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Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was used to
demonstrate cross-linking of peptides induced by transglutaminase. The presence of e-(#glutamyl)lysine
isopeptide cross-link in the acid hvdrolysate of the cross-linking reaction mixture was also demonstrated by
MALDI-TOF-MS without prior separation. MALDI-TOF-MS quickly provided peptide mass maps after pro-
nase digestion of the cross-linked peptide adduct. which enabled us to monitor the hydrolytic sequence. Pronase
appears to preferentially hydrolyze peptide bonds distant from the cross-link before hydroly zing peptide bonds
around the cross-link. The results suggest that pronase digestion followed by MALDI-TOF-MS could be used
for determination of amino acid sequence around a modification site.

Introduction

Once scquencing the entire human genome is completed in
a lew vears. the structure-function relationship of the numer-
ous gene products. namely proleins. will be investigated with
renewed vigor and prospect of many benelits. Investigation
of protein structure and function would greatly benelit rom
rceent advances in bioanalytical mass spectrometry (MS) as
reviewed by Bicmann' and McLafTerty.” Of particular inter-
¢st 1o protein chemists are ionization (cchniques for peptides
and prolcins such as [ast alom bombardmen(® (FAB). matrix-
assistcd laser desorption/ionization time-of-flight* (MALDI-
TOF) and clectrospray ionization™ (ESI) mass spectrometry.

Ammo acid scquencing and determination of postiransla-
tional modiflications ol prolcins arc (wo cxamples of mass
spectrometric investigations of interest in protein rescarch,
Partial scquencing of unknown protcins could provide a clue
1o the compleie sequence if the gene corresponding (o the
partial ammne acid scquence could be identificd uncquivo-
cally bv maiching the partial scquence with the nucleotide
scquence informations,

MALDI-TOF-MS is a powcrful technique lor determining
molccular weight of proteins and peptides with high accu-
racy and sensitivily. In MALDI-TOF-MS protcins arc des-
orbed from a crvstal formed with excess matrix molccules
and 1onizcd by a lascr pulsc. The ions formed are scparated
in the Might tube and their m/z values arc determined from
the time of flight to the detector. 1t cnables one to mvestigate
protcins and peptides in a complex mixture with a picomole
10 attomolc detection hmit,

We have been using MALDI-MS for mvestigation of pro-
tcin modifications such as glvcosylation® and hydroxyl radi-
cal-induced cross-linking.” Recently. we became interested
in how the protcin modifications change the mode of action
of protcolvtic chzymes. In this paper we show how MALDI-
MS can be uscd to demonstrate peptide cross-linking by trans-
glutaminasc and formation of the &-(glutamylyvsing cross-
Iink. We also show that the nonspecific hvdrolysis of the

peptide bonds by pronasc is modificd by the presenee of the
&-(yglutamyDlysine cross-link in such a way that the C-ter-
minal amino acids arc removed sequentially if the cross-link
is between Ivsine and glutaming residues near the N-termi-
nal ol both peptides.

Experimental Scction

Materials.  Pro-Gln-Arg-Phe-NH: (PQRF: called peptide
A. MW = 345.63 Da). Lys-Phe-Tle-Glyv-Leu-Met-NH- (KFIGLM:
called peptide B. MW = 706.96 Da). transglutaminasc from
guinca pig liver. pronase (protcase type X1V from Strepro-
myces griseus). and g-cvano-4-hy droxy-cinnamic acid were
purchascd [rom Sigma (St. Louis. MO. USA). Other chen-
cals were reagent grade.

Cross-Linking Reaction, A 0.4 mL reaction mixture con-
taining 1.0 mM cach of peptides A and B. 2 uM transglutam-
inase. 3 mM CaCl: in 95 mM Tris - HCI bufter (pH 8) was
incubated at 37 °C. The rcaction was stopped afier predeter-
mined time inervals by withdrawing a 20 gL aliquot and
boiling for 5 min. The mixture was diluted 3- and 50-fold
with dcionized water for HPLC and MALDI-MS. respec-
tively.

Acid Hydrolysis.  An aliquot of the cross-linking rcaction
mixture contaiming approximately 0.2 micromoles of both
peptides A and B was [recze-dried and dissolved in 1 mL of
6 N HCI. Hydrolysis was carricd out at 110 °C mn a scaled
glass ampule. After 24 h. HCL was removed by vacuum cvap-
oration. The hydrolysatc was dissolved in 20 yL of deion-
ized watcr and analyzcd by MALDI-MS,

Pronasc Digestion.  The peplide mixture incubated with
transglutaminasc for 24 h was freeze-dricd and hydrolyzed
by pronasc at room {emperaturc. Pronasc cquivalent (o 0.1%
w/w of total peptide was added to the reaction mixture in a
50 mM ammonium bicarbonate buffer (pH 7.8) cvery 20
min in order to sustain the hydrolytic activity. An aliquot of
the digestion mixture was removed after 1. 2. and 4 h and
analyzcd by MALDI-MS,
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HPLC. A Hewlett Packard [ 100 Seties HPLC system with
hypersil BDS-C18 reversed phase column (3 um pore size,
100 x 4 mm} and diode array detector was used. [njection
volume was 20 gl The binary gradient consisted of deion-
ized water containing 0.1% trifluoroacetic acid and acetoni-
trile. The percentage of acetonitrile was constant at 7% between
0 and 8 min. Between 8 and 20 min the percentage of aceto-
nitrile was increased linearly to 45%. Since both peptides
contain phenylalanine, the chromatogram was obtained at 260
nm.

MALDI-TOF-MS. One microliter of the sample was mixed
on the sample plate with another microliter of the ¢-cyano-
4-hydroxy-cinnamic acid matrix solution (10 mg of the matrix
in 1 mL of a 1: | mixture of acetonitrile and water contain-
ing 0.1% trifluoroacetic acid) and let dry. Mass spectra were
recorded using a Voyager Biospectrometry workstation with
a linear mass analyzer (PerSeptive Biosystems, Framingham,
MA., USA). The instrument was equipped with a 337 nm nitro-
gen laser and a 1.2 m flight tube. Positive ion spectra were
obtained at a 25 kV accelerating voltage. External calibra-
tion was done with a nonapeptide (MW — 848.80 Da) or
with the matrix (MW — 189.04 Da).

Results and Discussion

Peptide Cross-Linking. The top mass spectrum in Figure
1. obtained from the mixture of peptides A and B immedi-
ately after adding transglutaminase. shows peptide A at im/z
of 546.5 (expected at 546.7 for M+ H') and peptide B at
707.6 (expected at 708.0 for M + H'). The peak at 568.5 is
due to [peptide A + Na']. The peaks at 730.1 and 746.8 are
due to [peptide B — Na'] and [peptide B + K']. respectively.
After incubation with transglutaminase the cross-linked adduct
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Figure 1. MALDI-TOI' mass spectrum showing peptides A and
B before (top) and after (bottom) cross-linking inducced by trans-
glutaminase.
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was observed at 1236.8 (545.7 - 707.0 - NH; + H — 1236.7
expected) in addition to peptides A and B (bottom mass
spectrum in Figure 1). The peak at 379.1 is due to the matrix
dimer and was vsed as internal reference.

Cross-linking of the peptides was also monitored by HPLC.
Peptides A and B were eluted at 6.9 and 16.3 min, respec-
tively (Figure 2. top). As the cross-linking reaction progressed,
another peak at 17.2 min increased in intensity and approached
saturation after 24 h. The chromatogram also showed several
other peaks at 3.4. 4.3, 8.8, 14.5. and 16.7 min. which were
not present before incubation and increased in intensity with
increased incubation time. Analysis of the large peak at 16.7
min by MALDI-MS showed m/iz value of 934.8. These
peaks might be due to side reactions and need further inves-
tigation.

The eluate corresponding to the peak at 17.2 min was col-
lected and analyzed by MALDI-MS without concentration.
A predominant peak was observed at 1237.1 with a smaller
peak at 1253.1 corresponding to an oxidized compound (Fig-
ure 2, bottom). Therefore, we concluded that the 17.2 min
peak corresponds to the cross-linked peptide.

Observation of e-(¢Glutamyl)lysine. [t is well known
that transglutaminase forms &-(pkglutamyl)lysine cross-link
(also known as isopeptide bond) vig acyl transfer reaction
from the glutamine side chain to primary amines. &-amino
group in the lysine side chain is the acyl acceptor in proteins.

. «— adduct

16.7

150
i
]

100 peptide A

Absorbance (mAU)

l peptide B — M
o thjq_J\J\ \ﬁ\_jk_,u' W

5 10 15 2)
Time (min)
5000 adduct — T
E‘ 4000 I
7} I
= i
< I
= &
— 3000° ! ‘[
w i
= 3 i
e i
E 2000 ‘[ - o ! 1“
[ B 8 8 i
& } 1 b
e K"\«w
L)
aug B30 L) %00 1200 1400
m/z

Figure 2. Reversed phase HPLC chromatogram ol the reaction
mixture afler 8 h cross-linking by transghutaminase {top) and the
MALDI-TOI" mass spectrum obtained from the 17.2 min eluate
(bottom).
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Figure 3. MALDI-TOF mass speetrum showing the £-(glutamyl)
lysine dipeplide obtained by acid hydrolysis of the cross-linking
reaction mixture,

The e(pglutamyl}ysine dipeptide was first discovered in
1968 by Pisano ef af.® from wool hydrolysate and is believed
to play a key role in maintaining a rigid structure in many
biological systems.”

Observation of e-(pkglutamy])lysine dipeptide by mass spec-
trometry has not been reported. Since the &-(jglutamyl)lysine
cross-link is not acid hydrolvzed unlike the peptide bond, we
attempted to observe the dipeptide directly by MALDI-MS
after acid hydrolysis without separating the peptide adduct
trom unreacted peptides.

The mass spectrum in Figure 3, obtained from the acid
hydrolysate of the incubation mixture, shows a peak at m/z
of 276.2 in good agreement with 276.3 expected for the &-(3+
glutamyl)lysine adduct. Amino acid peaks are buried under
the matrix peaks. In the past, the &-(jeglutamy()lysine adduct
was separated by HPLC and the retention time was com-
pared against that of synthetic e-(}glutamyl)lysine. [n the
present approach, the 20 min chromatographic separation is
replaced by separation of the ions in the flight tube, which
takes place typically within milliscconds. Clearly. MALDI-
MS is a powerlul technique for obscrving. without chro-
matographic separation, modiflied proteins or modilication
ol a particular residue. The large peaks around 242 are due
1o the matrix. Other peaks between 260 and 320 were not
identificd. They ate probably derived from the side reaction
products as suggested in the 1[PLC chromatogram in Figure
2.

Sequential Hydrolysis by Pronase. In the past. FAB-
MS was often used for investigating the site and structure of
the cross-link. In 1984 Kim ¢ al." observed FAB-MS sig-
nals corresponding to three diflerent phenylalanine cross-
links induced by hydroxyl radicals gencrated by gamma irra-
diation. In 1988 Porta ¢/ al.'" and Pucci ef af."? investigated
the specificity of transglutaminasc reaction by FAB-MS. They
showed that not all glutamine or lysine residues participate
in the acyl transfer reaction. FAB-MS was quite uscful lor
generating the peptide mass map and pointing out which
peptide segments containing the glutamine ot lysine residues
are involved in cross-linking.
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Figure 4. MALDI-TOI" mass spectrum obtained from the cross-
linking reaction mixture after 1. 2. and 4 h digestion by pronasc.

We were interested in how MALDI-MS could be used to
probe the hydrolytic behavior of pronase around the cross-
link. [n order to introduce the cross-link near the N-terminal
and investigate how the cross-link affects hydrolysis of pep-
tide bonds toward the C-terminal, we selected peptides with
glutamine and lysine residues near the N-terminal. Glutamine
is the sccond residuce from the N-terminal of the tetrapeptide
A, and lysine is the N-terminal amino acid of the hexapep-
tide B. Thus, the cross-link induced by transglutaminase is
expected 1o render peptide bonds near the cross-link less
accessible to proteolytic enzymes than those near the C-ter-
minal.

Pronasc is known to have very broad specificity.' 1t was
ol interest to find out whether this broad specificity would be
modified by the presence of the e-(Fglutamyl)lysine cross-
link. All MALDI-TOF mass spectra in Figure 4 were obtained
from the cross-linking reaction mixture alier 24 h incubation
with transglutaminase. The reaction mixture was then digested
for dilferent time intervals with a periodic addition ol pro-
nasc.

The top mass spectrum in Figure 4 corresponds to 1 h
digestion (3 additions of 0.1% w/w pronasc at room tempet-
ature) and shows the cross-linked adduct at 1237.8 {0.1%
error from 1236.7 expected). The adduct is denoted as PQRF:
KFIGLM where the semicolon is used to denote &-(p
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glutamy)lysine cross-link between Q in peptide A and K in
peptide B. Tawo major peaks were obsen ed in addition to the
unhydroly zed adduct. The peak at 1107.6 corresponds 1o a
decrcase of 130.3 from the parent adduct. which is consistent
with the expected mass change (130.2) due to the removal of
methioning-NHa. Clearly. the 1107.6 peak corresponds 10 PQRF:
KFIGL in our notation. The diflerence between 1107.6 and
994.1 was recognized as due 1o leucine or isoleucing and we
concluded that the 994.1 peak represenicd PQRF:KFIG.

Three small peaks were also observed at 896.2. 847.6. and
822.7. The 896.2 peak represents QRF:. KF1G resulting from
removal of N-terminal proline from the peptide A portion of
PQRF:KFIG. The 847.6 peak (PQR:KFIG) is duc 1o removal
of phenylalanine from PQRF:KFIG. Removal of 1G from
PQRF:KFIG lcads 1o the 822.7 pcak (PQRF.KF). [t appcars
that pronasc docs not hydrolvz¢ the peptide bond between
isolcucine and glycine and removes them as a group.

The middle mass spectrum in Figurc 4 shows thal. afier 2
h pronasc digestion. the peaks at 1237.8 (PQRF.KFIGLM)
and 1107.6 (PQRF.KFIGL) arc significantly decreased. whercas
the peak at 994.1 (PQRF:KFIG) is incrcased. This obscrva-
tion suggcsts that the C-tcrminal methioning is removed [irst
and lcucine is subscquently removed. Pronasc may hyvdro-
Iyz¢ the glveine-leucine bond before hydrolyzing the leu-
cinc-methionine bond. However. the results indicate that
pronasc 1s more likely (o hyvdroly~c the leucine-methionine
bond before hydrolyzing the glvene-leucine bond probably
duc to steric hindrance around the cross-link.

The 847.3 peak (PQR:KFIG). which was also obscrved
alter 1 h digestion. greatly mcreased aficer 2h at the expense
of PQRF:KFIGLM and PQRF:KFIGL. whercas PORF:KFIG
appcarcd 10 maintain a stcady statc concentration. The 960.7
pcak corresponds 1o PQR:KFIGL and could be an alicrna-
tive precursor of PQR:KFIG. QRF:KFIG also increascd
after 2 h. PQRF:KF remainced small and another peak corre-
sponding lo PQR:KF appearcd at 677.1.

The bottom mass spectrum. corresponding (o 4 h diges-
tion. shows (hat the intensitics of the PQRF:KF peak and the
PQR:KF pcak increased at the expense of the PQRF:KFIG
pcak. The mass spectrum also shows a strong peak at 727.0
(QRF.KF) corresponding to removal of ghveine and isolcu-
cinc from the QRF.KFIG pcak. Removal of glyeine and iso-
Icucine as a group is consistent with carlicr result. Results of
further hvdrolvsis was difficult o discern because of the
matrix pcaks.

It is clcar from above resulls that pronase preferentially
hvdroly zcs peptide bonds distant [rom the e~(glutamyDlyvsine
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cross-link probably dug to steric hindrance of the cross-link.
Once the two most distant amino acids were removed. pro-
nasc hydrolvzcd peptide bonds around the cross-link. Dem-
onstration of this cffect by traditional scparation and sequencing
methods would have been laborious and subject o uncer-
taintics. The power of the MALDI-TOF-MS technique is ¢vi-
dent in this cxample.

We arc currently extending this work to other tvpes of pro-
tein modifications. [n the present example dircet sequencing
around the cross-link would have been difTicult duc to the
fact that amino acids ar¢ relcased from both sides of the
cross-link. The interpretation would be more straightforward
if’ the modilication docs not involve cross-linking between
peptides. because successive removal of amino acids would
take place from a single peptide chain,
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