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Abstract

Chemical cross-linking of proteins is a well-established method for structural mapping of small protein complexes. When combined
with mass spectrometry, cross-linking can reveal protein topology and identify contact sites between the peptide surfaces. When applied to
surface-exposed proteins from pathogenic organisms, the method can reveal structural details that are useful in vaccine design. In order to
investigate the possibilities of applying cross-linking on larger protein complexes, we selected the urease enzipekcivbacter pylorias
a model. This membrane-associated protein complex consists of two subufd&5 kDa) ang (61.7 kDa). Threedg) heterodimers form
a trimeric @p)s assembly which further associates into a unique dodecameric 1.1 MDa complex composedaf ¥ounits. Cross-linked
peptides from trypsin-digested urease complex were analyzed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS)
and molecular modeling. Two potential cross-linked peptides (present in the cross-linked sample but undetegiadadnative complex)
were assigned. Molecular modeling of ureagecomplex and trimeric urease unitsf); revealed a linkage site between thesubunit and
the g-subunit, and an internal cross-linkage in gsubunit.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ()3 assembly further associates into a large (1.1 MDa)
_ _ _ N supramolecular complex composed of foufjs units[6].
The Gram-negative bacteriurhlelicobacter pylori is Expression of urease can account for as much as 15% of the

known to colonize the epithelium of the human stomach. total bacterial protein measured by dry weift Although
In most infected patients (80%ly. pylori does not cause yrease is an intracellular enzyme found exclusively within
any clinical symptoms; however, the organism is associ- the cytoplasm in bacteria and plants, about 30% of the
ated with gastritis, gastric ulcers, and gastric carfjte2]. H. pylori urease is associated with the outer membrane at
H. pylori urease (urea amidohydrolase, EC 3.5.1.5) is es-the surface of the bacterig]. The enzyme may adhere
sential for colonization of the stomach because it allows the to the surface upon spontaneous lysis of some bacteria
bacteria to survive under the acidic condition maintained followed by adsorption of the enzyme onto the outer mem-
by the gastric secretiorf8]. Urease consists of two differ-  prane of the remaining intact bactef@]. Due to surface
ent subunitsix (26.5kDa) andg (61.7 kDa)[4,5]. As in localization, urease has been implicated as a potential vir-
the case of other bacterial ureases, thrg#) heterodimers  ylence factor and a putative vaccine candidate. However,
form a trimeric assemblyo3)s. However, inH. pylori, this  there is still no effective vaccine agairtst pylori.
In order to develop specific vaccine components, it is of
* Corresponding author, Tek+46-31-7733049; fax:+46-31-416108. great value to know the three-dimensional structure of the
E-mail addresselisabeth.carlsohn@medkem.gu.se (E. Carlsohn). target protein, typically achieved by X-ray crystallography
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and NMR spectroscopy. However, those techniques have2. Experimental section
limitations. The availability of high-quality analyte crystals
is critical for X-ray crystallography and NMR is still lim-  2.1. Strain and growth conditions
ited to smaller protein complexes (60 kDa). Additionally,
both techniques require large amounts (mg) of pure protein. The H. pylori bacterial strain 17875 was obtained from
Mass spectrometry is a sensitive technique with the abil- the Culture Collection, University of Géteborg (CCUG),
ity to map protein domains from a small amount of sample Sweden. The bacteria were stored-880°C in soy broth
(@) Therefore, we report here the use of mass spectrome-containing 15% glycerol by volume and grown on agar
try to provide complementary structural information to aid (14 g/l) containing 10% heat-inactivated fetal calf serum, un-
in future vaccine design. der microaerophilic conditions for 2—3 days. The cells were
Mass spectrometry has been established as the standardcraped off, washed three times in phosphate-buffered saline
method for identification of proteins and characterization of (PBS) and stored at80°C until use.
post-translational modifications. Fourier transform ion cy-
clotron resonance mass spectrometry (FT-ICR NIS) 2.2. Urease purification
provides the highest mass resolution, highest mass resolv-
ing power, and highest mass accuracy (low ppm). When The urease extraction procedure has been described
combined with electrospray ionization (ESI), FT-ICR MS previously[33]. In brief, thawedH. pylori cells (1g, wet
[11,12] provides high analytical sensitivity requiring fem- weight) were mixed with distilled water and centrifuged at
tomoles or less of samp[&3,14] High resolution FT-ICR 15,000x g at 4°C for 30 min. The supernatant was passed
MS permits mass measurement of large peptides (>3000 Da}hrough a 0.2vm Whatman filter and incubated with 20 mM
with a mass accuracy of a few ppm. Furthermore, FT-ICR NaH,PO;, 1mM EDTA, and 1 mM mercaptoethanol. The
MS offers two fragmentation techniques: electron capture extract was adjusted to pH 6.5 and urease was purified by
dissociation (ECD)[15,16] and infrared multiphoton dis-  two-step affinity chromatography by use of cellufine sulfate
sociation (IRMPD)[17,18], which provide complementary as the affinity medium. For column A, the equilibration
information about protein modificatiorj$9]. and elution buffer was 20mM Nai?Qy, 1mM EDTA
A relatively new approach in mass spectrometry is pH 6.5. Protein containing fractions were collected and
higher-order structural determination of proteins and pro- screened for urease activity according to Rokita ef3].
tein complexes. For example, hydrogen/deuterium exchangeUrease-positive fractions were pooled, adjusted to pH 5.5
in combination with high resolution mass spectrome- and further purified over a second cellufine column, equi-
try has been used to map inter-subunit interactions in alibrated with 20 mM NaHPQO, and 1 mM EDTA, pH 5.5.
HIV-associated proteifi20], and several studies of intact Urease was eluted with 20 mM NaPQ;, 1 mM EDTA,
non-covalent protein assemblies have verified the utility of and 150 mM NaCl, pH 7.4. Purified enzyme was either di-
mass spectrometry for determination of molecular compo- gested in solution with trypsin, or cross-linked, separated by
sition in large protein complexd21-24] SDS-PAGE, and subsequently, digested in-gel with trypsin.
Chemical cross-linking monitored by mass spectrometric
mapping is another method to determine spatial proximity 2.3. In-solution digestion of urease complex
between protein domain@5-30] These techniques were
recently reviewed by Beck et gl31]. The general proce- For in-solution digestion, urease was incubated with se-
dure includes cross-linking of functional groups (such as the quence grade modified porcine trypsin (Promega, Madison,
g-amino group of lysines) on the protein or proteins of inter- WI) with protein:protease ratio of 30:1 for 4 h at 3Z. Dried
est with a homo- or bi-functional bridging agent, separation samples were stored at20°C until use.
of cross-linked and non-cross-linked proteins (by chro-
matography or electrophoresis), and enzymatic hydrolysis 2.4. Cross-linking of urease and 8
of cross-linked protein. Finally, mass spectrometry is used to
determine the point of cross-linking. When inter- and intra  The water-soluble homobifunction®-hydroxysuccini-
chain cross-links are formed in relatively large polypeptides, mide ester, bis(sulfosuccinimidyl) suberate gB®/as pur-
the number of potential cross-linked peptides increases.chased from Pierce Biotechnology (Rockford, IL). Cross-
The high resolution and high mass accuracy of FT-ICR MS linking of the a- and 3-subunits (approximately 200 pmol)
reduces the number of peptide combinations that can bewas performed in 20 mM sodium phosphate (pH 7.5) con-
matched to unique masses of the cross-linked sample. In artaining 150 mM NaCl and a 200-fold excess B& room
earlier study, FT-ICR MS analysis of cross-linked peptides temperature for 30 min. The reaction was quenched with
from cytochromec and lysozyme revealed low-resolution 1M Tris—HCI (pH 7.8) (final concentration of 10 mM). The
structural information about these prote[B88]. sample was concentrated by vacuum centrifugation. The
Here, we combine the unique capabilities of FT-ICR cross-linked sample was separated by SDS-PAGE (10% Bis-
MS with chemical cross-linking and molecular modeling to Tris gel, Novex, San DiegoCA). Gels were stained with
study the macromolecular urease complexopylori. Coomassie blue (GELCOSEBIue stain reagent, Pierce
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Biotechnology, Rockford, IL) and the protein bands were 2.8. Molecular modeling
excised for further analysis.
For molecular modeling, the@)3 trimer of H. pylori ure-
2.5. In-gel digestion of cross-linked and monomeric urease ase was constructed from the coordinates of &) (init in
PDB entry 1E9Z. The Quanta2000/CHARMmM?25 modeling
The method described by Shevchenko ef28] was ap- package from Accelrys Inc. was used for the analysis.
plied with some minor modifications. Briefly, the gel pieces
were destained by washing three times in D@5 mM
NH4HCO3 in 50% CHCN for 30 min. Gel pieces were 3. Results
dried for 1h in a vacuum centrifuge and incubated with
10—15}.L| digestion buffer (50mM NHHCGO;, 10ngLLI 3.1. Urease purification
trypsin) at 37C overnight. Peptides were extracted in

37.5% CHCN/1% formic acid (FA) (Sigma, St. Louis, Native urease was separated from crtd@ylori cell ex-

MO) and the supernatant was evaporated to dryness in aract by affinity chromatography. Urease screening of pro-

vacuum centrifuge. tein fractions and SDS-PAGE analysis followed by in-gel
digestion of visualized protein bands and mass spectrome-

2.6. Accurate mass measurements of tryptic digests try analysis verified the presence of native highly purified
urease protein (data not shown).

The peptide digests were reconstituted ind9.1% FA Cross-linking of active urease in solution with the lysine-
and enriched and desalted withydCZipTips (Millipore, specific cross-linker BSrevealed a new high molecular
Bedford, MA). The peptides were eluted in dDof a 4:1  \eight (HMW) band on the SDS-PAGE gel relative to the
CH3CN/H20 solution containing 0.1% FA. control (urease without B (Fig. 1). Peptide mass finger-

Mass measurements were performed with a homebuilt, printing verified the presence of both ureasandp in the
passively shielded, 9.4T FT-ICR mass spectromgiéf HMW band. Fig. 2 lists the amino acid sequence of both

equipped with dual switchable %0n i.d. fused-silica mi-  the urease subunits. The reactive lysines in the sequence are
croelectrospray(ESI) emitterg37]. Dual emitterd38] al- indicated by bold letters.

low for easy internal calibration of each spectr{88]. The
flow rate was 350 nl/min and the switching interval for the 3 5
emitter containing calibrant solution (Agilent Technologies,

Wilmington, DE) was 600 ms. lons were accumulated ex-  ater cross-linking and SDS-PAGE analysis, the complex

ternally in a storage octopolé0] followed by gated trap- a5 digested in-gel with trypsin and the desalted peptides
ping in an open cylindrical ICR cell, chirp excitatiffil,42] were mass analyzed by FT-ICR MS (dgg. 3. MS data
(72—-480kHz at 150 Hgls), and direct-mode broadband de-

tection (512 K time-domain data). Hanning apodization and
a one zero-fill were applied prior to fast Fourier transform CTRL BS’

Identification of cross-linked peptides

followed by magnitude calculation. The experimental event Urease (o)
sequence was controlled by a modular ICR data acquisition
system (MIDAS)[43,44] Internal calibratiorj45] was per- | Urease p

formed with calibrant ions of mass-to-charge/) ratios
622.0289, 922.0097, and 1521.9714.

2.7. Data processing

Monoisotopic peak lists were generated by the THRASH
algorithm [46] and subjected to database searches. The
MASCOT search engine (Matrix Science, London, UK) : Ty
was used to search the NCBInr database. Search criteria for M‘M Urease
all experiments included one missed cleavage for trypsin di- :
gest and oxidation of methionine as a variable modification.
For peak lists generated from gel samples, modification of
cysteine residues with acrylamide was added as a variable
modification. Peptide mass tolerance was in all experiments [ i

set to+50 ppm. Peak lists from of tryptic digests from the _ .
_linked and native samples were compared manuall Fig. 1. SDS-PAGE of cross-linked urease. The control (CTRL) shows
Cross p P y'complex dissociation of native urease into #heand B-subunits. Upon

Monoisotopic masses unique for the cross-linked sample incubation with BS, a new high molecular weight (HMW) band appears,
were screened for cross-linker content. consisting of at least one- and onep-subunit.
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Urease a-subunit

MKLTPKEL DKLM.HYAGELAKKRKEKG KLNYVEAVALI| SAHI MEEARAGKKTAAELMQE
GRTLLKPDDVNVDGVASM HEVGE EAMFPDGTKLVTVHTPI EANGKLVPGELFLKNEDI Tl
NEGKKAVSVKVKNVGDRPVQ GSHFHFFEVNRCL DFDREKTFGKRL DI ASGTAVRFEPGE
EKSVELI| DI GGNRRI FG-NAL VDRQADNESKKI AL HRAKERGFHGAKSDDNYVKTI KE

Urease B-subunit

MKKI SRKEYVSMYGPTTCGDKVRLGDTDLI AEVEHDYTI YGEEL KFGGGKTL REGVSQSNN
PSKEELDLI | TNALI VDYTGA YKADI 3 KDGKI AG CKGGNKDMQDGVKNNL SVGPATEA
LAGECLI VTAGA DTHI HFI SPQQ PTAFASGVTTM GGGTGPADGTNATTI TPGRRNLK
VWL RAAEEYSMNL GFLAKGNASNDASLADQ EAGAI GFKI HEDWGT TPSAI NHAL DVADK
YDVQVAI HTDTLNEAGCVKDTMAAI AGRTIVHTFHTEGAGGGHAPDI | KVAGEHNI LPAST
NPTI PFTVNTEAEHVDVML MWCHHL DKSI KEDVQFADSRI RPQTT AAEDTLHDMA FSI TS
SDSQAMGRVGEVI TRTWITADKNKKEFGRLKEEKGDNDNFRI KRYLSKYTI NPAI AHGE S
EYVGSVEVGKVADLVLWSPAFFGVKPNM | KGGFI ALSQVIGDANASI PTPQPVYYREMFA
HHGKAKYDANI TFVSQAAYDKG KEELGLERQVLPVKNCRNI TKKDMQFNDTTAHI EVNP
ETYHVFVDGKEVTSKPANKVSLAQLFSI F

Fig. 2. Primary sequence of urease and B-subunit. The cross-linking agent BSised in this study reacts with the amine groups of lysine and the
N-terminus of the protein. The lysine residues are indicated with bold letters.

were compared to corresponding data from uncross-linkeda primary amino acid sequence coverage of 76% for the
material (monomeric urease and 3 and ureas&f3 com- a-subunit and 63% fopR. Peptide assignments unique for
plex). Tables 1 and 2how the assigned peptides from each native urease were f@-subunit K7-K20, G452-R476 and
of these components. Peptide mapping of tryptic peptides for a-subunit S228-K234, K52-R62, N115-K124, indicating
from in-gel digested monomeric ureaseand 8 yielded that those segments may be involved in cross-linking. Of the

1237 1239 1239

1300 m/z

700 Cross-linked urease 1300 m/z 700 Native urease complex
POV SENLVVEITw AN AN
1237 1?39 1237 1239

N NS \
700 1300 m/z| 700 1300 m/z

Urease o-subunit Urease [B-subunit

Fig. 3. FT-ICR MS analysis of cross-linked urease, native urease complex, monamerid monomerig3. The inset shows the presence rofz
1237.28* in the cross-linked sample. Of the 100 major peaks from the cross-linked urease, there was a complete overlap with the peaks from the mas:
spectrum of the native urease, (3, or (@) complex).
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Table 1

ESI-FT-ICR MS analysis of tryptic peptides from ureassubunit

Observedm/z Charge %) Peptide mass (Da) Assignment Error (ppm)

Observed Calculated

609.383 1 608.376 608.376 1213-R2%7 0.3
418.194 2 834.373 834.376 F176-KE82 3.7
840.371 1 839.364 839.367 S228-K234 34
501.782 2 1001.550 1001.551 L166-R175 11
508.311 2 1014.608 1014.611 L106-KEP4 3.8
553.265 2 1104.515 1104.523 T53-RE2 7.7
561.266 2 1120.518 1120.518 T53-R62 (Mettox) 0.5
566.776 2 1131.537 1131.541 N115-K 894 3.2
576.313 2 1150.612 1150.613 M95-R204 14
579.834 2 1157.653 1157.652 R165-R275 0.7
1249.622 1 1248.615 1248.613 K52-R62 1.2
630.824 2 1259.633 1259.636 N115-K£25 2.4
637.338 2 1272.661 1272.665 L11-RP1 3.4
664.866 2 1327.718 1327.721 S183-R194 25
689.888 2 1377.761 1377.762 L93-KE(5 0.2
879.963 2 1757.912 1757.913 E7-RP1 0.8
1065.055 2 2128.096 2128.099 L30-R48 14
715.704 3 2144.090 2144.086 F176-R39%4 1.6
753.086 3 2256.235 2256.237 L106-K$25 0.7
785.728 3 2354.163 2354.167 N133-R282 1.8
809.774 3 2426.301 2426.299 G27-RAg 0.8
1083.524 3 3247.550 3247.545 T63-RE2 1.6
816.890 4 3263.529 3263.540 T63-K92 (Met ®%) 34

2 Assigned peptides also detected in tryptic digest of native urease.
b Assigned peptides also detected in tryptic digest of cross-linked urease.

100 most abundant monoisotopic peptide masses found interization of cross-linked peptides. In a preliminary study
the FT-ICR MS spectrum from cross-linked urease, there of cross-linked urease by nano-LC-MS and MS/MS in
was a complete overlap with masses from analysis of pep-a Qg-TOF (data not shown), the obtained sequence cov-
tides from monomeriax, B, and urease complex. Manual erage was decreased compared to the coverage obtained
scanning of the unique monoisotopic masses present in theby ESI-FT-ICR MS and we were unable to identify any
cross-linked sample but undetectabledin, and urease  cross-linked peptides.
complex resulted in the identification of two potential cross-  In order to assign cross-linked peptides, we performed
linked peptides, 3675.797 and 3708.817. These masses werenolecular modeling of the three-dimensional structure of
examined for digested fragments containing intra- and inter- urease. For 3708.817, internal cross-linking of K7-R22 to
molecular linkage. The cross-linking agent Bproduces G395-K408 in theB-subunit between the lysines K20 and
either single residue modifications-CgH1203) or inter- K403 was easily assigned from the structure of th@)(
residue cross-links+CgH1002). Moreover, because BS heterodimer. The distance between the linked lysines (K20
modified lysine residues are not cleaved by trypsin. One and K403) can range from 10 to 15A due to flexibility
criterion for the cross-linked peptides is that they contain within the structure. Thus, it is possible for the B&oss-
at least one internal lysine. Two different peptide combina- linker (11.4 A) to reach and react with the primary amines
tions with cross-linking between oreand one3 unit were on the side chain of the lysines. To 3675.797, no peptide
matched to 3675.797. To 3708.817, three different peptide combinations were found within cross-linking distance in
combinations (either between t@esubunits or betweenone the @p) heterodimer. However, modeling of the trimeric
a and oned unit) were found (se&able 3. All combina- urease unit¢p)s identified a linkage site between K182 in
tions matched within 20 ppm. The large (for FT-ICR MS) the peptide F176-R194 within the-subunit and K329 in
mass deviation of the cross-linked peptides can be explainedthe peptide fragment S327-R338 within tBesubunit (see
by their poor signal-to-noise ratio in the mass spectrum of Fig. 4).
the unseparated protein digest.

The method of choice in assigning one specific peptide
combination to an unmatched one is MS/MS fragmentation 4. Discussion
analysis to reveal the primary sequence of the fragmented
peptide. However, due to the low relative abundance of To apply structural information from cross-linking stud-
peptides of interest, no fragmentation analysis could be ies to the native protein, it is important that the cross-linking
performed. We have previously attempted MS/MS charac- procedure occurs under native conditions. Identification of
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Table 2
ESI-FT-ICR MS analysis of tryptic peptides from ure@ssubunit
Observed 1tV2) Charge %) Peptide mass (Da) Assignment Error (ppm)
Observed Calculated
773.450 1 772.443 772.4442 V369-R3P5 2.2
1124.627 1 1123.620 1123.628 V560-F589 6.8
1143.632 1 1142.625 1142.630 G502-R%4.1 3.8
697.846 2 1393.678 1393.684 S327-R388 4.0
724.323 2 1446.631 1446.634 E8-KJ0 21
732.319 2 1462.623 1462.629 E8-K20 (Met ¥%) 3.7
772.376 2 1542.737 1542.739 A185-K£98 15
780.373 2 1558.731 1558.734 A185-K198 (Met¥X) 1.7
796.368 2 1590.722 1590.724 K7-K20 (Met ox) 0.7
853.408 2 1704.801 1704.799 Y487-K53H1 0.8
635.651 3 1903.930 1903.932 A485-KB01 0.8
693.001 3 2075.980 2075.985 T269-K288 24
698.332 3 2091.973 2091.980 T269-K288 (Metk) 3.0
768.733 3 2303.177 2303.180 Y409-K430 1.1
787.772 3 2360.294 2360.297 V431-K4%1 12
841.741 3 2522.200 2522.206 L23-Ked4 24
1327.156 2 2652.297 2652.301 G452-R3476 11
890.438 3 2668.293 2668.293 G452-R476 (Met ox) 0.7
969.780 3 2906.319 2906.318 D526-K8%0 0.5
975.114 3 2922.321 2922.313 D526-K550 (Metad) 2.6
1012.476 3 3034.406 3034.413 K525-KB80 2.3
763.608 4 3050.402 3050.408 K525-K550 (Met 3k) 2.0
1083.530 3 3247.568 3247.560 1339-R388 2.6
816.893 4 3263.545 3263.556 1339-R368 (Met3dX) 3.0
1094.193 3 3279.557 3279.550 1339-R368 (2 Met?8x) 2.2
1157.914 3 3470.719 3470.713 E53-K83 1.7
1629.549 4 6514.167 6514.272 N110-Rd76 16.1

2 Assigned peptides also detected in tryptic digest of native urease.
b Assigned peptides also detected in tryptic digest of cross-linked urease.

Table 3
Potential cross-linked peptides
Observed Charge Mass (m) Error  Assigned peptide Lys-Lys Distance Configuratiof
i a
(m2) @ Observed Calculated (ppm) cross-link ()
1226.2731 3 3675.797 3675.838 10.9 o F176-R1948 S327-R338  182-329 10.1 0(1 B1) ((XQ 2) ((xG BS
3675.866 18,5 « E159-K1648 Y487-R511 160-501 44.1 ( 0(2 [32/—\(13 BG:
160-504  59.9 0‘1 B1) I{-\ Bs)
1237.280 3 3708.817 3708.840 6.2 «a T161-K1828 G99-K109 164-102 21.5 (OC1 B1) (0"2 BE) (/33)
3708.856 10.3 B K7-R22-8 G395-K408 20-403 14%9 Oc1 B1 0”2 BZ
3708.876 15.8 B N521-K5254 L23-K49 524-544 37Y é % hQ
3708.876 15.8 B N521-K525 L23-K49 524-544 43 Oc1 B1 0‘2 [32

2Shortest possible cross-linking distance between internal lysines within the heterodigyeor (trimer )3 unit.

bIndicates if the shortest distance is within the monomeric unjit (3), the heterodimera(), or within the trimeric ¢B)z unit.

¢ Due to the flexibility (no steric hindrance) of the internal lysines within these peptide chains, they can be as close as 10A.
d Shortest distance is through the trimeric unit.
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Fig. 4. View of theH. pylori urease ¢B)3 trimer along the three-fold
symmetry axis (top panel). The threesubunits are colored blue while
the B-subunits are shown in red, yellow, and light blue, respectively.
Furthermore, the amino acid sequence 176-194 inotfsubunit and
327-338 in theB-subunit are shown in magenta in order to visualize
one of the potential cross-linking peptide pairs (no. Irable 3. In the
lower panel, a close-up view of the upper right hand corner of the trimer
is shown. Either of the lysyl residue&k182 andBK329 (colored green)
may be modified by the cross-linker and subsequently cross-link with the
other lysyl residue. The side chain N-N atom distance is 10.1 A between
these two residues.

a cross-link betweenF176-R194 an@S327-R338 in the
trimeric urease unito)3 indicates that the complex is as-
sembled into¢)s units. A previous study dfl. pylori ure-

ase[21] demonstrated that the dodecameric urease complex

((aB)3)4 disassembles preferentially intag)s, both in so-

lution and under gas-phase conditions. Furthermore, it was
shown that re-association of denatured urease (monomeric

a andp units) into )3 also occurs in ammonium acetate
at neutral pH. The identification of cross-linked peptides in

143

a medium size protein complex such as thepylori urease

is a difficult task. The under-representation of cross-linked
peptides from urease in the ESI-FT-ICR mass spectrum
may have several explanations. First and foremost, the larger
the protein complex, the more potential binding sites for the
cross-linking agent will be present. For cross-linking of the
a- and B-subunit of urease, over 2000 different combina-
tions, including intra-molecular cross-linking (withirt and
B-subunits) and inter-molecular linkage between the units,
are theoretically possible to achieve illustrating the potential
heterogeneity of the mixture of cross-linked peptides. How-
ever, the number of groups within linking distance will limit
the number of possible linkage combinations.

Cross-linked peptides, on an average, have larger masses
than unmodified peptides and those larger peptides may have
lower ionization efficiencies. Furthermore, the addition of
a cross-linking agent to the peptide sequence may also in-
fluence the ionization efficiency of the peptide. Unambigu-
ous identification of cross-linked peptides requires MS/MS
analysis. One way to increase the recovery of cross-linked
peptides would be to introduce a cross-linking agent with
functional groups such as biotin which allows enrichment
of labeled peptides. Kruppa et §.7] have recently demon-
strated a top—down approach in which cross-linked ubiqui-
tin was analyzed by ESI-FT MS, and the cross-linked posi-
tions were localized by multiple fragmentation stages. That
model is well-suited to small proteins but is difficult for
proteins over 20 kDa. Compared to other cross-linking stud-
ies, no formation of single residue cross-links in which the
cross-linking agent is attached to only one lysine residue
on the protein surface was observed. It is noteworthy that
both of the assigned cross-linked peptide pairs were surface-
exposed.

Acknowledgements

The authors thank Michael J. Chalmers and Kristina
Hakansson for excellent technical advice. Financial support
was provided by the NSF National High-Field FT-ICR
Mass spectrometry Facility (CHE-99-09502), the Swedish
Foundation for International Cooperation in Research and
Higher Education (STINT), the Swedish Society for Medi-
cal Research, the Anna Cederberg Foundation, the Swedish
Society of Medicine, and the Ake Wiberg Foundation.

References

[1] N. Uemura, S. Okamoto, S. Soichiro, N. Matsumura, S. Yamaguchi,
M. Yamakido, K. Taniyama, N. Sasaki, R.J. Schlemper, N. Engl. J.
Med. 345 (2001) 784.

[2] M.J. Blaser, Sci. Am. 274 (1996) 104.

[3] K.A. Eaton, C.L. Brooks, D.R. Morgan, S. Krakowka, Infect. Immun.
59 (1991) 2470.

[4] D.J. Evans Jr., D.G. Evans, S.S. Kirkpatrick, D.Y. Graham, Microb.
Pathog. 10 (1991) 15.



144

[5] L.T. Hu, H.L. Mobley, Infect. Immun. 58 (1990) 992.

[6] N.C. Ha, S.T. Oh, J.Y. Sung, K.A. Cha, M.H. Lee, B.E. Oh, Nat.
Struct. Biol. 8 (2001) 505.

[7] H.L. Mobley, M.D. Island, R.P. Hausinger, Microbiol. Rev. 59 (1995)
451.

[8] B.E. Dunn, N.B. Vakil, B.G. Scheinder, M.M. Miller, J.B. Zitzer, T.
Peutz, S.H. Phadnis, Infect. Immun. 65 (1997) 1181.

[9] S.H. Phadnis, M.H. Parlow, M. Levy, D. llver, C.M. Caulkins, J.B.
Connors, B.E. Dunn, Infect. Immun. 64 (1996) 905.

[10] A.G. Marshall, C.L. Hendrickson, G.S. Jackson, Mass Spectrom.
Rev. 17 (1998) 1.

[11] C.L. Hendrikson, M.R. Emmett, Annu. Rev. Phys. Chem. 50 (1999)
517.

[12] S.A. Lorentz, E.P.l. Maziarz, T.D. Wood, Appl. Spectrosc. 53 (1999)
18A.

[13] K. Hakansson, M.R. Emmett, C.L. Hendrickson, A.G. Marshall,
Anal. Chem. 73 (2001) 3605.

[14] T.L. Quenzer, M.R. Emmett, C.L. Hendrickson, P.H. Kelly, A.G.
Marshall, Anal. Chem. 73 (2001) 1721.

[15] R.A. Zubarev, N.L. Kelleher, F.W. McLafferty, J. Am. Chem. Soc.
120 (1998) 3265.

[16] F.W. McLafferty, D.M. Horn, K. Breuker, Y. Ge, M.A. Lewis, B.
Cerda, R.A. Zubarev, B.K. Carpenter, J. Am. Soc. Mass Spectrom.
12 (2001) 245.

[17] R.L. Woodlin, D.S. Bomse, J.L. Beauchamp, J. Am. Chem. Soc. 100
(1978) 3248.

[18] D.P. Little, J.P. Speir, M.W. Senko, P.B. O’'Connor, F.W. McLafferty,
Anal. Chem. 66 (1994) 2809.

[19] K. H&kansson, H.J. Cooper, M.R. Emmett, C.E. Costello, A.G. Mar-
shall, C.L. Nilsson, Anal. Chem. 73 (2001) 3605.

[20] J. Lanman, T.T. Lam, S. Barnes, M. Sakalian, M.R. Emmett, A.G.
Marshall, P.E. Prevelige Jr., J. Mol. Biol. 325 (2003) 759.

[21] M.W.H. Pinkse, C.S. Maier, J-I. Kim, B-H. Oh, A.J.R. Heck, J. Mass
Spectrom. 38 (2003) 315.

[22] W.J. Van Berkel, R.H. Van Den Heuvel, C. Versluis, A.J. Heck,
Protein Sci. 9 (2000) 435.

[23] B.N. Green, T. Gotoh, T. Suzuki, F. Zal, F.H. Lallier, A. Toulmond,
S.N. Vinogradov, J. Mol. Biol. 309 (2001) 553.

[24] H. Hernandez, C.V. Robinson, J. Biol. Chem. 276 (2001) 46685.

[25] D.R. Muller, P. Schindler, H. Towbin, U. Wirth, H. Voshol, S. Hoving,
M.O. Steinmetz, Anal. Chem. 73 (2001) 1927.

[26] M.M. Young, N. Tang, J.C. Hempel, C.M. Oshiro, E.W. Taylor, I.D.
Kuntz, B.W. Gibson, G. Dollinger, Proc. Natl. Acad. Sci. U.S.A. 97
(2000) 5802.

E. Carlsohn et al./International Journal of Mass Spectrometry 234 (2004) 137-144

[27] J.W. Back, M. Artal Sanz, L. de Jong, L.J. de Koning, L.G.J.
Nijtmans, C.G. de Koster, Protein Sci. 11 (2002) 2471.

[28] K.L. Bennett, M. Kussmann, P. Bjork, M. Godzwon, M. Mikkelsen,
P. Sorensen, P. Roepstorff, Protein Sci. 9 (2000) 1503.

[29] X. Chen, Y.H. Chen, V.E. Anderson, Anal. Biochem. 273 (1999)
192.

[30] K.M. Pearson, L.K. Pannell, H.M. Fales, Rapid Commun. Mass
Spectrom. 16 (2002) 149.

[31] J.W. Beck, L. de Jong, A.O. Muijsers, C.G. de Koster, J. Mol. Biol.
331 (2003) 303.

[32] G.H. Dihazi, A. Sinz, Rapid. Commun. Mass Spectrom. 17 (2003)
2005.

[33] F.C. Icatlo Jr., M. Kuroki, C. Kobayashi, H. Yokoyama, Y. lkemori,
T. Hashi, Y. Kodama, J. Biol. Chem. 273 (1998) 18130.

[34] E. Rokita, A. Makristathis, A.M. Hirschl, M.L. Rotter, J. Chromatogr.
B 737 (2000) 203.

[35] A. Shevchenko, M. Wilm, O. Vorm, M. Mann, Anal. Chem. 68
(1996) 850.

[36] M.W. Senko, C.L. Hendrickson, L. Pasa-Tolic, J.A. Marto, F.M.
White, S. Guan, A.G. Marshall, Rapid Commun. Mass Spectrom.
10 (1996) 1824.

[37] M.R. Emmett, R.M. Caprioli, J. Am. Soc. Mass Spectrom. 5 (1994)
605.

[38] J.W. Flora, J.C. Harris, D.C. Muddiman, Anal. Chem. 73 (2001)
1247.

[39] M.J. Chalmers, J.P. Quinn, G.T. Blakney, M.R. Emmett, H. Mis-
chak, S.J. Gaskell, A.G. Marshall, J. Proteome Res. 2 (2003)
373.

[40] M.W. Senko, C.L. Hendrickson, M.R. Emmett, S.D.-H. Shi, A.G.
Marshall, J. Am. Soc. Mass Spectrom. 8 (1997) 970.

[41] M.B. Comisarow, A.G. Marshall, Chem. Phys. Lett. 26 (1974) 489.

[42] A.G. Marshall, D.C. Roe, J. Chem. Phys. 73 (1980) 181.

[43] M.W. Senko, J.D. Canterbury, S. Guan, A.G. Marshall, Rapid Com-
mun. Mass Spectrom. 10 (1996) 1839.

[44] G.T. Blakney, C.L. Hendrickson, M.R. Emmett, A.G. Marshall, in:
Proceedings of the 50th American Society for Mass Spectrometry
Conference on Mass Spectrometry & Allied Topics, Orlando, FL,
June 2002.

[45] E.B. Ledford Jr., D.L. Rempel, M.L. Gross, Anal. Chem. 56 (1984)
2744,

[46] D.M. Horn, R.A. Zubarev, F.W. McLafferty, J. Am. Soc. Mass Spec-
trom. 11 (2000) 320.

[47] G.H. Kruppa, J. Schoeniger, M.M. Young, Rapid Commun. Mass
spectrom. 17 (2003) 155.



	Chemical cross-linking of the urease complex from Helicobacter pylori and analysis by Fourier transform ion cyclotron resonance mass spectrometry and molecular modeling
	Introduction
	Experimental section
	Strain and growth conditions
	Urease purification
	In-solution digestion of urease complex
	Cross-linking of urease alpha and beta
	In-gel digestion of cross-linked and monomeric urease
	Accurate mass measurements of tryptic digests
	Data processing
	Molecular modeling

	Results
	Urease purification
	Identification of cross-linked peptides

	Discussion
	Acknowledgements
	References


