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Electrospray ionization mass spectrometry (ESI-MS) and tandem mass spectrometry (MS/MS)
have been used for the first time to study the interaction of human a-thrombin with methyl
3-(2-methyl-1-oxopropoxy){1]benzothieno[3,2-b]furan-2-carboxylate (L Y806303; 1), a potent and
selective inhibitor whose mechanism of action was never fully defined. Using ESI-MS, it is shown
that inhibitor 1 covalently modifies human a-thrombin as evidenced by a shift in the molecular
weight of the native protein by 72 Da, which is consistent with isobutyrylation (C4H70; 71 Da) of
the enzyme at a single site. Tryptic digestion of the modified protein and tandem mass spectral
analysis of isolated peptide fragments indicate that compound 1 acylates Ser-205 of the heavy
chain of a-thrombin. Ser-205, along with His-43 and Asp-99 make up the catalytic triad within

the active site of thrombin.

Thromboembolic diseases remain the leading cause of
morbidity and mortality in developed societies. Thrombin,
a trypsin-like serine protease, is a key mediator in such
disease states, primarily through platelet activation and
fibrin formation.! In response to the well-documented
liabilities? associated with current antithrombotic ther-
apies (i.e., heparin and warfarin),> the effort to develop
safe and effective, direct-acting inhibitors of thrombin
has intensified. Recently, methyl 3-(2-methyl-1-oxo-
propoxy)[1]benzothieno[3,2-b]furan-2-carboxylate (LY-
806303; 1) has been characterized as a potent and highly
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selective inhibitor of thrombin.® While preliminary bio-
chemical studies suggest that this inhibitor reacts irre-
versibly with thrombin to generate a catalytically inactive
acyl/enzyme complex, no definitive proof for either the
formation or structural nature of the acyl/enzyme complex
or the site(s) of modification has been generated. A clear
understanding of the interaction between inhibitor 1 and
thrombin, in conjunction with the recently published
thrombin X-ray crystallography data,”° could facilitate
the design of even more potent and selective agents.
Electrospray mass spectrometry (ESI-MS)!! has recently
emerged as a valuable tool for characterizing both covalent
and noncovalent enzyme/inhibitor and receptor/ligand
complexes.!2-1® ESI-MS, however, has never been applied
to the characterization of thrombin, a high molecular
weight glycoprotein with a susceptibility toautoproteolysis.
We were interested in utilizing mass spectrometry to
characterize the irreversible nature of the interaction
between thrombin and inhibitor 1 and to determine the
exact site of modification within the enzyme. Charac-
terization of the inhibitor-modified thrombin complex
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represents the application of previously defined ESI-MS
techniques?®2! to a novel target. However, using mass
spectrometry to determine the exact site of inhibitor
interaction is not straightforward. In theory, identifying
the site of covalent modification should be feasible if the
size and complexity of the modified protein is reduced
through enzymatic proteolysis and subsequent mass
analysis of the resulting peptide fragments. Assuming
that the covalent modification survives proteolysis, a
peptide whose mass increases relative to the control should
be discernible. Subsequent tandem mass analysis (MS/
MS) or Edman sequence analysis of the isolated modified
peptide(s) could pinpoint the exact residue(s) being
modified, thereby yielding a microscopic view of the
complexation between enzyme and inhibitor. This meth-
odology would be restricted to covalent modifications since
noncovalent interactions should be disrupted upon pro-
teolysis. This paper reports the use of ESI-MS and MS/
MS to characterize the nature and site of interaction of
compound 1 with human a-thrombin.

A. Characterization of the Thrombin/Inhibitor 1
Adduct by Electrospray Ionization Mass
Spectrometry (ESI-MS)

ESI-MS is capable of providing accurate molecular
weights of biopolymerstoabout 1in 10 000Da. Incontrast
to traditional methods for determining molecular weights
of proteins, such as SDS polyacrylamide gel electrophore-
sis, ESI-MS is an ideal tool for probing enzyme—inhibitor
interactions because of its better mass accuracy and higher
mass resolving power. Figure 1 illustrates the ESI mass
spectrum of commercially obtained purified human
a-thrombin, prepared from activation of homogeneous
human prothrombin by factor Va, factor Xa, phospholipid,
and calcium. The top spectrum (Figure la) shows the
multiplicity of charging which is typically observed for
proteins while the bottom spectrum (Figure 1b) shows a
deconvoluted spectrum of the top and represents the
experimentally derived molecular weight of the enzyme.22
The control human a-thrombinsample shows at least three
predominant species, with the major component having
a molecular weight of 36 029 £ 3.1 Da, which is proposed
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Figure 1. Native human a-thrombin: (a) ESI mass spectrum,
(b) deconvoluted mass spectrum.

to correspond to the native form of human a-thrombin.
a-Thrombin is a glycoprotein made up of two polypeptide
chains of 36 (A-chain) and 259 amino acid residues (B-
chain) which are covalently linked by a single disulfide
bond.” The calculated molecular weight of the primary
sequence of human a-thrombin is 33 821 Da (average
isotopic MW), making the molecular weight contribution
from the single glycosylation site approximately 2208 Da,
which is consistent with a proposed oligosaccharide
structure of a typical Mans-GlcNAc; core, with an outer
chain of NeuAca2—6Gal1—4GlcNAc.2 Surprisingly,
thrombin’s asparagine-linked oligosaccharide appears to
be rather homogeneous, which is often not the case for
other glycoproteins.2¢ A small degree of microheteroge-
neity is observed in the spectrum from a related protein
at 35736 = 3.2 Da, which is believed to correspond to
native thrombin less sialic acid. The observance of this
glycoform is expected since sialic acid is most commonly
incorporated during the last step of physiological protein
glycosylation.28 Another related product is observed at

36 095 £ 1.8 Da; however, it is not possible to ascertain’
whether this is a gas-phase adduct resulting from the

experimental conditions?!:26 or a protein impurity in the
human a-thrombin sample. Other minor components of
unknown origin are observed at 36 295 + 2.8 and 36 692
#+ 3.1 Da. Itis conceivable that other related proteins are
present and that the resolution of this technique does not
allow their mass separation.

Thrombin was treated with 20 equiv of inhibitor 1 and
the mixture analyzed by ESI-MS (Figure 2). The decon-
voluted spectrum (Figure 2b) shows a single major
component at 36 101 & 2.0 Da with no detection of native
protein (36 029 Da). The molecular weight of this com-
ponent (thrombin + 72 Da) is consistent (within exper-
imental error) with protein incorporation of a single
isobutyryl group (C4H70; 71 Da). Compound 1 does have
a labile isobutyryloxy functionality at C-3 which could
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Figure2. LY806303-treated thrombin: (a) ESI mass spectrum,
(b) deconvoluted mass spectrum.
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undergo nucleophilic addition and acyl transfer. Con-
ceivably, covalent modification of thrombin could also
result from enzymatic attack at the C-3 methyl ester.
However, no protein component consistent with the
transfer of the substituted benzothieno[3,2-b]furan nu-
cleus (Cy5H,;04S, 287 Da) to thrombin is detected in the
ESI spectrum.

Since ESI-MS is probably the “softest” of all ionization
techniques currently available, noncovalent complexes
have been shown to survive the ionization process for
subsequent mass analysis.!3-1527 Under these conditions,
it is possible that isobutyric acid, resulting from in situ
inhibitor hydrolysis, could noncovalently coordinate with
thrombin and that the molecular weight of this adduct
(thrombin + 88 Da) is indistinguishable from the isobu-
tyrylated protein (thrombin + 71 Da). Denaturing con-
ditions, however,such as the high concentrations of organic
solvents used in these experiments for both sample
desalting by reverse-phase HPLC and for operation of the
ESI, isreported to cause protein denaturation,8-30 making
it unlikely that the acyl-enzyme complex is noncovalent.
Infact, incubation of thrombin with 20 equiv of isobutyric
acid under standard conditions leads to no change in the
molecular weight of the native enzyme. The most plausible
explanation is that inhibitor 1 binds to thrombin and
covalently modifies the enzyme through isobutyrylation
of a single residue.

It is interesting that, even after prolonged incubation
periods (30 min) in the presence of a 20-fold excess of
inhibitor, only the monoacylated enzyme adduct is de-
tected, suggesting that ester 1 is not a general acylating
agent, but binds selectively to a single site before acyl
transfer occurs. Selective binding is certainly consistent
with the thrombin specificity that inhibitor 1 displays
relative to other trypsin-like serine proteases.
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Figure 3. Primary sequence of human a-thrombin: (a) lysine
and arginine residues are indicated by an (®) and represent the
potential sites of C-terminal cleavage by trypsin, (b) peptides 2
and 3 as they occur in the native enzyme are underlined.

B. Tryptic Digestion of Isobutyrylated Thrombin
and Characterization of the Fragments by
On-Line Liquid Chromatography/Electrospray
Ionization Mass Spectrometry (LC-ESI-MS)

Thrombin, a trypsin-like serine protease which cleaves
Arg-Glybonds in both the Ao and B8 chains of fibrinogen,
contains the catalytic triad Ser-205, His-43, and Asp-99.
It is conceivable that inhibitor 1 covalently modifies the
active site of the enzyme through isobutyrylation of Ser-
205. However, it would be difficult to rationalize the
thrombin specificity of this agent relative to trypsin since
the active site topographies of trypsin and thrombin are
nearly identical. N-butyrylimidazole, for instance, is
thought to acylate thrombin at either His-43 or Ser-205
of the catalytic triad and shows very little selectivity for
thrombin over other trypsin-like serine proteases.3! Be-
cause of the high thrombin specificity reported for agent
1,8 we were interested in identifying the exact site of
modification on the enzyme with the potential that this
information could be used for the design of more potent
and selective agents,

To identify the site of isobutyrylation in the thrombin/
inhibitor adduct, it was necessary to reduce the complexity
of the modified protein by digestion into smaller, more
manageable peptides. Trypsin is an arginine/lysine-
specific endopeptidase which could conceivably generate
36 different peptides upon complete digestion of native
thrombin (Figure 3a).32 Separation and analysis of the
tryptic peptides by on-line LC-ESI-MS38 analysis could
simplify the isolation and identification of a residue-
modified peptide. Subsequent sequence analysis could
lead to characterization of the exact amino acid which has
been isobutyrylated.

Native human a-thrombin and inhibitor-modified
thrombin were subjected to tryptic digestion and the
reaction samples were analyzed by LC-ESI-MS. Figure
4 shows the total ion chromatograms for both the digested
native human a-thrombin and the inhibitor-treated
thrombin samples (Figure 4a,b respectively). Visual
inspection of the chromatograms between 31 and 32 min
shows that at least two peptides in the digest of the native
enzyme (A and B, Figure 4a) are not present in the
inhibitor-treated sample (Figure 4b). Upon comparison
of the molecular weights of the peptides observed in Figure
4ato those in Figure 4b (molecular weight data not shown),
two unique peptides (C and D) were observed in Figure
4b which happen to coelute with other tryptic peptides
found in both digests.
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Figure 4. LC-ESI total ion chromatogram of tryptic digested
thrombin: (a) native human a-thrombin; the molecular weights
of components A and B are 3709 x 0.4 and 3553 % 0.4 Da,
respectively; (b) LY806303-treated human qo-thrombin; the
molecular weights of components C and D are 3779 £ 0.4 and
3633 % 0.3 Da, respectively.

The ESI-MS-derived molecular weights assigned to
peaks A and B (Figure 4a) are 3709 + 0.4 Da (A; 31 min,
29 8) and 3553 £ 0.4 Da (B; 31 min, 45 s), respectively.
Comparison of the molecular weights calculated for the
protein fragments expected from tryptic digestion of
thrombin (Figure 3a) with the ESI-MS-derived molecular
weights of components A and B suggests that A and B
correspond to structures 2 and 3. Peptide 2 is a disulfide-

HzN-BGDACEGDSGGPFVMK(1o7 212
——
HzN-WYQMGIVSWGEGCDR 2 10.239)
2 (A

HgN-GDA?EGDSGGPFVMK“”mz)
——s
HoN-WYQMGIVSWGEGCDR215.209)

2 (B)

linked peptide consisting of residues 197-212 and 219~
233 of the heavy chain of a-thrombin (Figure 3b). Peptide
3 is identical to compound 2 with the exception of an
N-terminal Arg-197. (Note that residue 196 is lysine.)
Peaks C and D thatappear in the tryptic digest of inhibitor-
modified thrombin (Figure 4b) have ESI-MS-determined
molecular weights of 3779 + 0.4 Da (C; 32 min, 23 s) and
3623+ 0.3Da (D; 33 min, 8s), respectively. These peptides
have masses which are 70 Da higher than peptides 2 and
3, respectively, suggesting that peptides C and D are
isobutyrylated derivatives of the native peptide fragments
2 and 3. Peptides C and D are tentatively assigned
structures 4 and 5, respectively, in which the site of
isobutyrylation is as yet undetermined.



Characterization of LY806303- Treated Thrombin

HgN-ﬂGDA(lJEGDSGGPF VMK(197.212)
S S CHO
HN-WYQMGIVSWGEGCDR 219-233)

4 (C)

H;N-GDACEGDSGGPFVMK198.212)
$ 'CHO
HN-WYQMGIVSWGEGCDR219.239)

i (D)

All of the other peptide fragments detected in the HPL.C
chromatograms of the tryptic digests of both the control
and the inhibitor-modified thrombin samples were as-
signed molecular weights. There were no other peptides
in theinhibitor-treated sample that showed mass increases
relativeto the control. The mass-modified peptides 4 and
5 were isolated by HPLC fractionation for further analysis.
We chose to concentrate on the structural identity of
peptide 5 because of the greater quantities of material
obtained from HPLC purification relative to peptide 4.

To further reduce the size and complexity of peptide 5,
the disulfide bond was reduced with dithiothreitol, and
the resulting thiols were carboxymethylated with iodoace-
tic acid.3 The reaction was analyzed by LC-ESI-MS,
which showed two constituents with masses of 1844 + 0.4
and 1597 % 0.4 Da (E and F, respectively; Scheme I). The
observed mass of component E is consistent with the
calculated molecular weight of the carboxymethylated
peptide fragment containing residues 219-233 of thrombin
(6; SchemeI), indicating the absence of any modified amino
acid. The observed mass of component F, on the other
hand, is 70 Da higher than the mass calculated for the
carboxymethylated fragment containing residues 198-212
(7;1527 Da; Scheme I), suggesting that peptide F contains
the isobutyrylated amino acid. The molecular weight of
the isolated peptide F was reconfirmed by direct infusion
ESI-MS analysis (Figure 5).

C. Characterization of Modified Tryptic Peptide
F by Tandem Mass Spectrometry (MS/MS)

From the ESI-MS data, isobutyrylated peptide F is
assigned structure 8. The amino acid composition of
peptide 8 contains a number of residues which could be
isobutyrylated at their side chains, including Ser-205 of

Scheme 1
H,N-GDAfEGDseePFVMm...m
S §
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i
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Figure 5. ESI mass spectrum of isobutyrylated peptide F (8).
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the thrombin active site. In theory, sequencing of this
peptide without disrupting the modified amino acid could
pinpoint the exact site of isobutyrylation. Automated
Edman sequence analysis is routinely used to sequence
the first 20~30 N-terminal residues of a peptide or protein,
and the first 10 residues of peptide 8 were confirmed using
this technique. No information regarding the exact site
of modification was provided during sequencing, however.
A slight boost in serine and dehydroalanine levels were
observed at cycle 8, though yields were very low due to
apparent degradation. It is known that Edman degra-
dation, coupled with amino acid analysis and HPLC
analysis, has serious limitations with regard to charac-
terizing structurally modified proteins and peptides.35-37
Many commonly occurring modifications are lost or
destroyed by the harsh cleavage and derivatization con-
ditions employed during Edman degradation and amino
acid analysis.?43%% Even if the modified amino acid is
not destroyed, it may be easily misassigned or go unrec-
ognized since Edman sequencing is based entirely on
chromatographic retention times relative to one of the 20
commonly occurring amino acids or derivatives thereof.
We turned our efforts toward the utilization of tandem
mass spectrometry (MS/MS), which in contrast to Edman
degradation, provides information on an intrinsic property
of the molecule, its molecular mass. In fact, tandem mass
spectrometry (MS/MS) has been used to yield partial to
complete sequence information for peptides containing
up to 25 amino acid residues.2040

Tandem mass spectrometry consists of selectively
passing the ionized peptide of interest through the first
quadrupole of the triple-quadrupole mass spectrometer.
The ion population then passes through the second
quadrupole, which is pressurized with argon, thereby
causing energetic collisions and subsequent fragmentation
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Figure 6. ESI MS/MS spectrum of the doubly protonated
peptide 8 (m/z 799.5) showing the sequential loss of amino acids
from the N-terminus of the peptide. Underlined fragment masses
indicate that the ions were observed in the MS/MS spectrum.

of the incidention. Fragmentation occurs from either the
amino or carboxyl terminus, producing an incremental
mass reduction of the peptide by the residue weight of the
terminal amino acid. The degree of fragmentation is
dependent upon the collisional energy.2® The third
quadrupole acts as the mass analyzer to measure the
molecular weights of the sequence specific fragment ions.

Because trypsin cleaves at the C-terminus of lysine and
arginine, it yields peptides with at least two basic sites for
protonation by electrospray ionization: the N-terminal
amine and the side chain of the C-terminal lysine (in the
case of peptide 8).4142 The doubly protonated tryptic
peptide undergoes sequential cleavage of the amide bonds
beginning at either the amino or carboxyl terminus, or in
some instances from both directions. Given a peptide
whose primary sequence is known and which has one of
its constituent amino acids modified, it should be possible
to use MS/MS to sequence the modified peptide and
identify the exact amino acid whose molecular weight has
increased.

Tandem mass spectrometric analysis of the doubly
protonated form of peptide 8 (m/z 799.7) isshown in Figure
6. Asexpected, the sequential loss of amino acid residues
from the N-terminus of the peptide, often referred to as
y-type ions,? is observed. For example, the starting
molecular weight of peptide 8 is 15697 £ 0.4 Da so that the
sequential loss of glycine (57 Da) and aspartic acid (115
Da) from the N-terminus results in ions at m/z 1540 and
1425, respectively. Further loss of alanine (71 Da) yields
a fragment at m/z 1355. Sequential loss of the expected
amino acids is observed until loss of Ser-205 (87 Da), where
one would expect to observe an ion at m/z 805. However,
the amino acid lost during this cycle has a mass of 157 Da,
giving rise to a peak at 735 Da. No naturally occurring
amino acid has a mass of 157 Da. The molecular weight
of this residue doés, however, correspond to [Ser (MW 87)
+ 70 Da], which is consistent with isobutyrylated serine.
Following cleavage of the isobutyrylserine residue, the
sequential loss of ions corresponding to the remainder of
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peptide 8 was observed. In addition to observing pre-
dominantly y-type ions, some b-type ions are observed.
No other modified amino acids were detected.

While we cannot rule out the possibility that agent 1
acylates an alternate site on thrombin and that acyl
migration to Ser-205 occurs during processing of the
various proteins, this data strongly suggests that Ser-205
isthesite of inhibitor modification. Inlight of the present
mass spectrometry data, the mechanistic details of throm-
bin modification by compound 1 become clear. Namely,
inhibitor 1 engages in very specific, tight-binding inter-
actions at the active site of thrombin before transacylation
occurs at Ser-205.

In this study, we have used electrospray ionization mass
spectrometry to show that ester 1, a potent and highly
selective inhibitor of thrombin, covalently modifies the
enzyme through isobutyrylation. Extending the scope of
the preexisting state-of-the-art technology in mass spec-
trometry, we have used MS/MS to determine that inhibitor
1 is an active-site-directed agent and acylates Ser-205 of
the catalytic triad. To answer unequivocally whether
acylation is solely responsible for the ability of compound
1to inhibit thrombin, the extent of protein acylation must
be correlated with the degree of enzyme inhibition. Studies
are currently underway to address this question.

Thestrategy outlined in this paper can be used to probe
the site of covalent modifications without significant effort.
Since mass spectrometry is becoming a more widely used
tool for protein characterization, learning more about the
irreversible nature of new enzyme inhibitors has become
more accurate and less time-consuming than conventional
methods. This new understanding of the binding orien-
tation of inhibitor 1, coupled with recently published X-ray
crystallography data on human a-thrombin, should aid in -
the design of more potent and selective inhibitors.

D. Experimental Section

The reaction of human a-thrombin (Enzyme Research Lab-
oratories, South Bend, IN) with methyl 3-(2-methyl-1-0xo0-
propoxy)[1]benzothieno[3,2-b]furan-2-carboxylate (L Y806303;
1; Eli Lilly and Co., Indianapolis, IN) was carried out by adding
a solution of 54 nmol of the inhibitor in 50 uL of DMSO to 2.7
nmol (100 ug) of human a-thrombin in 0.5 mL Tris buffer, pH
7.4. The reaction was allowed to proceed at 25 °C for 15 min and
was frozen at =78 °C to reduce enzymatic activity. A thrombin
control was prepared by following the same procedure, less the
addition of the inhibitor. The samples were later thawed and
prepared for ESI-MS analysis by desalting the material on an
Applied Biosystem RP-4 NEWGUARD column. The samples
were loaded and washed at 20% acetonitrile/0.1% TFA for 1
min followed by a step elution from 20-80% acetonitrile/0.1%
TFA at a flow rate of 1 mL/min. The eluant giving an UV
absorption at 280 nm was collected and vacuum evaporated to
dryness. The sample was then reconstituted in 5% acetic acid/
deionized water and 50% acetonitrile to a final concentration of
approximately 10 pmol/uL for ESI-MS analysis.

Electrospray ionization mass spectrometry (ESI-MS) and
tandem mass spectrometry (MS/MS) were performed on a
Finnigan MAT TS8Q700 triple quadrupole mass spectrometer.
For massspectral analysis, a Harvard apparatus syringe pumping
system was used to infuse the protein samples directly into the
ESI source at a flow rate of 1 uL/min. An optimum voltage of
4200 V was maintained on the ESI-MS electrode for multiple
protonation of the protein. The mass spectrometer (calibrated
with horse heart apomyoglobin, Sigma Chemical) was scanned
from 500 to 2000 mass-to-charge units in 5 s when in the profile
mode during direct infusion sampling. Twelve scans were
averaged to obtain the mass-to-charge spectra. Finnigan’s
computer algorithm was utilized to interpret the mass-to-charge
spectra toyield a deconvoluted spectrum indicating the molecular
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weight(s) of the protein. Tandem mass spectrometric studies
were done at a collision offset of =20 V and at a collision cell
pressure of 1 mTorr of argon.

The trypsin digest was accomplished using sequencing-grade
trypsin (Sigma) at a 1:100 molar ratio to thrombin in 0.25 M Tris
acetate, pH 7.5. The mixture was incubated at 37 °C for 18 h
and was quenched by adjusting the pH to 1 with 1 N aqueous
HCL. Thetryptic digest was analyzed via high-performance liquid
chromatography (HPLC), which was interfaced to the ESIsource.
A Vydac C-18 HPLC column (0.46 cm X 25 cm X 5 um) was used
for separation, using a linear gradient of 5-60% B over 55 min
(solvent A, 10% acetonitrile/0.1% TFA; solvent B, 90% aceto-
nitrile/0.1% TFA) at aflow rate of 1 mL/min. The HPLC column
eluant was split approximately 500:1 in order to deliver approx-
imately 2 uL/min to the ESIsource. 2-Methoxyethanol (Aldrich)
was used as a “sheathliquid” and delivered at 2 uL/min for mixing
with the HPLC eluant for more efficient desolvation prior to
ionization. Nitrogen was used as a “sheath gas” to aid in
nebulizing the HPLC eluant/2-methoxyethanol mixture at a
pressure yielding an optimum signal-to-noise ratio in the mass
spectrum. The remainder of the eluant from the HPLC column
was directed to a UV detector, set at 220 nm, in order to provide
a UV chromatogram with the total ion chromatogram.

For reduction and carboxymethylation studies, the peptide
was dissolved at 1 mg/mL in a solution containing 6 M
guanidinium chloride, 0.1 M Tris, and 1 mM EDTA, adjusted to
pH 8.3 with HCl. Dithiothreitol was added to a concentration
of 2mM. Argon was passed through the solution, sealed, and the
solution was incubated at 37 °C for 1 h. After incubation, a
solution of 50 mM iodoacetic acid was added to yield a final
concentration of 2 mM. Argon was again passed through the
sample, which was then sealed and incubated in the dark at 37
°Cfor1h.

Edman sequence analysis was performed on a Porton (Beck-
man) LF-3000 gas-phase protein sequencer.
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