also observed in the SLE-prone MRL-Ipr mice
(Fig. 7). Moreover, we measured the Ab titer against the BDA-modi-
fied proteins, along with the Ab titer against dsDNA, in the sera from
the SLE patients and observed that the patients exhibited prominent
increases in the Ab titers to both antigens. These data emphasize the
relevance of the pyrrolated proteins for the anti-DNA response in
SLE. Although the potential role in pathogenesis needs to be further
explored, protein pyrrolation may not simply be an associated side
effect of the disease progression, but a possible etiology of SLE and
other autoimmune diseases.

Using the LC-ESI-MS/MS technique, we successfully detected N°>-
pyrrolelysine in the protein hydrolysates of human and mouse sera
(Fig. 8). The in vivo origin of lysine pyrrolation currently remains
unknown. As BDA is not physiologic, some other endogenous
molecules are suggested to be involved in the formation of N°-
pyrrolelysine. However, the conversion of the primary amino groups
into pyrrole derivatives has been shown to occur upon modification
of the lysine residues of proteins with various lipid peroxidation-
derived aldehydes, such as 4-hydroxy-2-nonenal®>*’, 4,5-epoxy-2-
alkenals®, and 4-oxo-2-alkenals. Levuglandin E2, a metabolite of
arachidonic acid, also adds to protein amino groups, presumably as
pyrrole derivatives®. Moreover, the unsaturated epoxyoxo fatty acids
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have also been shown to generate pyrrole derivatives that incorporate
the e-amino group of lysine residues®. The formation of different
types of pyrrole derivatives produced in these reactions has indeed
been observed in a variety of diseases, including atherosclerosis®®.
Furthermore, the increased carboxyalkylpyrrole immunoreactivity
was detected in the plasma from patients with renal failure and
atherosclerosis when compared to healthy volunteers®. Thus, a
physiologically relevant metabolite of fatty acids is likely to be
involved in the formation of N*-pyrrolelysine. To test this hypothesis,
studies are now underway to identifiy the putative oxidized fatty acid
metabolites.

In conclusion, we identified pyrrolation as a key modification
reaction of proteins involved in the recognition by the DNA-binding
molecules, such as the anti-DNA autoantibodies and DNA interca-
lators. Strikingly, the pyrrolated proteins showed electronegativity
and electronic properties on the proteins that potentially constitute
an electrical mimic to the DNA. They present in vivo and indeed
triggered an autoimmune response. Future studies need to evaluate
the contribution of this newly established covalent protein modifica-
tion in the pathogenesis of human diseases, including autoimmune
disease.

Methods

Materials. The DNA intercalators, ethidium bromide and SYBR Green I (SG), were
obtained from Nacalai Tesque and Invitrogen, respectively. Single-stranded and
double-stranded DNA, dGdT, dGdC, and dGdA were obtained from Sigma. The anti-
DNA monoclonal antibody (mAb) DSO was prepared from the MRL-Ipr mice". The
stock solutions of HNE were prepared by the acid-treatment (1 mM HCI) of HNE
dimethylacetal, which was synthesized according to the procedure of De Montarby
et al.”> ONE was synthesized from 2-pentylfuran according to the procedure of Sun
et al.’! The other aldehydes were purchased from the Cayman Chemical Co. (Ann
Arbor, MI). The horseradish peroxidase (HRP)-linked anti-rabbit IgG
immunoglobulin, HRP-NeutrAvidin, and ECL (enhanced chemiluminescence)
Western blotting detection reagents were obtained from GE Healthcare.

Animals. Female and male balb/c mice, female MRL-Mp] mice, and female MRL-Ipr
mice were purchased from Japan SLC (Hamamatsu, Japan). The care and use of all
animals were performed in accordance with prescribed national guidelines, and the
Animal Care and Use Committee of Nagoya University granted ethical approval for
the study.

Plasma samples. Plasma samples were obtained from 5 healthy individuals and 20
patients with IgA nephropathy and 26 patients with SLE who underwent diagnostic
evaluation at the Nagoya University Hospital (Nagoya, Japan). The antibody (Ab)
titers against DNA and pyrrolated proteins in the plasma samples were measured by
ELISA using calf-thymus DNA and BDA-modified BSA, respectively, as the coating
antigens. This study was approved by the Ethical Committee of the Nagoya University
School of Medicine.

Staining of proteins by DNA intercalators. Electrophoresis was performed in a
nondenaturing polyacrylamide gel (8% acrylamide) in 2X TAE buffer (80 mM Tris-
acetate, 2 mM EDTA, pH 8.0). Tris-glycine, pH 8.4, was used as the running buffer.
Thirty pl of 0.5 mg/ml protein was mixed with 6 pl of 6x loading buffer (0.03%
bromphenol blue, 10 mM TrisHCI, pH 7.6, 60 mM EDTA, 60% glycerol) and
electrophoresed in the gel at 100 V. After electrophoresis, the gels were rinsed in
ultrapure water and stained with Coomassie Brilliant Blue or 2.5 mg/ml of SG
dissolved in TAE buffer for 30 min. Fluorescence scanning of the gels was carried out
using a Typhoon 9200 fluorescence gel scanner (GE Healthcare). For staining with
ethidium bromide, electrophoresis was performed in a 1% agarose gel in 1 XTAE
buffer. After electrophoresis, the gels were stained with 2.5 mg/ml of ethidium
bromide dissolved in TAE buffer for 30 min, and fluorescence scanning of the gels
was carried out using a gel imaging system (AE-6932 GXCF, ATTO, Tokyo, Japan).

Zeta potential. BSA (1.0 mg/ml) was incubated with BDA (0-1 mM) in 10 mM
sodium phosphate buffer (pH 7.4) at 37°C. The zeta potential measurement was
performed using a zeta potential analyzer (Zetasizer Nano ZS, Malvern).

Electrical conductivity. The samples were prepared by incubating BSA (1 mg/ml)
with or without 1 mM BDA at 37°C for 24 h in deionized distilled water. After
incubation, the reaction mixtures were dialyzed against the deionized distilled water,
freeze dried, and then their conductivities were measured. The electrical conductivity
was measured by a complex-impedance gain-phase analyzer (Solartron model 1260;
Schlumberger) in the frequency range from 1 Hz to 1 MHz. The protein samples
were thoroughly dried under vacuum for 24 h prior to the measurements.

Modeling analysis. N°-Pyrrolelysine was generated and energy-minimized using the
Molecular Operating Environment (MOE) (Chemical Computing Group, Montreal,
Canada). The positions of the N*-pyrrolelysine were adjusted using the MOE. The
surface electric potential was calculated from the coordinate of the BSA structure
(PDB: 4F5S) using the MOE.

Fluorescence measurements. Fluorescence spectra of free SG and SG in complex
with dsDNA or BDA-modified BSA were measured on a FP-6500 (JASCO, Japan)
spectrofluorimeter at room temperature. SG was excited at 485 nm and the
fluorescence monitored over the wavelength range of 490 to 700 nm. A 0.3 cm path-
length quartz cell was used.

CD spectroscopy. The CD spectra were measured at 20°C using a J-820
spectropolarimeter (JASCO, Japan) and a 1-mm cell in PBS without EDTA at a
protein concentration of 0.15 mg/ml.

Reaction of L-lysine with BDA. To identify a putative BDA-lysine adduct detected in
the LC-MS analysis of the hydrolysates of the BDA-modified proteins, products
obtained from the reaction of L-lysine with BDA were characterized. The reaction
mixture contained 10 mg/ml L-lysine and 10 mM BDA in PBS. After incubation for
24 h at 37°C, the reaction mixtures were analyzed by a reversed-phase HPLC using a
Develosil C30-UG-5 (4.6 X 250 mm, Nomura Chemical, Japan) at the flow rate of
0.8 ml/min. A discontinuous gradient was used by solvent A (H,O containing 0.1%
trifluoroacetic acid) with solvent B (acetonitrile containing 0.1% trifluoroacetic acid)
as follows: 5% B at 0-5 min, 30% B at 40 min, 100% B at 40.1 min. The elution
profiles were monitored by the absorbance at 200-650 nm. The reaction provided
two major products, which were suggested to be the N*-pyrrolated and N°-pyrrolated
lysines based on their fragmentation patterns in the LC-MS analysis. The product
corresponding to N*-pyrrolelysine was isolated (Fig. S17) and characterized by high
resolution MS, and 'H- and “C-NMR (Fig. S18-20). High resolution MS, m/z of
197.1283 [M+H]", C,,0H;7N,0,; NMR, 'H-NMR (D,0) 8H 1.29-1.454 (2H, m), SH
1.81-1.95 (4H, m), $H 3.81(1H, dd), 8H 3.99 (2H, dd), H 6.21 (2H, d), $H 6.87 (2H,
s); 6C 21.55,29.79, 30.31, 48.44, 48.47, 54.22, 107.11, 121.40, 174.01. The LC-MS was
measured by an ACQUITY TQD system (Waters) equipped with an ESI probe and
interfaced with a UPLC system (Waters). The sample injection volumes of 10 pl each
were separated on a Waters BEH C18 1.7 pum column (50 mm X 2.1 mm) at the flow
rate of 0.3 ml/min. A discontinuous gradient was used by solvent A (H,O containing
0.1% formic acid) with solvent B (acetonitrile containing 0.1% formic acid) as follows:
5% B at 0 min, 50% B at 10 min, 95% B at 10.1 min. The mass spectrometric analyses
were performed on-line using ESI-MS in the positive ion mode (cone potential of
30 eV). High resolution MS was performed by a Mariner ESI-TOF-MS (ABI). The
NMR analyses were performed by a Bruker AVANCE 400 (400 MHz) instrument.

HPLC analysis of N*-pyrrolelysine in the BDA-modified protein. The BDA-
modified protein was prepared by incubating BSA (1.0 mg/ml) with 1 mM BDA in
PBS at 37°C for 24 h. For the detection of the BDA-amino acid adducts, the samples
(400 pl) were delipidated by the addition of 1.25 vol chloroform-methanol (1 : 4, v/v).
Tubes were agitated on a vortex mixer and centrifuged at 5,000 rpm for 10 min. An
interphase formed, and the fluid above was removed. Methanol (400 pl) was added to
the samples, then centrifuged at 5,000 rpm for 10 min. The clear organic fluid was
removed and the pellet dried under argon. The samples were suspended in H,O
(50 pl) and mixed with 400 pl of 2 N NaOH and hydrolyzed by heating under argon
for 18 h at 120°C*. The resulting solution was neutralized with hydrochloric acid.
The samples were analyzed by a reversed-phase HPLC using a Develosil C30-UG-5
(4.6 X 250 mm, Nomura Chemical, Japan) at the flow rate of 0.8 ml/min. A
discontinuous gradient was used by solvent A (H,O containing 0.1% trifluoroacetic
acid) with solvent B (acetonitrile containing 0.1% trifluoroacetic acid) as follows: 5%
B at 0-5 min, 30% B at 40 min, 100% B at 40.1 min. The elution profiles were
monitored by absorbance at 200-650 nm.

Nano-LC-ESI-Q-TOF-MS/MS analysis of BDA-modified proteins. The BDA-
modified protein was prepared by incubating BSA (1.0 mg/ml) with 1 mM BDA in
PBS at 37°C for 24 h. The protein was proteolyzed with sequence grade modified
trypsin (Promega) in 50 mM NH,HCOj; buffer in the presence of 0.01% Protease
MAX surfactant (Promega) for 3 h at 37°C. The samples were dissolved in 2%
acetonitrile in 0.1% trifluoroacetic acid, and subjected to a mass spectrometry
analysis. Mass spectrometry was performed using a Triple TOF™ 5600 (AB SCIEX), a
hybrid triple quadrupole time-of-flight mass spectrometer equipped with an ESI
source, and the mass range was set at m/z 100-1250. The conditions of the MS/MS
detector were as follows: ion spray voltage, 2300 V; ion source gasl, 20 psi; interface
heater temperature 150°C; curtain gas 20 psi. Nitrogen was used as the nebulizer and
auxiliary gas.

LC-ESI-MS/MS analysis of N*-pyrrolelysine. Mass spectrometric analyses were
performed using an ACQUITY TQD system (Waters) equipped with an ESI probe
and interfaced with a UPLC system (Waters). The sample injection volumes of 10 pl
each were separated on a Develosil HB C30-UG-3 (100 mm X 2.0 mm, Nomura
Chemical, Japan) at the flow rate of 0.3 ml/min. A discontinuous gradient was used by
solvent A (H,O containing 0.1% formic acid) with solvent B (acetonitrile containing
0.1% formic acid) as follows: 5% B at 0 min, 95% B at 8 min, 95%. Mass spectrometric
analyses were performed on line using ESI-MS/MS in the positive ion mode along
with the MRM mode (cone potential 25 eV/collision energy 15 eV). The monitored
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MRM transitions monitored were as follows: [U-"*Cg, *N,] N*-pyrrolelysine, m/z
197.1—134.1; N*-pyrrolelysine, m/z 205.1—140.1. The amount of the N*-
pyrrolelysine adduct was quantified by the ratio of the peak area of the target adducts
and of the reduced N°-pyrrolelysine-stable isotope.

For the LC-ESI-MS/MS analysis of N°-pyrrolelysine, the protein samples were
suspended in H,O (400 pl). The samples were delipidated by the addition of 1.25 vol
chloroform-methanol (1:4, v/v). The tubes were agitated on a vortex mixer and
centrifuged at 5,000 rpm for 10 min. An interphase formed, and the fluid above was
removed. Methanol (400 pl) was added to the samples, then centrifuged at 5,000 rpm
for 10 min. The clear organic fluid was removed and the pellet dried under argon. The
proteins were suspended in H,O (50 pl) and mixed with 400 pl of 2 N NaOH, then
hydrolyzed by heating under argon for 18 h at 120°C. The resulting solution was
neutralized with hydrochloric acid. The internal standard, reduced [U-"Cg, *N,] N*-
pyrrolelysine, was added to the samples prior to the digestion. After the digestion, the
samples were partially separated with Oasis hydrophilic-lipophilic balance (HLB)
cartridges (Waters). After the sample loading, the HLB cartridges were washed with
2 ml of H,0, and N*-pyrrolelysine was eluted with 2 ml of 20% acetonitrile. The
samples were then dried, and dissolved in H,O, and subjected to an LC-ESI-MS/MS
analysis.

ELISA. A 100-pl aliquot of the antigen solution was added to each well of a 96-well
microtiter plate and incubated for 20 h at 4°C. The antigen solution was then
removed, and the plate was washed with PBS containing 0.5% Tween 20 (PBS/
Tween). Each well was incubated with 200 ml of 4% Blockace (Yukijirushi, Sapporo,
Japan) in PBS/Tween for 60 min at 37°C to block the unsaturated plastic surface. The
plate was then washed three times with PBS/Tween. A 100-pl aliquot of a 10* x
dilution of serum was added to each well and incubated for 2 h at 37°C. After
discarding the supernatants and washing three times with PBS/Tween, 100 plofa5 X
10 dilution of goat anti-mouse IgG conjugated to horseradish peroxidase in PBS/
Tween was added. After incubation for 1 h at 37°C, the supernatant was discarded,
and the plates were washed three times with PBS/Tween. The enzyme-linked Ab
bound to the well was revealed by adding 100 pl/well of 1,2-phenylenediamine

(0.5 mg/ml) in a 0.1 M citrate/phosphate buffer (pH 5.5) containing 0.003%
hydrogen peroxide. The reaction was terminated by the addition of 2 M sulfuric acid
(50 pl/well), and the absorbance at 492 nm was read using a micro-ELISA plate
reader.

Western blot analysis. BSA (1 mg/ml) was incubated with ONE (0-5 mM) in PBS
for 24 h at 37°C. The protein samples were electrophoresed through a 10%
polyacrylamide gel. After electrophoresis, the gel was transblotted onto a
polyvinylidene difluoride (PVDF) membrane (GE Healthcare), incubated with
Blockace for blocking, washed, and then incubated with a primary Ab. This procedure
was followed by the addition of horseradish peroxidase conjugated to the goat anti-
rabbit IgG immunoglobulin and ECL reagents. The bands were visualized using a
Light-Capture II (ATTO, Tokyo, Japan).

Preparation of mAbs. Spleen cells from the SLE-prone MRL-Ipr mice were fused
with P3/U1l murine myeloma cells and cultured in HAT (hypoxanthine/
aminopterin/thymidine) selection medium. The culture supernatants of the
hybridoma were screened using an ELISA, employing pairs of wells in the
microtiter plates on which were absorbed BDA-treated BSA as antigens (5 pg of
protein per well). After incubation with 100 pl of the hybridoma supernatants,
and with intervening washes with PBS/Tween, the wells were incubated with
horseradish peroxidase goat anti-mouse IgG in PBS/Tween, followed by a
substrate solution containing 100 pl/well of 1,2-phenylenediamine (0.5 mg/ml) in
a 0.1 M citrate/phosphate buffer (pH 5.5) containing 0.003% hydrogen peroxide.
Hybridoma cells, corresponding to the supernatants that were positive on the
BDA-modified BSA and the negative on native BSA, were then cloned by limited
dilution. After repeated screenings, one clone PSL showing the most distinctive
recognition of the BDA-modified BSA was obtained.

The mAbs were also prepared from Balb/c mice immunized with BDA-modified
MSA. The immunogen was prepared by incubating MSA (1.0 mg/ml) with 1 mM
BDA in PBS (pH 7.4) at 37°C for 24 h. We immunized the female Balb/c mice on
week 7 with complete Freund adjuvant and 0.5 mg immunogen (BDA-modified
MSA) and boosted on weeks 9 and 11 with incomplete Freund adjuvant, by emul-
sifying and intraperitoneal injection. The mAbs were prepared from the immunized
mice following the same protocol as for the SLE-prone mice.

Antibody elution study. The kidneys were thawed, minced, and homogenized in a
high-speed blender for 1 min in 4 volumes of cold PBS, and then repeatedly washed in
PBS. The washed homogenates were then incubated with 1 ml glycine-HCI buffer
(20 mM, pH 3.0) at room temperature for 10 min, centrifuged at 1,500 rpm, and the
pH of the supernatant adjusted to pH 7.4. The eluates were dialysed overnight against
PBS at 4°C. The samples were assessed for anti-BSA, anti-DNA, and anti-pyrrolated
proteins titers by ELISA and for the LC-ESI-MS/MS measurement of N°-
pyrrolelysine.

Pull-down assay. The human sera obtained from healthy individuals and SLE
patients were preincubated with magnetic beads coated with BSA to preclear the
nonspecific binding to beads and/or native BSA for 1 h at room temperature. After
preclearing, the supernatants were incubated with magnetic beads coated with BDA-
treated BSA for 1 h at room temperature. The beads were then washed three times

with PBS/Tween and bound proteins were eluted into SDS sample buffer by boiling
for 5 min and subjected to SDS-PAGE followed by immunoblot analysis.
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