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Diphenylmethane diisocyanate (MDI), the chemical commonly used as a cross-linking agent in commer-
cial polyurethane production, is a well-recognized cause of asthma. Reaction products between MDI and
‘‘self” proteins are hypothesized to act as antigens capable of inducing airway inflammation and asthma;
however, such MDI antigens remain incompletely understood. We used a variety of analytical methods to
characterize the range of MDI–albumin reaction products that form under physiological conditions. Sites
of MDI conjugation on antigenic MDI–albumin products, as defined by serum immunoglobulin G (IgG)
from MDI-exposed workers, were determined by high-performance liquid chromatography (HPLC) fol-
lowed by tandem mass spectrometry (MS/MS). The data identified 14 MDI conjugation sites (12 lysines
and 2 asparagines) on human albumin and highlight reaction specificity for the second lysine in dilysine
(KK) motifs, and this may be a common characteristic of ‘‘immune-sensitizing” chemicals. Several of the
MDI conjugation sites are not conserved in albumin from other species, and this may suggest species dif-
ferences in epitope specificity for self protein (albumin)–isocyanate conjugates. The study also describes
new applications of contemporary proteomic methodology for characterizing and standardizing MDI–
albumin conjugates destined for use in clinical research.

� 2010 Elsevier Inc. All rights reserved.
Diisocyanates are small chemicals, with two reactive N@C@O tive immune responses and have been hypothesized to represent

groups that serve as the obligate ‘‘cross-linker” for commercial
polyurethane production [1]. The most commonly used diisocya-
nates, diphenylmethane diisocyanate (MDI),1 toluene diisocyanate
(TDI), and hexamethylene diisocyanate (HDI), are a major cause of
occupational asthma worldwide [1,2]. For numerous reasons, MDI
is fast overtaking the isocyanate consumer market (e.g., foam, furni-
ture/bedding, insulation, mining/‘‘rock-lock”, construction), leading
to increased exposure and new cases of occupational asthma [3–6].

The form of isocyanates that stimulates the human immune
system (e.g., antigen) has been challenging to define due to the
chemicals’ high electrophilicity and spontaneous reactivity with
proteins [7,8]. In vivo, it is believed that isocyanates react with
‘‘self” proteins, resulting in conformational changes (neoepitopes)
recognized by the immune system [8–11]. Such isocyanate–pro-
tein conjugates have been shown to trigger both innate and adap-
ll rights reserved.
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the antigenic basis for isocyanate asthma [7,11–14].
To date, only one self protein, albumin, is known to create a

pathogenic antigen, specifically recognized by human antibodies,
on reactivity with isocyanate in vivo [9,15,16]. The human humoral
immune response to isocyanate exposure is highly specific and re-
quires human albumin. Isocyanate conjugated to other carrier pro-
teins, even proteins with strong primary sequence homology to
human albumin (e.g., albumin from other species), is not recog-
nized by human immunoglobulin epsilon (IgE) or immunoglobulin
gamma (IgG) [9,15,16]. Human albumin’s evolutionarily distinct
amino acid sequence and unique capacity to serve as an isocyanate
‘‘carrier,” compared with albumin from other species, provide po-
tential clues that may help to identify isocyanate binding sites
and epitopes recognized by the human immune system.

To better characterize and understand isocyanate–albumin con-
jugates, we recently developed a combination of contemporary
‘‘proteomic” approaches (electrophoresis, enzymatic digestion,
and tandem mass spectrometry [MS/MS]). In prior studies, we inves-
tigated the reactivity of human albumin with the aliphatic isocya-
nate, HDI, and identified two sites of conjugation [9]. One of the
HDI conjugation sites, Lys414, forms part of a dilysine motif
(KK413–414) not conserved in albumin from most other common
laboratory animal species.

The conjugation of MDI to albumin is less well understood.
MDI’s larger size and aromatic (vs. aliphatic) configuration are

http://dx.doi.org/10.1016/j.ab.2010.01.037
mailto:adam.wisnewski@yale.edu
http://www.sciencedirect.com/science/journal/00032697
http://www.elsevier.com/locate/yabio


252 Antigenic changes in albumin caused by MDI / A.V. Wisnewski et al. / Anal. Biochem. 400 (2010) 251–258
likely to affect its reactivity with albumin and the structure of
MDI–albumin reaction products. In this study, we investigate
MDI–human albumin reactivity under physiological exposure con-
ditions and characterize the structure and antigenicity of the
resulting (MDI–albumin) reaction products using a variety of ana-
lytical methods. The results provide new insight into the structure
of MDI–albumin conjugates that helps to explain the specificity of
human antibodies induced by occupational exposure. The data also
highlight specific sites on albumin that may be common targets for
reactivity with chemical allergens.
Materials and methods

Chemicals and reagents

Low endotoxin certified human albumin was obtained from Sig-
ma Chemical (St. Louis, MO, USA), 404-diphenyl methane diisocya-
nate was obtained from Aldrich (St. Louis, MO, USA), and acetone
was obtained from J.T. Baker (Phillipsburg, NJ, USA).

Reactivity of MDI with human albumin

Human albumin was solubilized in phosphate-buffered saline
(PBS: 20 mM phosphate and 140 mM NaCl, pH 7.2) at 0.5% (w/v)
to achieve a concentration (�74 lM) similar to human airway epi-
thelial lining fluid [17]. A 50% (w/v) stock solution of MDI in ace-
tone was prepared immediately before use and further diluted so
that the addition of 250 ll of MDI in acetone to 25 ml of albumin
solution yielded final MDI/albumin ratios ranging from 2 to
1000 lg MDI/mg albumin. The final acetone concentration was
kept constant at 0.1% (v/v). Control albumin samples were simi-
larly exposed to 0.1% acetone without MDI (i.e., ‘‘mock”). Reactions
were performed in polypropylene centrifuge tubes from BD Biosci-
ences (Franklin Lakes, NJ, USA) at 25 �C for 2 h with end-over-end
rotation followed by 0.2-lM filtration and dialysis against PBS with
four buffer exchanges. Samples were aliquoted and stored at
�20 �C until analysis. In some experiments, MDI conjugates were
prepared with bovine, murine, canine, and leporine albumin (Sig-
ma Chemical) using 200 lg MDI/mg albumin.

Electrophoresis

Albumin and MDI–albumin samples were mixed with com-
mercial sample buffers (2�) for reducing, nonreducing, and na-
tive gel electrophoresis from Bio-Rad (Hercules, CA, USA).
Reducing and nonreducing buffers contained 62.5 mM Tris (pH
6.8), 40% glycerol, and 0.01% bromophenol blue. Reducing buffer
also contained 5% 2-mercaptoethanol. Sodium dodecyl sulfate
(SDS) acrylamide gels (4–15% gradient) were obtained precast
from Bio-Rad. Native gels were prepared using a commercial
acrylamide mixture from American Bioanalytical (Natick, MA,
USA) that contained 30.8% (w/v) acrylamide/bis (37.5:1). Electro-
phoresis was performed as described previously, and gels were
stained with commercial Coomassie-based buffer Imperial pro-
tein stain from Pierce (Rockford, IL, USA) [9].

Enzyme-linked immunosorbent assay

Nunc MaxiSorp microtiter plates, obtained through Thermo
Fisher Scientific (Rochester, NY, USA), were coated with 100 ll/
well albumin or MDI–albumin, diluted to 10 lg/ml in 0.1 M car-
bonate buffer (pH 9.5), by overnight incubation at 4 �C. Plates were
‘‘blocked” with 3% (w/v) bovine serum albumin from Sigma before
human sera samples from MDI-exposed workers or control nonex-
posed individuals were added at a 1:200 dilution in blocking buf-
fer. Sera were incubated for 1 h at 25 �C, followed by a 1:2000
dilution of peroxidase-conjugated goat anti-human IgG from BD
Pharmingen (San Diego, CA, USA). Enzyme-linked immunosorbent
assays (ELISAs) were developed for up to 40 min with TMB sub-
strate from BD Bioscience, and the final reactions were terminated
by the addition of 0.1 M HCl from Sigma. Optical density (OD) mea-
surements were obtained on a Benchmark microtiter plate reader
from Bio-Rad using dual wavelength absorbance (450–550 nm).
All samples were tested in duplicate to obtain average value ex-
pressed in the figures.

Human subjects

Sera samples from 10 workers with self-reported exposure to
MDI and 10 age/sex-matched unexposed control subjects were ob-
tained with informed consent. Exposed subjects used MDI during
their employment in a factory that manufactures polyurethane-
coated fabrics.

High-performance liquid chromatography

Control and MDI–albumin samples were reduced and acety-
lated prior to trypsin digestion as described previously [18,19].
Peptide fragments were separated on a Hewlett–Packard 1090
high-performance liquid chromatography (HPLC) system equipped
with an Isco model 2150 peak separator and a 1 mm � 25 cm Vy-
dac C-18 reverse phase column (5 lm particle size, 300 pore size)
equilibrated with 98% buffer A (0.06% trifluoroacetic acid [TFA])
and 2% buffer B (0.052% TFA and 80% acetonitrile) as described pre-
viously [18,19]. Peptides were eluted at 50 ll/min using a stepwise
buffer gradient—0 to 60 min (2–37% B), 60 to 90 min (37–75% B),
and 90 to 105 min (75–98% B)—and were detected by their absor-
bance at 210 nm and simultaneously scanned at 245 nm.

Tandem mass spectrometry

Individual HPLC fractions suspected to contain MDI-conjugated
peptides, based on their absorbance at 245 nm, were further ana-
lyzed by MS/MS on a Waters Q-TOF Ultima mass spectrometer (Mil-
ford, MA, USA) with a Waters nanoAcquity ultra-performance liquid
chromatography (UPLC) device using a 75 � 250-lM BEH C18 col-
umn. After analysis, the MS/MS spectra were searched using the
Mascot distiller (to locate and combine MS/MS spectra) and the Mas-
cot database search algorithm (www.matrixscience.com/search_
form_select.html). When searching Mascot, two modifications were
queried: one adding 224 Da (the mass of MDI in which one NCO (iso-
cyanate) group had been hydrolyzed) and another adding 250 Da
(the mass of MDI with both NCO groups present). The spectra for
each peptide, with an intact mass that matched albumin peptides
with either of the two MDI modifications, were analyzed manually.
The amino acid sequences and the sites of MDI were deduced based
on the ion spectra and the expected mass loss of either 224 or 250 Da
(Table 1).
Results

Effects of MDI exposure on human albumin

A rapid reaction (X + Y ? Z) occurs when human albumin (X) is
mixed with diisocyanate (Y), a class of chemicals known to cause
asthma. The products of this reaction (Z) are antigenic to the hu-
man immune system but remain incompletely understood. We
characterized the different reaction products between 4,40-MDI
and human albumin that result when a range of different starting
reactant concentrations are present under the biologically relevant
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Table 1
MDI conjugation sites on human albumin identified by MS/MS.

Position Peptide sequence m/z [M+2H]
and/or [M+3H]

Monoisotopic
mass

Notes

4 DAHKSEVAHR 467.2 1398.7 Second NCO group not hydrolyzed

137 KYLYEIAR 640.4 1278.7

162 YKAAFTECCQAADK 629.6 1885.8

199 LKCASLQK 586.3 1170.6

212 AFKAWAVAR 622.3 1242.6 Loss of MDI at x8, x7, y8, and y7

262 ADLAKYICENQDSISSK 722.7 2165.1

351 LAKTYETTLEK 760.9 1519.8

391 QNCELFEQLGEYK 926 1849.9 Second NCO group not hydrolyzed, cysteine not acetylated

414 KVPQVSTPTLVEVSR 932.5 (954.5)
622.0

1863.1 (1890.0) Doubly and triply charged species observed (masses with second NCO present
in different HPLC fractions)

429 NLGKVGSK 513.8 1025.6

432 NLGKVGSK 625.5 1249.6 Peptide doubly conjugated with MDI on the asparagine; spectrum shows
several losses of MDI masses

436 VGSKCCK 531.8 1061.5 Loss of MDI for M+H, y6, y5, and y4

(?) HPEAKR 481.3 960.5 Arg6/Lys5 not conjugated, but only very low b1 ions, suggesting possible
conjugation at histidine

525 KQTALVELVK 679.9
451.6

1351.8 Doubly and triply charged species observed

541 ATKEQLK 521.3 (534.3) 1040.6 (1066.6) See x6-MDI, x5-MDI, y6-MDI, and y5-MDI, acting like phosphorylated
neutral loss (masses with second NCO present in different HPLC fractions)
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reaction conditions (see Materials and methods). Human albumin
was held constant at 74 lM or 0.5% (w/v), similar to levels
in vivo in the airway epithelial lining fluid [17], although the con-
centration of MDI was varied between 2 and 1000 lg/mg albumin
(e.g., 40 lM and 64 mM) to achieve molar reactant ratios of Y:X
(MDI/albumin) ranging from approximately 0.5:1 to 800:1.

As shown in Fig. 1, MDI exposure caused a dose-dependent in-
crease in albumin’s electrophoretic mobility under reducing, non-
reducing, and native conditions. Distinct reaction products
formed depending on the starting ratio of the reactants and could
be discerned as diffuse bands when stained with Coomassie dye.
Increased migration of MDI-exposed albumin under native condi-
tions suggests that MDI conjugation increases albumin’s net nega-
tive charge. However, a similar increase in migration, in SDS gels,
suggests that the altered electrophoresis pattern also reflects con-
formational changes.

MDI–albumin conjugates for ELISA detection of exposure-induced IgG

MDI–albumin-specific IgG, although not specifically associated
with MDI asthma, has been shown to correlate with exposure and
has been suggested as a possible exposure biomarker [10,20,21].
Thus, MDI–albumin reaction products may serve as antigens for
detecting MDI (exposure-induced)-specific IgG by ELISA. To deter-
mine which MDI–albumin reaction products are most effective for
specific IgG detection, we performed tests with microtiter plates
coated with MDI–albumin reaction products prepared with different
starting concentrations of MDI. As shown in Fig. 2, MDI–albumin
reaction products prepared with a starting reactant ratio of 200 lg
MDI/mg albumin consistently yielded the highest signal in MDI-spe-
cific IgG ELISAs using serum from a panel of MDI-exposed workers
but not unexposed control subjects. There was a rapid decrease in
the ELISA signal when MDI–albumin conjugates prepared with a
higher reactants ratio (MDI/albumin P100:1 or 400 lg MDI/mg
albumin) were used as ‘‘antigens.”

HPLC–MS/MS analysis of antigenic MDI–albumin reaction products

To better characterize those biochemical/biophysical changes in
(MDI-exposed) human albumin associated with antigenicity, we
performed further analysis using HPLC–MS/MS methods, focusing
on MDI–albumin products prepared with 200 lg MDI/mg albumin.
Prior to reverse-phase HPLC, MDI–albumin and, for comparison,
control mock-exposed albumin were digested with trypsin. The
A245 of HPLC elutions from MDI versus control albumin was used
to identify fractions that likely contained MDI-conjugated pep-
tides, as highlighted in Fig. 3. Further MS/MS analysis of these frac-
tions confirmed 14 different sites of MDI conjugation to human
albumin, as highlighted in Figs. 4 and 5. The majority of conjuga-
tion occurred on lysine residues (12 sites identified); however,
MDI conjugation was also confirmed on 2 asparagines. Most of
the MDI conjugation sites displayed evidence of hydrolysis of the
second NCO group of MDI to the free amine; however, the molec-
ular mass of two MDI-conjugated peptides indicate an intact NCO
group, suggesting the likelihood of ‘‘intra(peptide)molecular”
cross-linking. An additional two peptides were identified with
and without the second NCO hydrolyzed (in different fractions),
again suggesting either intra- or intermolecular cross-linking, pos-
sibly in combination with loss of MDI during mass spectrometry
(MS). Several of the peptides were found in more than 1 HPLC frac-
tion, and the corresponding unconjugated peptides were also
sometimes observed, suggesting either heterogeneity among the
MDI–albumin reaction products or partial loss of MDI during MS
analysis.

Human albumin versus albumin from other species and immune
specificity for MDI conjugates

In further ELISA experiments (Fig. 6), we found that human IgG
that binds MDI–human albumin appears to exhibit minimal bind-
ing (<20%) to MDI conjugates prepared with albumin from other
species (murine or bovine). Similar carrier specificity of the human
response to aliphatic diisocyanates has been noted previously in
studies with egg albumin [15,22]. The specificity of the human im-
mune response for MDI–human albumin may be due in part to the
chemical reactivity of MDI with specific amino acids in human
albumin that are not present in albumin from other species
(Fig. 4). For example, human albumin contains four dilysine motifs,
of which we identified three as targets for MDI conjugation, in each
case on the second of the two lysines. Two of these dilysine motifs,
KK136–137 and KK413–414, are not conserved in the albumin
gene of most other species. Similarly, K162 and K541 of human



Fig. 1. MDI reactivity with human albumin changes its conformation and charge.
Reaction products between MDI and human albumin were analyzed by electro-
phoresis under nonreducing/SDS conditions (A), reducing/SDS conditions (B), or
native conditions (C). The relative amount of the reactants (MDI/albumin) at the
beginning of the reactions was varied from 0 to 1000 lg MDI/mg albumin as
indicated.
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albumin, identified here as MDI conjugation sites, are also not
found in albumin from most nonhuman species. On the other hand,
Fig. 2. Variability in ELISA detection of specific IgG by MDI–albumin conjugates. MDI–
1000 lg MDI/mg albumin, were used (as antigens) to coat microtiter plates in an ELISA
representative unexposed individuals. All serum samples were diluted 1:200. The y axis r
the results shown are representative of three independent experiments.
murine and bovine albumins each contain dilysines (KK285–286/
KK351–352 and KK131–132, respectively) not present in human
albumin; they may be preferred targets for MDI conjugation and
affect the specificity of the immune response to exposure in these
different species.
Discussion

This article has provided new insight into the antigenic changes
that occur in the self protein, human albumin, when exposed to the
occupational allergen MDI. Advances were made possible by com-
bining several different analytical methods to characterize the
range of MDI–albumin reaction products that form under different
exposure conditions. Biologically relevant MDI–albumin reaction
products produced in vitro were identified by serum IgG from
MDI-exposed workers and further characterized through a series
of protease digestion, HPLC, and MS/MS. The data define 14 sites
of MDI conjugation on human albumin and begin to provide a
structural basis for the human immune response to MDI exposure
and possibly other chemicals known to bind albumin and cause al-
lergy. The data also highlight the potential utility of the combined
analytical methods (electrophoresis, protease digestion, HPLC, and
MS) for characterizing and standardizing MDI–albumin reaction
products for serology.

Several features of MDI–protein conjugation, some predictable
and some unexpected, were highlighted by the current findings. Of
the 14 MDI conjugation sites on human albumin, 12 are lysine resi-
dues, consistent with chemical theory suggesting that the e-amine
group of lysines’ side chain likely consists of nucleophiles for addi-
tion reactions with isocyanate [23]. Dilysine motifs (KK) in albumin’s
primary sequence may be especially susceptible to conjugation with
isocyanate. Three of the four dilysine motifs in human albumin were
found to be conjugated with MDI, in each case on the second of the
two lysines. Two of these dilysine (MDI) conjugation sites in human
albumin are not found in most other species’ albumin (e.g., murine,
bovine), and one of these (Lys414) was previously identified as a pre-
ferred target for conjugation by the aliphatic isocyanate, HDI. Thus,
lysine side chains, on the carboxyl side of another lysine (KK), appear
to represent preferential conjugation targets for MDI onto human
albumin.

Precise chemical specificity for the second lysine in the KK mo-
tifs of human albumin is emerging as a common characteristic of
reactive low-molecular-weight chemicals that cause allergy. The
strong ‘‘skin sensitizers” 2,4-dinitro-1-chlorobenzene (DNCB) and
phenyl salicylate (PS) appear to exhibit the same specificity (as
albumin conjugates generated with different amounts of MDI, ranging from 0 to
for human IgG binding using serum samples from 10 MDI-exposed subjects and 2
eflects the amount of specific IgG binding. All samples were tested in duplicate, and



Fig. 3. Separation of MDI-conjugated (albumin) peptides by HPLC. Control (red) or MDI-conjugated (blue) albumin was trypsin digested and fractionated by HPLC as
described in Materials and methods. The absorbance of the column elution at 245 nm (y axis) is plotted over time in minutes (x axis). Note different scales for the MDI–
albumin samples (left axis) versus the control albumin samples (right axis). Data shown are representative of four independent experiments. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Comparison of human versus other species’ albumin and mapping of MDI conjugation sites. (A) Primary amino acid sequence of the mature albumin protein from
human, bovine, and murine species (GenBank Accession Nos. ABS29264.1, AAA51411.1, and AAH49971.1 respectively) aligned using the constraint-based multiple alignment
tool from the National Center for Biotechnology Information. MDI conjugation sites in human albumin are depicted as red letters, and those not conserved in murine and
bovine albumin are circled. (B) Unique MDI conjugation sites in human albumin. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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MDI) for K137, K414, and K525 but remarkably not for K136, K413,
or K524 [24]. The lysine at position 414 warrants particular atten-
tion because it is located near the surface of albumin and the reac-
tive tyrosine (Y) critical to albumin’s indole binding domain [25]. It



Fig. 5. Localization of MDI conjugation sites on human albumin. The sites of MDI conjugation identified by HPLC–MS/MS are highlighted on a three-dimensional
representation of human albumin (1UOR) obtained from the protein/molecular modeling database and are displayed using the Cn3D program from the National Center for
Biotechnology Information.

Fig. 6. Specificity of the human immune response to MDI: Dependence on human
albumin. MDI–albumin conjugates were prepared with albumin from different
species as described in Materials and methods and were used as antigens in an ELISA
for specific human IgG binding (y axis). Representative experiments performed with
serum from 3 MDI-exposed subjects and 1 unexposed control subject are shown.
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has been hypothesized that a cationic group (Arg410) in this
microdomain suppresses the pKa values of local side chains
(Y411 and K414), and this should theoretically increase suscepti-
bility to nucleophilic addition (e.g., MDI conjugation) [26]. Interest-
ingly, dilysine motifs (KKXX–COOH) serve a well-recognized
biological function as a signal motif during protein (e.g., antigen)
processing; however, the relevance of this phenomenon to the cur-
rent findings remains speculative [27].

Other lysine residues of human albumin, conjugated by MDI,
have been identified as specific targets for covalent and noncova-
lent chemical binding. K199, which is the primary reaction target
for penicillin conjugation, is unusually nucleophilic and is hypoth-
esized to possess a relatively low pKa that should increase its reac-
tivity with MDI [28,29]. K199 also reacts with acetylsalicyclic acid
and p-nitrophenyl acetate, and it appears to be the target that dif-
ferentiates strong (vs. weak) sensitizers among sultone isomers
[30,31]. K199, along with K541 and K351, is also the major binding
site for metabolites of the nonsteroidal antiinflammatory drug na-
proxen [32]. The lysine at position 212, which lies within the non-
covalent drug binding site commonly called binding site 1, is a
selective target for DNCB and 5-chloro-2-methylisothaizol-3-one
but not for PS conjugation [24,33]. The side chains for at least five
of the MDI-conjugated amino acids (K212, K351, K436, K525, and
K541) are known to be accessible on the surface of albumin based
on studies with succinimidyl cross-linkers [34]. Furthermore, two
lysine residues (K73 and K240) located in unexposed/hydrophobic
microdomains of albumin, theoretically unlikely to react with MDI,
were not among the MDI conjugation sites identified here [35].

Although lysine is the major target (in human albumin) for MDI,
conjugation was also confirmed on two different asparagines, both
located within a stretch of 50 amino acids (391–441) that contains
a substantial proportion (35%) of the identified MDI conjugation
sites. A 15th potential MDI conjugation site may also exist within
this region based on the mass of the intact peptide sequence
HPEAKR (440–445); however, MS/MS data could not definitively
resolve an MDI conjugation site (data not shown).

The majority of MDI conjugated to human albumin was found
to be hydrolyzed to the free amine at the second NCO group. How-
ever, there were several exceptions where peptide masses were
consistent with the presence of the second NCO group, suggesting
intrapeptide cross-linking, as described previously for TDI [36]. In
all cases, the identified albumin peptide contained two potential
sites for MDI conjugation. One of the peptides, DAHKSEA, was con-
jugated on the fourth position lysine and contains the N terminus
of albumin, a likely target for isocyanate based on peptide studies
with TDI [36]. Another peptide contains MDI conjugated to aspar-
agine and a cysteine group, which surprisingly was not modified
(reduced/acetylated) during sample processing (see technical is-
sues below), suggesting that it may have reacted with MDI. Two
other peptides, each containing two lysine residues, were some-
times observed without the second NCO group hydrolyzed, per-
haps suggesting limited intra- or intermolecular cross-linking in
combination with a loss of MDI during MS (see below).

Although the current data do not define the individual contribu-
tion of specific MDI conjugation sites, they do provide interesting
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speculation regarding MDI conjugation sites K162, K541, KK136–
137, and KK413–414, which differ in human albumin versus
albumin from other species (e.g., murine, bovine). The secondary/
tertiary structure of MDI-conjugated albumin is likely another
important characteristic that influences its recognition by human
antibodies, as evidenced by the electrophoresis and ELISA data pre-
sented here as well as preliminary findings (not shown) that tryp-
sin digestion abrogates antigenicity. The current data should
facilitate molecular modeling of MDI–albumin conjugates and,
ultimately, structural elucidation of the ‘‘neoepitopes” created
when human albumin reacts with MDI.

Limitations of the current analytical methods should be recog-
nized when interpreting the data, including issues common to all
immunological and/or proteomic approaches as well as those spe-
cific to MDI’s chemistry (e.g., reversibility/hydrolysis). Antigenicity
in the current study was based largely on recognition by serum IgG
using an ELISA format, which may be suboptimal for insoluble poly-
mers or highly ‘‘haptenated” albumin reaction products (e.g., formed
with high doses of MDI). Further experiments (e.g., competitive ELI-
SA) may identify MDI–albumin reaction products with additional
antibody binding and MDI conjugation sites. Proteomically, reduc-
tion and acetylation, often necessary to achieve efficient trypsin
digestion prior to HPLC–MS/MS, could reverse MDI conjugation via
thiol groups (e.g., Cys, Met). However, under native conditions, all
Cys thiols except one are disulfide bonded and, thus, are not a likely
target for MDI. The loss of MDI during MS analysis, however, was
apparent in some of the ion m/z spectra; thus, some intermolecular
cross-linked peptides could have been missed. The reliance on ultra-
violet (UV) light absorbance to ‘‘track” MDI is another potential issue
because aromatic amino acids also absorb UV light. However, only
tryptophan exhibits substantial absorbance at 245 nm and was not
part of any of the identified MDI-conjugated albumin peptides.
Remarkably, the MDI–albumin ratio of the final reaction products
based on UV light absorbance at 245 and 280 nm, and the respective
molar extinction coefficients of MDI and albumin at these wave-
lengths, yields a value (13.7:1) very close to the number of MDI
conjugation sites identified by HPLC–MS/MS [37]. Future character-
ization of MDI–albumin reaction products through additional
approaches (e.g., modified thiol treatment, multiple reaction moni-
toring [MRM]–MS) should help to resolve lingering questions
related to analytical methodology and provide more precise quanti-
tation of MDI conjugation at different sites.

In summary, we have begun to define a structural basis for the
human immune response to MDI exposure. We demonstrated that
human albumin is unique in its ability to serve as an MDI carrier
for recognition by human antibodies, and we identified a total of
14 different MDI conjugation sites, primarily on lysine residues,
including 3 of the 4 dilysine loci. The findings highlight the impor-
tance of exposure conditions (e.g., reactant concentrations) on
MDI’s antigenicity, as measured by direct ELISA, and the potential
utility of HPLC–MS/MS to standardize MDI–albumin conjugates for
serology. The recognition that MDI conjugation to human albumin
occurs at residues with important biological functional activity
provides further interesting speculation about the potential health
effects of MDI exposure.
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