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Exposure to toluene diisocyanate (TDI), an industrially important crosslinking agent used in the produc-
tion of polyurethane products, can cause asthma in sensitive workers. Albumin has been identified as a
major reaction target for TDI in vivo, and TDI–albumin reaction products have been proposed to serve as
exposure biomarkers and to act as asthmagens, yet they remain incompletely characterized. In the cur-
rent study, we used a multiplexed tandem mass spectrometry (MS/MS) approach to identify the sites of
albumin conjugation by TDI vapors, modeling the air/liquid interface of the lung. Vapor phase TDI was
found to react with human albumin in a dose-dependent manner, with up to 18 potential sites of conju-
gation, the most susceptible being Lys351 and the dilysine site Lys413–414. Sites of vapor TDI conjuga-
tion to albumin were quantitatively limited compared with those recently described for liquid phase TDI,
especially in domains IIA and IIIB of albumin. We hypothesize that the orientation of albumin at the air/
liquid interface plays an important role in vapor TDI conjugation and, thus, could influence biological
responses to exposure and the development of in vitro assays for exposure and immune sensitivity.

Published by Elsevier Inc.
Diisocyanates are highly reactive electrophilic compounds that
are industrially useful as crosslinking agents in polyurethane pro-
duction for diverse products such as flexible and rigid foams, fibers,
paints, and varnishes. Global diisocyanate production is dominated
by two aromatic diisocyanates, toluene diisocyanate (TDI)1 and
methylene diphenyl diisocyanate (MDI), which together account
for more than 90% of the diisocyanate market [1]. Exposure to TDI
and other diisocyanates is associated with adverse health effects,
including asthma, contact dermatitis, and hypersensitivity pneumo-
nitis [2]. Worldwide, diisocyanates are the most commonly reported
cause of occupational asthma, with an estimated 5% to 30% of
exposed workers at risk for developing disease [2–5].

The mechanistic connections between diisocyanate exposure
and health outcomes remain unclear, in large part due to uncer-
tainty regarding diisocyanate reactivity in vivo. The self-protein
albumin has been identified as a major reaction target for inhaled
diisocyanate, and diisocyanate–albumin reaction products (e.g.,
conjugates), which accumulate in the circulating blood, may serve
as biomarkers of exposure [6–9]. In some workers, diisocyanate–
albumin-specific immunoglobulin E (IgE) can be measured in sera
and may participate directly in asthma pathogenesis [10,11]. Thus,
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a better understanding of diisocyanate–albumin reactivity is cen-
tral to understanding exposure outcomes and to the development
of assays for exposure monitoring and disease surveillance.

Human albumin possesses numerous functional groups that
could potentially react with diisocyanate; however, diisocyanate–
albumin conjugates that form in vivo in exposed workers remain
largely uncharacterized due to technical limitations. Studies of
diisocyanate–albumin reactivity to date have relied primarily on
in vitro modeling and reveal a marked influence of exposure con-
ditions on the conformation and antigenicity of the resulting diis-
ocyanate–albumin reaction products [12,13]. For example, high
concentrations of diisocyanate, relative to albumin, result in exces-
sive amounts of diisocyanate conjugation, protein precipitation,
and lack of specific antibody recognition [12–18]. Data to date sug-
gest that under occupational exposure conditions (e.g., low diiso-
cyanate concentrations), individual albumin molecules undergo
limited conjugation.

The majority of in vitro studies on diisocyanate–albumin reac-
tivity have been performed with liquid phase chemical; however,
for volatile diisocyanates such as TDI, the airway microenviron-
ment is exposed to vapor rather than liquid phase chemical [19].
TDI–albumin conjugates that form under such mixed (vapor/liquid)
phase exposure conditions differ structurally and conformationally
from those formed in liquid phase and have been hypothesized to
more closely reflect those that form in vivo, based on immune rec-
ognition by IgE from diisocyanate asthma patients [16].

Tandem mass spectrometry (MS/MS) is well-suited to the struc-
tural analysis of modified peptides and proteins [20]. Accurate
e diisocyanate to specific lysines of human albumin, Anal. Biochem. (2012),
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mass measurement of fragment ions can discriminate between iso-
mass peptides produced by the enzymatic cleavage of large pro-
teins [20,21]. The current study undertakes a comprehensive MS/
MS approach [14,22,23] to unambiguously map the sites on human
albumin conjugated by vapor phase TDI. A mixed (vapor/liquid)
phase in vitro exposure system, in which vapor dose was titrated
by varying the duration of exposure, was used to identify those
sites on albumin most susceptible to vapor phase TDI conjugation.
Preferential sites of vapor TDI conjugation were compared with
those recently identified for liquid TDI and highlight the influence
of exposure biophysics on TDI–albumin reactivity [14]. The data
are discussed in the context of disease pathogenesis and the
development of assays for exposure monitoring and disease
surveillance.
Materials and methods

Preparation of vapor TDI–albumin conjugates

Vapor TDI–albumin conjugates were prepared by using a previ-
ously described isocyanate vapor phase exposure system [17]. In
brief, TDI vapor concentrations in the range of 0.14 to 1.4 mg/m3

(�1–10 lmol/m3) were passively generated inside an exposure
chamber monitored with an Autostep monitor (GMD, Pittsburgh,
PA, USA). TDI was an 80:20 mixture of 2,4- and 2,6-TDI isomers ob-
tained from Aldrich (St. Louis, MO, USA). Low endotoxin human
albumin in phosphate-buffered saline (PBS, pH 7.2) at a concentra-
tion of 5 mg/ml (73 nmol/ml) was exposed in open 60-mm Petri
dishes (Becton Dickinson, Franklin Lakes, NJ, USA) for 0 min (con-
trol), 20 min, 1 h, 4 h, and 24 h. The exposure unit was cleaned
with 70% ethanol, and protein solutions were filtered (0.2 lm)
before and after exposure.
Quantitation of dissolved TDI after vapor exposures

TDI from 0-min (control), 20-min, 1-h, 4-h, and 24-h exposures
was trapped in open 60-mm Petri dishes containing 0.5% H2SO4.
Reaction of TDI with dilute sulfuric acid results in rapid hydrolysis
of TDI to toluene diamine (TDA), which is stable in solution. Ali-
quots (1 ml) of the TDA-containing trap solution were selected
and buffered back to alkaline pH by adding 1 ml of saturated so-
dium borate. TDA was subsequently derivatized by adding 50 ll
of 1 mg/ml fluorescamine (Fisher Scientific, Pittsburgh, PA, USA)
in acetonitrile. Samples were quantified by fluorescence spectros-
copy using an LS50B luminescence spectrometer (PerkinElmer,
Waltham, MA, USA) controlled by FL WinLab software (version
4.00.02, PerkinElmer) using excitation at 410 nm and observing
the emission at 510 nm. A calibration curve was generated using
2,4-TDA (Sigma–Aldrich, St. Louis, MO, USA).
Native gel and anti-TDI Western blot

TDI conjugation to human albumin was detected in native gels
based on characteristic changes in electrophoretic mobility, as de-
scribed previously [17,24]. For native protein analysis, samples
were prepared in a 10% glycerol running buffer and then electro-
phoresed on 10% polyacrylamide gels and stained with Imperial
protein stain (Pierce, Rockford, IL, USA). For Western blot analysis,
samples were electrophoresed under reducing conditions (for opti-
mal anti-TDI monoclonal antibody [mAb] binding) on precast 4% to
15% gradient gels and transferred to nitrocellulose using an aque-
ous trans-blot system (Bio-Rad, Hercules, CA, USA). Nitrocellulose
membranes were blocked with 3% dry milk in PBS, probed with
1 lg/ml of the anti-TDI mAb 60G2 [25] followed by anti-mouse
Please cite this article in press as: J.M. Hettick et al., Vapor conjugation of toluen
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IgG1 (Pharmingen, San Diego, CA, USA), and developed with ECL re-
agent (Thermo Fisher Scientific, Rochester, NY, USA).

Trypsin digestion

Aliquots (100 ll) of each conjugate and control were taken for
analysis. Disulfide bonds were reduced by reaction with tributyl-
phosphine (5 mM) for 30 min at room temperature, followed by
alkylation with iodoacetamide (15 mM) for 1 h at room tempera-
ture. Alkylation was quenched by further addition of tributylphos-
phine (5 mM) for 15 min at room temperature. Samples were twice
dialyzed against 3 L of 25 mM NH4HCO3 using 3500-MWCO
(molecular weight cutoff) mini dialysis units (Slide-A-Lyzer, Ther-
mo Scientific, Waltham, MA, USA). Porcine trypsin was suspended
in 25 mM NH4HCO3 and added to each aliquot at a 40:1 (protein/
trypsin) ratio. Samples were incubated overnight at 37 �C with
shaking (300 rpm). Samples were centrifuged at 14,100g in a
microcentrifuge (MiniSpin, Eppendorf, Hamburg, Germany) to pel-
let any insoluble material.

Ultra-performance liquid chromatography

Enzymatic peptides were separated on a Waters (Milford, MA,
USA) nanoACQUITY ultra-performance liquid chromatography
(UPLC) system. Aliquots (1 ll) of the digest mixture were injected
and trapped/desalted on a 5-lm Symmetry C18 trapping column
(180 lm � 20 mm) with 99.5:0.5 A/B (A: 0.1% formic acid; B:
0.1% formic acid in acetonitrile) at a flow rate of 15 ll/min for
1 min. Separation was performed on a 1.7-lm BEH130 C18 analyt-
ical column (100 lm � 100 mm) using gradient elution at a flow
rate of 400 nl/min and a gradient of 99:1 to 60:40 A/B over 60 min.

Tandem mass spectrometry

The eluent from the UPLC system was directed to the nanoelec-
trospray source of a Waters SYNAPT MS quadrupole time-of-flight
(qTOF) mass spectrometer. Positive ion nanoelectrospray was per-
formed using 10-lm PicoTip (Waters) emitters held at a potential
of +3.5 kV. The cone voltage was held constant at +40 V for all
experiments. Dry N2 desolvation gas was supplied to the instru-
ment via a nitrogen generator (NitroFlowLab, Parker Hannifin,
Haverhill, MA, USA). [Glu1]-Fibrinopeptide B (100 fmol/ll in
75:25 A/B) was supplied to an orthogonal reference probe, and
the [M+2H]2+ ion (m/z = 785.84265 u) was measured as an external
calibrant at 30-s intervals. Collision-induced dissociation (CID) was
performed using ultra-high-purity (UHP) argon as collision gas.
Spectra were acquired in an ‘‘MSe’’ fashion [22]. Briefly, alternating
1-s mass spectra are acquired. The first spectrum acquired at low
(6 eV) collision energy allows high mass accuracy precursor ion
mass measurement. The second spectrum acquired at high
(15–30 eV ramp) collision energy allows high mass accuracy frag-
ment ion mass measurement. The fragment ion spectra may be
temporally correlated with precursor spectra postrun. This method
of data acquisition allows all precursor ions to be fragmented and
analyzed, as opposed to so-called ‘‘data-dependent acquisition’’
methods that require making real-time decisions on which ions
to select for fragmentation, which may miss low-abundance pre-
cursor ions.

Data analysis

Data were analyzed with BioPharmaLynx (version 1.2, Waters),
a software program for analysis of peptide mass maps and identi-
fication of sites of modification on known protein sequences.
Default peptide mass map analysis criteria of 30 ppm mass error
in both low and high collision energy mode were specified. Trypsin
e diisocyanate to specific lysines of human albumin, Anal. Biochem. (2012),
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Fig.2. (A) Native gel analysis of TDI–albumin conjugates. Albumin was exposed to
TDI vapors or room air for varying time periods as labeled and was stained for
protein. (B) Western blot parallel gels were blotted with anti-TDI mAb 60G2.
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was specified as the digestion enzyme, and two missed cleavages
were allowed. The submitted protein sequence was taken from
P02768, ‘‘serum albumin precursor, homo sapiens’’ (http://
www.uniprot.org/uniprot/P02768), and the signal and propeptides
(residues 1–24) were removed. Custom modifiers were created for
two bound forms of TDI (see Fig. 1). The first (TDI⁄, C8H8N2O, m/
z = 148.0637 u) represents one isocyanate moiety bound to a pep-
tide via a urea bond, whereas the second isocyanate moiety is
hydrolyzed to the primary amine. The second (TDI, C9H6N2O2, m/
z = 174.0429 u) represents TDI with both isocyanate moieties
bound to a peptide via urea bonds. Identification of a potential
TDI conjugation site proceeded via a rigorous procedure that in-
volved the following steps. First, a potential peptide–TDI conjuga-
tion product with less than 30 ppm m/Dm mass error in the
analyte peptide mass map is observed. Second, comparison of ana-
lyte and control peptide mass map from unmodified human serum
albumin shows that observed m/z and chromatographic retention
time are unique to analyte. Third, MS/MS data contain bn- and
yn-type ions consistent with the assigned sequence and modifier.
Results and discussion

Samples of human serum albumin were exposed to increasing
doses of TDI vapors, for example, exposure for 0 min, 20 min, 1 h,
4 h, and 24 h. Quantification of TDI exposures by fluorescence
spectrometry indicate that these vapor exposures result in diffu-
sion of 0, 0.9, 4.6, 22.2, and 314.6 lg of TDI/ml into the liquid
phases, respectively. These exposures correspond to approximate
exposure (TDI/albumin) mol ratios of 0, 1:15, 1:3, 1.6:1, and
24:1, respectively. Exposed albumin samples display dose-depen-
dent changes in electrophoretic mobility, consistent with TDI con-
jugation, as shown in Fig. 2A. The increased migration under native
conditions reflects changes in charge and/or conformation of the
protein and has been previously observed for diisocyanate-conju-
gated protein [17,24]. Dose-dependent conjugation of human
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Fig.1. Reaction of TDI with albumin. Hydrolysis of one isocyanate moiety to the
amine results in adduct 1 (+148.0637 u) is shown. Reaction of both isocyanate
moieties results in the intramolecular crosslinked adduct 2 (+174.0429 u).
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albumin by TDI vapor was further validated by Western blot with
the anti-TDI mAb 60G2 (Fig. 2B).

A comprehensive map of TDI vapor conjugation sites on human
albumin was obtained via UPLC–MS/MS analysis of trypsin-
digested samples (presented in Fig. 3). The chemistry of vapor
TDI conjugation to human serum albumin is similar to that
described previously for liquid phase TDI and MDI (Fig. 1)
[14,23,24]. TDI is observed to conjugate serum albumin in one of
two forms. The first (TDI⁄, C8H8N2O, m/z = 148.0637 u) results from
hydrolysis of one isocyanate to a primary amine, whereas the sec-
ond isocyanate moiety undergoes nucleophilic addition to the pro-
tein. The second (TDI, C9H6N2O2, m/z = 174.0429 u) is the result of
both isocyanates undergoing nucleophilic addition to the protein,
resulting in an intramolecular crosslinked species. This is often
observed when two lysines are located in close proximity, such
as is the case for the four dilysine motifs in human albumin. It
should be noted that intermolecular crosslinking of two protein
molecules via one TDI (e.g., [2 M+TDI+H]+) is possible and is
observed in limited amounts. In addition, polymerization of TDI
on one protein site (e.g., [M+poly-TDI⁄+H]+) is also possible.
Although we do not discount the possibility that crosslinked or
poly-TDI species play a role in the human immune response to
TDI in vivo, an in-depth analysis of the thousands of products the-
oretically formed by such conjugation is beyond the scope of this
article.

The specific amino acids of human albumin that were conju-
gated by TDI vapor were identified through CID–MS/MS. Represen-
tative fragment ion spectra are presented for serum albumin
tryptic fragments 411 to 428 (YTKKVPQVSTPTLVEVSR), 522 to
534 (QIKKQTALVELVK), and 1 to 10 (DAHKSEVAHR) in Figs. 4A,
4B, and 4C, respectively. Peptide fragments are labeled according
to a modified Roepstorff–Fohlman nomenclature [26] in which
fragment ions containing TDI or the hydrolyzed amine are notated
with an asterisk (e.g., bn

⁄, yn
⁄). Both Figs. 4A and 4B represent frag-

ment ion spectra from species of the form [M+TDI+H]+ or intramo-
lecular crosslinked species. In both spectra, TDI reacts with
e-amines on the side chain of each of the dilysine motifs
(Lys413–Lys414 and Lys524–Lys525). In Fig. 4A, bn-type ions b4

⁄,
b5
⁄, b6

⁄, b7
⁄, b8

⁄, and b10
⁄ are observed, each increased in mass by

174.04 u over the theoretical unmodified bn ion. Observation of a
b3 or b3

⁄ ion would require two bonds to be broken (the peptide
bond between lysine residues and one of the urea bonds formed
by TDI), a high energy fragmentation channel that is unlikely to
be significantly populated (although a very small amount of the
analogous b3

⁄ ion from fragment 522–524 is observed; see
Fig. 4B). Unmodified y1 to y10 ions indicate that TDI is not bound
at the C-terminal end of the peptide. TDI can be unambiguously
assigned to Lys524 and Lys525 based on the fragment ion
e diisocyanate to specific lysines of human albumin, Anal. Biochem. (2012),
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Fig.3. Map of vapor/liquid TDI–albumin conjugation sites. All observed sites are underlined. Favored conjugation sites observed on 20 min of exposure are in bold. UPLC–
qTOF MSe analysis resulted in 100% sequence coverage of the protein.

Fig.4. MS/MS fragment ion spectra of human serum albumin fragment 411 to 428 (YTKKVPQVSTPTLVEVSR) [M+TDI+H]+ (A), human serum albumin fragment 522 to 534
(QIKKQTALVELVK) [M+TDI+H]+ (B), and human serum albumin fragment 1 to 10 (DAHKSEVAHR) [M+TDI⁄+TDI+H]+ (C) formed by vapor/liquid TDI exposure.
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spectrum in Fig. 4B given observation of b1, b3
⁄, b5

⁄, and b6
⁄ ions. C-

terminal ions confirm conjugation of TDI to Lys524 and Lys525 by
observation of unmodified y3 through y9 and y11

⁄, coupled with the
absence of a y10 or y10

⁄ ion. Fig. 4C presents the fragment ion spec-
trum of the fragment 1 to 10 [M+TDI⁄+TDI+H]+ ion, which is
formed by an intramolecular poly-TDI crosslink between the
a-NH2 of the N-terminal Asp1 and side chain e-NH2 of Lys4. The
mass of this peptide is observed to be 322.10 u higher than that
of the unmodified peptide. A series of unmodified y1 to y6 ions indi-
cate that neither TDI nor TDI⁄ is bound on the C-terminal residues
SEVAHR. This Asp–TDI–TDI⁄–Lys linkage to the DAHK sequence re-
sults in a cyclic peptide; therefore, observation of y7

⁄ to y9
⁄ ions

would require breaking two bonds. No confirmatory bn-type ions
are observed in this spectrum because of the higher proton affinity
of the C-terminal arginine.

Table 1 presents the residues of human serum albumin observed
to react with TDI as a function of exposure time. Conjugation
proceeds in a dose-dependent manner, with more conjugation sites
identified as TDI exposure time increases. Three TDI conjugation
Please cite this article in press as: J.M. Hettick et al., Vapor conjugation of toluen
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sites (Lys351, Lys413, and Lys414) were observed for the shortest
exposure (20 min) and, therefore, the lowest TDI dose (0.07:1 mol
TDI/mol human serum albumin), suggesting that these sites are
the favored loci of conjugation for TDI–albumin on vapor/liquid
exposure. Lys413 and Lys414 make up one of four dilysine motifs
in human serum albumin and have been previously identified as
being particularly susceptible to nucleophilic addition with both
TDI [14] and MDI [23,24] in liquid/liquid exposures. Interestingly,
although Lys351 has been previously identified as a conjugation
site for TDI and MDI, liquid/liquid titration of albumin demon-
strated that conjugation to Lys351 was not observed until TDI/albu-
min molar ratios in excess of 10:1 were reached [14]. Similarly,
Lys199 is a preferred conjugation site in liquid/liquid exposures
(conjugate observed at 1:1 ratio), but this conjugate is not observed
in vapor/liquid until a ratio of 24:1 is reached.

Sites of TDI–albumin conjugation observed for vapor/liquid
exposures consist of a subset of those identified previously for
liquid/liquid conjugations [14]. Liquid/liquid exposures resulted
in conjugation at 37 sites on serum albumin, distributed approxi-
e diisocyanate to specific lysines of human albumin, Anal. Biochem. (2012),
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Table 1
Comparison of TDI–albumin conjugation sites for vapor/liquid and liquid/liquid exposures.

Residue Vapor/liquid Liquid/liquida Domain

20 min(0.07:1) 1 h(0.35:1) 4 h(1.6:1) 24 h(24:1) 1:1 5:1 10:1 40:1

Asp1 X X X X X X IA
Lys4 X X X X X X IA
Lys12 X X X X IA
Lys73 X X X IA
Gln104 X IA
Lys106 X X IA
Lys136 X IB
Lys137 X X X X IB
Lys159 X X X IB
Lys190 X X X IB
Gln196 X X IIA
Lys199 X X X X X IIA
Lys205 X X IIA
Lys212 X X IIA
Lys262 X IIA
Lys274 X X X IIA
Lys276 X X IIA
Lys281 X X IIA
Lys351 X X X X X X IIB
Lys378 X X X X IIB
Lys402 X IIIA
Lys413 X X X X X X X X IIIA
Lys414 X X X X X X X X IIIA
Lys432 X X X X IIIA
Lys436 X X X IIIA
Lys439 X X IIIA
Lys444 X X X X X IIIA
Lys524 X X X X X X X IIIB
Lys525 X X X X X X X IIIB
Lys534 X X X IIIB
Lys536 X X X IIIB
Lys541 X X X IIIB
Lys545 X X X IIIB
Lys557 X X IIIB
Lys560 X X IIIB
Lys573 X X X X IIIB
Lys574 X X X X IIIB

a TDI–albumin conjugation sites determined for liquid/liquid exposure are from Hettick and Siegel [14].

Fig.5. Structure of human serum albumin. Domain I (blue), domain II (yellow), and
domain III (cyan) are shown. TDI conjugation sites are identified in red. Chain starts
at Lys4; therefore, Asp1 is not shown. (From He and Carter [30].)
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mately equally among all domains and subdomains. Vapor/liquid
conjugations, however, result in conjugations primarily to domains
I and IIIa, with only 3 reactive sites in domain II compared with 10
observed for liquid/liquid exposures. Similarly, only 2 of 10 liquid/
liquid conjugation sites in domain IIIB are observed for vapor/li-
quid conjugation (see Fig. 5).

Although significant differences between vapor/liquid and
liquid/liquid exposures are observed, it should be noted that differ-
ences in the experimental methodology exist between the studies.
First, liquid/liquid TDI experiments were performed with 2,4- and
2,6-TDI independently, whereas this study used an 80:20 mixture
of the two isomers, similar to that used in industrial applications.
Although the liquid/liquid study noted no difference in the conju-
gation specificity of the two isomers, 2,4-TDI did result in ion
abundances approximately 2-fold higher than those with 2,6-TDI.
Second, the liquid/liquid exposure study used a measured volume
of TDI introduced via pipette to a stirred bulk solution, whereas the
current study relied on diffusion of the TDI vapors into a nonstirred
albumin-containing solution. It can be reasonably suggested,
therefore, that the liquid/liquid study results represent a complete
list of the 37 sites on the serum albumin protein reactive to TDI at
pH 7.4. Because the kinetics of the reaction of TDI with the serum
albumin protein are fast relative to the rate of diffusion into the
bulk solution, the current pH 7.4 vapor/liquid results suggest that
those serum albumin protein molecules nearest the air/liquid
interface are oriented in such a way as to present only a subset
(18 of 37) of reactive sites. Ultimately, the bound location(s) of
Please cite this article in press as: J.M. Hettick et al., Vapor conjugation of toluen
doi:10.1016/j.ab.2011.12.013
TDI to albumin in vapor/liquid and liquid/liquid can be compared
over a range of TDI/albumin ratios. Because TDI, once conjugated
to albumin, results in a stable, covalently bonded species, TDI–
albumin conjugates produced at the lowest exposures, whether
from vapor/liquid or liquid/liquid exposures, can be compared.
e diisocyanate to specific lysines of human albumin, Anal. Biochem. (2012),
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The TDI conjugation sites identified for vapor/liquid exposures
are presented on the ribbon model of human serum albumin in
Fig. 5. Reactive lysine residues are generally located on a-helices,
which in albumin have a hydrophobic and a hydrophilic side. These
a-helices then self-orient on the basis of hydrophobic interactions
into the overall three-dimensional arrangement of domains and
subdomains. Orientation of proteins at air/liquid surfaces due to
hydrophilic/phobic interactions can cause changes in orientation
and conformation. Lin and coworkers [27] suggested that proteins
spontaneously adsorb from aqueous solution to the air/water
interface due to the energetically favorable dehydration of hydro-
phobic regions of the protein surface. Such behavior can be
strongly influenced by the protein concentration, secondary
structure of the protein, and solution chemistry. Furthermore,
Kudryashova and coworkers determined that although a bulk
solution of egg white ovalbumin was not aggregated in the bulk
solution, the protein showed anisotropic motion at the surface,
indicating a preferential orientation of the protein in at the interface
[28]. We hypothesize that the observed differences in TDI conjuga-
tion sites between liquid/liquid and vapor/liquid models are due to
a more ordered orientation of albumin at the surface than is
present in bulk solution. Dockal and coworkers [29] studied the
three-dimensional structure of the recombinant domains of human
serum albumin and determined, on the basis of ultraviolet circular
dichroism spectroscopy, that domain II is significantly more hydro-
phobic (37% a-helix content) than either domain I or III (46 or 53%
a-helix content, respectively). We hypothesize that in this vapor/li-
quid model system, significant portions of serum albumin domains
II and IIIb are blocked from TDI conjugation, most likely by protein
aggregation/hydrophobic interactions.

In conclusion, we have used UPLC–MS/MS to determine the
conjugation sites of TDI on albumin from vapor/liquid exposures.
This exposure may more closely mimic the biophysics of exposure
in the lung and shows increased propensity for TDI conjugation to
domains I and IIIa of serum albumin than do previous studies using
liquid/liquid exposures. Because the orientation of proteins at the
air/water interface is strongly influenced by solution concentration
and composition, experiments designed to more accurately model
the airway, including components such as lung surfactant and glu-
tathione, and ultimately in vivo exposures will be critical to iden-
tifying the ultimate bioactive form(s) of isocyanate/protein
conjugates formed from airway exposures.
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