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ABSTRACT: Integrins are one of the major mediators of cellular adherence. Structurally the component
andp chains are characterized by extensive intrachain disulfide bonding. The assignment of these bonds
is currently based on homology with the chains of the integtib/33. However, recent crystallographic
analysis of the solublelV33 construct indicates that theV chain displays bonding patterns different

from those predicted foullb. In an effort to define the disulfide bonding patterns in integrins, we have
used mass spectrometric based approaches to map the 3@, oV, andallb. The results indicate

that there are differences in the disulfide patterns ofbtlehains. These do not correlate with the integrin
capacity to bind ligands as all integrins used in the present study displayed functional activity. The
differences were observed in the bonding patterns linking the heavy (H) and light (L) components of the
of thea chains. It was also possible to assign the locatiomSrof an additional disulfide bond involving

a pair of cysteines not presentaV or allb. This second bond between the H and L chainstbfhas

not been previously described. These results indicate that not all integrin species display the same disulfide
bonding patterns. They also highlight the need for caution in the use of assignments based on sequence
homology.

Integrins mediate cellular adherence to a range of ligandsintegrin affinity have also been observed often in conjunction
including extracellular matrix proteins and cell surface with conformational shifts within the integrin®,(10).

associated cognates, (). Such interactions between inte-  geveral observations suggest that integrin disulfide ex-
grins and their ligands play an essential role in defining the change may be involved in aspects of the control of integrin
cellular responses to these interactions (e.g., survival, growth,activation. Cellular adhesion mediated By, 82, and33
and differentiation) §). In cell types, such as platelets and integrins can be enhanced by bifunctional reducing agents
leukocytes, the capacity of the integrins to bind ligand is sych as DTT(11-14). These effects are also observed with
highly regulated 4). This property is critical for processes  pyrified integrins,allb3 and a531, suggesting that the
such as thrombus formation, lymphocyte homing, and cellular reducing agents are acting directly on the integrins rather
interactions in which transient targeted adhesive events aregngn through indirect pathway41, 13). The demonstration
required for the generation of platelet aggregates or local of protein disulfide isomerase on the surface of activated
immune response$,(6). _ _ _ ~ platelets and the ability of inhibitors of PDI to prevent
The structural basis for the regulation of integrin function integrin-dependent adhesion suggest that disulfide exchange
is presently unknown, but mechanisms involving both affinity dependent processes are involved in integrin activafi (
and avidity changes have been proposedd). The initial  Recently, purified integrins have been shown to possess
stage of induction of integrin-mediated leukocyte adhesion endogenous thiol isomerase (T1) activity, indicating flexibility
appears to be mediated predominantly by changes in integrinin the intramolecular disulfide bonding patterns of a single
avidity, arising in part from changes in integrin mobility integrin species16). The low- and high-affinity states of
within the plasma membran&,(8). However, changes in  the integrinallb3 suggest that there are differences in the
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numbers of accessible SH groups on the integrins, implying MATERIALS AND METHODS
a relationship between functionality and redox status of the
molecule (7). In the case ofullb$3, activation of ligand
binding with DTT appears to be associated with rearrange-
ment of intrachain disulfide group4®). Collectively, these
observations suggest that disulfide bonds may not be fixe

Integrin Purification and Characterizatiol.he integrins
o361, a561, andaV33 were immunoaffinity purified from
human placenta, andllb3 was isolated from outdated
ghuman platelets29, 30). The integrins were reduced and
in integrins and that changes in bonding patterns may be S€Parated by SDSPAGE in an 8% gel and stained with
associated with different states of integrin activity. colloidal Coomassie blue (Pierce).

The integrins are type | membrane proteins consisting of _Ligand binding was assessed in an ELISA-based assay
a noncovalently linkedx and/3 heterodimer 7). In several ~ (29)- Briefly, purified integrin (1ug/mL) in TBS (50 mM
integrin species tha chains are posttranslationally cleaved 1S, PH 7.4, 150 mM NaCl, 1 mM MgGl 0.1 mM CaCj)
to produce a membrane-spanning light chain and a disulfide-Was added to microtiter wells and incubated overnight at 4
linked extracellular heavy chair?), The o and 8 chains ~ 'C- The plates were blocked with 0.1% bovine serum
contain a large number of cysteines (ecg.19-35; 3, 56). albL_lm_ln in TBS (TBS-A),_ and the indicated concentrations
The basis for disulfide assignment in these chains has beerPf biotinylated fibronectin in A-TBS were added to the wells.
by homology withallb33, which was originally determined ~ The plates were incubated at 3T for 3 h and washed
by Calvette et al. 19, 20). Recent crystallographic studies ~€xtensively with TBS-A containing 0.5% Tween 20, after
of a recombinant form oV 33 lacking the cytoplasmic and which alkaline phosphat_ase conjugated streptavidin was
transmembrane regions indicate that while the observed2dded. The plates were incubated foh atroom temper-

disulfide patterns are generally consistent with those reported@ture, and the wells were washed with TBS-A. Substrate was
for allbp3, there are some differencegl( 22). These  added tothe wells, and color was developed. The absorbance

differences were specifically associated with the bond pair Of the samples was determined at 405 129) (Experiments
between the light and heavy chains of tié. These results ~ Were performed in sextuplicate. The level of nonspecific
raised the possibility that for integrins disulfide assignment Pinding was determined by incubating samples with bio-
by homology might not be justified. An alternate but not tinylated flb_ronectm_ln the presence of a 100-fold excess of
mutually exclusive interpretation might be that the disulfide Unlabeled fibronectin. Results are expressed as the means
bonding patterns are flexible and the patterns representOf the samples after subtfactlon .of the nonspecific back-
different functional states. These observations highlight the 9round at each concentration of ligand.
importance of determining integrin disulfide bonding patterns ~ Disulfide AnalysisPreliminary studies included peptide
in other integrins. mapping to confirm integrin identity. For this purpose
X-ray crystallography is the method of choice for detailed integrin samples were fully reduced with 10 mM DTT (30
structural analysis of proteins. However, the approach Min at 56°C), alkylated with 50 mM iodoacetamide in the
requires significant quantities of crystallizable protein. absence of denaturants (30 min, room temperature in the
Neither of these requirements is necessarily attainable,dark), dialyzed against 50 mM ammonium bicarbonate,
particularly in the case of membrane proteins. Mass spec-deglycosylated for 12 h at 37C with 0.1 unitiL PNGase
trometry provides an alternative method for the analysis of F (Roche), and digested with trypsin (excision grade,
disulfide bonding pattern28—25). This capacity is largely Calbiochem). The resulting digests were either directly
associated with the development of matrix-assisted laseranalyzed by MALDI MS or HPLC fractionated prior to MS.
desorption/ionization (MALDI) and electrospray ionization For the assignment of disulfide bonds purified integrins
(ESI) techniques in the past two decades. The approach offergvere dialyzed against 50 mM NHCO;, deglycosylated
several potential advantages in that small amounts of materialwith PNGase F, and digested with trypsin (1/50 substrate to
are required and unambiguous assignments can be madenzyme ratio). Full reduction was achieved by treating the
using MS or MS/MS. The strategy commonly involves integrin digests for 30 min at 56C in the presence of 5
digestion of nonreduced proteins followed by HPLC frac- mM DTT in 50 mM NH,HCGOs. Alkylation was carried out
tionation and MS (MS/MS) analysis of nonreduced or at room temperature in the presence of 30 mM iodoacet-
reduced digests. However, there are no universal recom-amide. Tryptic fragments carrying disulfide bonds disap-
mendations, and often a combination of different methods peared after such a treatment, and new ones appeared having
including partial reduction are employed. The approach hasCys residues alkylated with iodoacetamide. The resulting
been used to solve complicated cases of disulfide pairing tryptic fragments were analyzed by MALDI mass spectrom-
(23—28). etry with and without prior LC fractionation or by tandem
The present studies were undertaken to characterize thenass spectrometry of the daughter ions following low-energy
disulfide bonding patterns in thechains of several different  collision-induced dissociation of the mass-selected tryptic
integrins. Our results indicate that MS in conjunction with fragment (MS/MS).
u-LC can be used to map disulfide bonds in highly complex  In those cases where partial reduction was sought, integrins
proteins such as integrie chains. This approach also were reduced under mild conditions (3 MM DTT, 3 min on
allowed us to determine the location of a previously ice), alkylated with 25 mM iodoacetamide, extensively
unassigned disulfide bond that provides a second linkagedialyzed against 50 mM ammonium bicarbonate, completely
between the heavy and light components ofdeintegrin reduced, alkylated with iodoacetic acid, deglycosylated with
chain. Furthermore, we demonstrate that integrin bond PNGase F, and digested with trypsin. Control experiments
assignments cannot necessarily be made on the basis ofor this study included the same sample preparation steps
amino acid sequence homology, highlighting the importance except prior alkylation in mild conditions. This experiment
of detailed protein structural analysis. was undertaken so as to detect the presence of free cysteines
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on purified integrins to distinguish them from those formed
after reduction in mild conditions.

All digests were either analyzed directly by MALDI MS
or MS/MS or subjected ta-HPLC fractionation followed
by MS or MS/MS analysis.

ChromatographyChromatographic separations of integrin
digests were performed using an Agilent 1100 Sewi¢C
system. Samples, bL in 0.1% TFA, were injected onto
capillary columns (15@&m x 150 mm) packed with Vydac
218 TP C18 (fum diameter) and eluted (4L/min) with a
linear gradient of £90% acetonitrile (0.1% TFA) in 70 min.
Column effluent was mixed on-line with MALDI matrix
solution (0.5uL/min), and fractions were deposited on the
MALDI target at 1 min intervals. MALDI matrix solution
was prepared by dissolving 2,5-dihydroxybenzoic acid (150
mg/mL) (Sigma) in deionized water and acetonitrile (1:1).
The fractions were air-dried on the target and subjected to
MALDI QqTOF MS (MS/MS) analysis. Preliminary studies
indicated that the bulk of the retained peptides eluted in a
40 min gradient; thus 40 fractions were collected.

Mass Spectrometrirhe spots of individual digests, as well

as chromatographic fractions, were analyzed both by single

Krokhin et al.
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mass spectrometry (MS) and by tandem mass spectrometrygure 1: Characterization of integrin preparations. (A) Ligand

(MS/MS) in the Manitoba/Sciex prototype quadrupole/TOF

binding by purifieda531. Immobilized integrin (0.Lg/well) was

(QqTOF) mass spectrometer (commercial model sold asincubated with the indicated concentrations of biotinylated fibronec-

QSTAR by Applied Biosystems/MDS Sciex, Foster City,

CA) (31, 32). In this instrument, ions are produced by

irradiation of the sample with photon pulses from a 20 Hz
nitrogen laser (VCL 337ND; Spectra-Physics, Mountain
View, CA) with 300 mJ of energy per pulse. Orthogonal
injection of ions from the quadrupole into the TOF section
normally produces a mass resolving power of 10000 fwhm
and accuracy within a few millidaltons in the TOF spectra
in both MS and MS/MS modes. For MALDI analysis

individual digests were mixed 1:1 with matrix solution,

deposited on the target, and air-dried.

RESULTS

The identity of each preparation was confirmed by MS
fingerprinting of tryptic fragments and by tandem MS of
selected ions by MALDI QqTOF (see below). Integrin purity
was assessed by SBBAGE and staining with Coomasie
blue (Figure 1B). The functional activities of each of the
integrins were determined in an ELISA-based assay by
monitoring the binding of biotinylated fibronectin. All of the
preparations displayed specific ligand binding that could be
blocked by the presence of unlabeled ligand (Figure 1A).

Integrin Digestion and MSWhole integrin preparations
were digested in solution such that fragments from both the
o andp chains would be expected in the digest. However,
the unreducegd chains were relatively resistant to digestion
(data not shown). Following reduction and alkylation frag-
ments from both chains were readily detectable. Preliminary

studies had determined that the amino acid sequence cover;

tin, and the binding was quantitated following reaction with alkaline
phosphatase conjugated streptavidin. The levels of nonspecific
binding were assessed by determining the amount of ligand binding
in the presence of a 100-fold excess of unlabeled fibronectin. Similar
binding curves were generated for each of the purified integrins.
(B) Coomasie blue staining of SDFAGE-separated reduced
allbf3, aV33, o561, anda3B1 and molecular mass markers (MW).
The positions of the respective and 5 chains are indicated for
each integrin complex. In the case aB and 1 both chains
comigrate as they have similar molecular masses.
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FicuRe 2: MALDI QqTOF MS spectra of the'551 integrin tryptic
digest andu-LC-MS analysis of the peptide mixture. (A) Mass
spectrum of an unfractionated deglycosylate$1 integrin digest

in the 500-8000 Da mass range. (B, C) Mass spectra of the (B)
nondeglycosylated and (C) deglycosylateg1 integrin digest in

the 2186-2210 Da range. The monoisotopic masses of fragments
are shown above each peak. (D, E) Mass spectra of two HPLC
fractions in the samevz range as shown in (B) and (C). Note that
the overlapping peptides in (Ci/z 2189.968 Da corresponding

age of the integrins was incomplete unless the proteins were;, deglycosylategs1(203-220) ImpctsegDctspfsyk antiz 2187.959

deglycosylated. As the integrins are predicted to contain only
N-linked glycosylation, the proteins were treated with
PGNase F to remove the glycai®3). This treatment resulted

in the conversion of the asparagines that were the site of the

carbohydrate linkage to an aspartic acid.
The mass spectrum of the digest of fully reduced,
alkylated, and deglycosylateds1 results in a very complex

Da corresponding to deglycosylate(709-727) hpgDfssiscdy-
favDgsr fragments, have been fully resolved into different fractions.
D indicates Asn residues converted into Asp during deglycosylation
with PNGase F.

pattern (Figure 2A). As indicated above, deglycosylation was
required in order to acquire better coverage of the integrins.
An example of effects of deglycosylation is given for the
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region corresponding to the 2182210 Dam/z range before
(Figure 2B) and after (Figure 2C) deglycosylation. The
complexity of such samples as demonstrated in Figure 2C
can be significantly reduced following off-line C18LC
(Figure 2D,E). In this example the overlapping peaks in

952,365 C

ol

7.«

el "

Figure 2C were resolved into two peaks that eluted in AR

different fractions (i.e., fractions 17 and 22). The peak with —1 D
m/z2189.968 Da (Figure 2D) corresponds 614203-220)-

derived peptide, and the fragment with'’z 2187.959 Da i

(Figure 2E) corresponds ta5(709-727). The resulting

digest gave almost complete coverage after HPLC fraction- ik i e TR e m!'; .

ation with fuII_acces_S|b|I|ty to the cysteine-containing frag- Ficure 3: Mass spectra demonstrating disulfide assignment. (A,
ments of the integrin chains. B) Example of mass shifts and disappearance of peak (3856.855)

Disulfide Assignment$4S assignment of disulfide bonds  from spectra of (A) the unreducerb31 integrin digest and (B)
is generally achieved by comparing masses of nonreducedthe appearance of lower molecular mass fragments following
and reduced digest (or aliquots of digest) of a protein that reduction and alkylation (2307.127). Note that the other fragment

: S ‘e . : (1666.794) was also observed, but it is below ntie range of the
was digested with intact disulfide bond&y. Peptides with spectrum presented in this figure. (C, D) Mass spectra of8f

a single intrachain disulfide bond exHilai 2 Daincrease in  gigest showing fragment 93918 under (C) nonreduced and (D)
mass associated with reduction of their half-cysteines. During reduced and alkylated conditions. Note the increase in mass due to
MALDI analysis in the linear mode, in-source fragmentation, the addition of two acetamides to the cysteines in this fragment.
or prompt fragmentation, can occur at the disulfide bonds
in the disulfide-bridged peptide fragme¥( 35). This leads 3D). These results were consistent with the presence of an
to the appearance of reduced forms of peptides on masgnternally disulfide-bonded peptide in the natixg31. This
spectra of the disulfide bond containing parent ion, facilitat- fragment corresponded to the predictef peptide 911
ing its direct assignment. We did not observe these phe-918 (Table 1). Collectively these results indicated that the
nomena in our experimental conditions on QqTOF instru- approach could be employed to examine integrin disulfide
ment. Although instrument settings can be optimized to bonding patterns. On the basis of this information we
facilitate prompt fragmentation by increasing laser fluence performed a detailed analysis of the disulfide bonding
(34), we were able to assign 29 disulfide pairs by direct MS patterns of thex chains ofa3, a5, aV, andallb.
measurements of the nonreduced and reduced/alkylated A second strategy for disulfide bond assignment was based
integrin digest or mass spectra of their HPLC fractions.  on the partial reduction of integrins followed by alkylation
The approach for assigning disulfide-linked fragments was with iodoacetamide36—39). The excess iodoacetamide was
based on measurements of the masses of the integrin-derivetemoved, and the integrins were fully reduced. The resultant
tryptic fragments before and after reduction and alkylation. free sulfydryl groups were alkylated with iodoacetic acid.
The appearance of new fragments following reduction and Those fragments alkylated with iodoacetic acid displayed a
the consequent disappearance of the fragments correspondingnass shift 0.984 Da greater than those alkylated with
to the predicted disulfide-linked peptides provided the basis iodoacetamide. The relative intensities of the peaks corre-
for assigning bonding patterns. As a confirmation of these sponding to iodoacetamide/iodoacetic acid alkylated peptides
assignments, the amino acid sequences of each of theprovided semiquantitative information about the degree of
alkylated peptides were confirmed by MS/MS. This ap- reduction under the mild reduction conditions. This approach
proach, in conjunction with the homology-based assignmentsbased on MS measurements may be somewhat complicated
of disulfide bonds, allowed for the rapid selection of for the fragments carrying more than one Cys. In the case
candidate peptides for analysis. of cysteines from the same peptide that display different
The spectra in Figure 3A,B demonstrate an example of sensitivities to reduction, additional MS/MS measurements
fragments that contained a disulfide linking two peptides. were required to assign the actual position of the iodo-
In this case, a peptide with a mass of 3856.855 was observecacetamide-alkylated (e.g., reduced) Cys.
in digests of nonreduced551 (Figure 2A). In contrast, The spectra in Figure 4A,B illustrate this approach for an
analysis of digests of reduced and alkylategb1 failed to o5-derived peptide, 911918. A peak of 1070.408 Da was
display this fragment. However, two new species were observed in the fully reduced integrin sample following
detected with masses of 2307.127 (Figure 2B) and 1666.794alkylation with iodoacetic acid (Figure 4A). However, under
(data not shown). These correspond todBederived tryptic mild reduction conditions a peak withVz 1068.441 appeared
fragments 864878 and 921939, respectively, in which  after alkylation with iodoacetamide (Figure 4B). These results
the single cysteines in each fragment have been carboxamiindicate that a component of the integrins containing this
domethylated, resulting in a mass increase of 57.021 perdisulfide pair was sensitive to mild reduction. This approach
fragment. These results allowed for the unambiguous as-is particularly effective in combination with-HPLC frac-
signment of a disulfide bond between Cys 869 and Cys 921 tionation prior to MALDI MS (MS/MS) analysisu-HPLC
present in these fragments. separation dramatically simplifies the MS spectra and
In some cases, fragments contained an internal disulfide.provides at least a 10-fold increase in sensitivity (Figure
A nonalkylated fragment of5 with a mass of 952.365 was 4C,D). In addition to this, peptides differentially alkylated
observed (Figure 3C). Following reduction and alkylation with iodoacetamide/iodoacetic acid exhibit different chro-
of the digested541 integrin, this fragment disappeared, and matographic behavior: those alkylated with iodoacetamide
a new species with a mass of 1068.438 was observed (Figurealways elute earlier from the RP C18 column (Figure 4D,
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Table 1: Details of the MS-Based Assignments of Disulfide Bortling
fragment(s) calcdm/z obsdm/z  calcdm/z  obsdm/z
Cys residues alk pep alk pep unred. pep unred. pep
allb
87—-96 73-90 TLGPSQEETGGVFCPWR { 2033.975 2033.978 3479.672 3479.691
91-104 AEGGPSLLFDLR 1562.764 1562.762
138-161 122-149 QGLGASVVSWSDVIVACAPWQHWNVLEK { 3136.568 3136.589 5312.587 5316.7
150-170 TEEAEKTPVGEFLAQPESGR 2293.077 2293.092
177-198 172-178 AEYSKCR - 882.378 882.384
197-307 YCEAGFSSVVTQAGELVLGAPGGYYFLGLLAQAP 12167.785
VADIFSSYRPGILLWHVSSQSLSFDSSNPEYFDGY
GYSVAVGEFDGDLDTTEYVVGAPTWSWTLGAVEI
LDSYYQR
504—(515, 521)-576 503-510 SCVLPQTK 932.448 932.459 5461.582 5465.0
511-532 TPVIFNIQMCVGATGHNIPQK 2459.163 2459.175
572—-590 HSPE_HTTMAFLRDEADFR 2304.065 2304.094
633-639 629-692 IVLDCGEDDVCVPQLQLTASVTGSPLLVGADNVLE 6849.280 2853.3 (av) 2733.221 6737.1
LQMDAANEGEGAYEAELAVHLPQGAHYMR
705-718 703-708 LICNQK { 775.414 775.411 2046.091 2046.056
715-726 VVLCELGNPMKK 1387.744 1387.756
857—(911, 916, 921) 814876 VEHTYELHNDGPGTVDGLHLSIHLPGQSQPSDLLY 6279.161 62814 9037.405 9043%
ILDIQPQGGLQCFPQPPVNPLK
903-928 LQDPVLVCSDSARCTVVQCDLQEMAR 2991.368 2991.400
aV
89—-97 89-95 CDWSSTR { 911.368 911.373 2201.934 2201.940
97-108 CQPIEFDATGNR 1407.633 1407.639
138-158 135-145 TLAC_ZAPLYHWR { 1399.731 1399.726 2734.348 2734.352
153-165 EPVGTCFLQDGTK 1451.684 1451.697
172-185 166-173 TVEYAPCR { 995.462 995.474  3271.431 3271.516
174-195 SQDIDADGQGEQGGFSIDFTK 2393.036 2393.038
491-502 467499 ARPVITVNAGLEVYPSILNQDEKTQSLPGTALK { 3540.874 3540.880 4305.237 4305.198
500-506 VSCFNVR 881.430 881.435
508-565 507-510 FCLK { 567.296 2866.357 2866.381
560-579 GGLMQCEELIAYLRDESEFR 2416.128 2416.127
626—-632 619-635 QAHILLDCGEDNVCKPK 1996.958 1996.951 1880.900 1880.918
698-711 696-701 LSCAFK - { 725.366 725.361 1868.907 1868.915
708-718 VVCDLGNPMK 1260.608 1260.600
852-914 833-862 YNDNTLLYILHYDIDGPM DCTSDMEINPLR { 3601.63 3601.63 4316.014 4316.03
912-918 IVCQVGR 831.451 831.460
904-909 891911 DLALSEGDIHTLGCGVAQCLK 2257.096 2257.100 2141.037 2141.043
a3
94-103 88-105 TGAVYLCPLTAHKDDCER 2105.975 2105.978 1989.916 1989.909
140-162 137143 VLVCAHR { 854.467 854.466 1334.682 1334.676
162-165 CYVR 597.282 597.284
185-197 166-221 DLELDSSDDWQTYHNEMCNSNTDYLETGMCQLG 6359.655 63645 6243.596 6248%
TSGGFTONTVYFGAPGAYNWK
(485, 490, 4963550 472-509 TLVPRPAVLDPALQTATSQVQVELQFAYQQSAGNP{ 4254.042 4254.037 5666.795 5672.4
NYR
550-562 CQKLELLLMDNLR 1645.877 1645.851
615-621 596-628 SLDAYPILNQAQALEDHTEVQFQKECGPDNKCES 4577.114 4577.124 4461.055 4461.057
NLOMR
694—702 666-710 SGEDAHEALLTLVVPPALLLSSVRPPGEQADETIF 4875.481 4875.483 4759.422 4759.348
CELGNPFKR
846-904 829-872 WLLYPTEITVHGNGSWR_:RPPGDLINPLNLTLSDP
GDRPSSPQR
898-908 SETVLTCATGR 1194.579 1194.580
911-916 909-930 AHCVWLECPIPDAPVVTDVTVK 2506.247 2506.245 2390.189 2390.183
a5
99-108 83-116 ADTSPGVLQGGAVYLCPWGASPTQT PIEFDSK 3637.694 3637.682 3521.635 3521.635
156-176 148-163 AHGSSILACAPLYSWR 1788.886 1788.874 4202.98  4203.013
164-185 TEKEPLSDPVGCYLSTDDFTR 2531.161 2531.173
192-205 186-193 ILEYAPCR { 1021.514 1021.519 3305.467 3305.495
194-215 SDFSWAAGQGYQGGFSAEFTK 2401.02 2401.019
(513, 522, 528y584 512-534 SCSLEGNPVACIDLSFCLDASGK { 2500.116 2500.120  4844.266 4844.281
567-588 QATLTQTLLIQNGAREDCREMK 2576.293 2576.312
645-651 639-694 AQILLDQGEDNIC_ZVPDL(jLEVFGEQNHVYLGDKN 6257.982 6257.921 6141.924 6141.995
ALDLTFHAQNVGEGGAYEAELR
718-731 709-727 HP@®FSSLLDYFAVDQSR { 2187.941 2187.942 3330.523 3330.535
728-738 LLVCDLGNPMK 1259.649 1259.649
849-957 814-863 DQPQKEEDLGPAVHHVYELINQGPSSISQGVEIGS 5570.787 5570.764 7189.531 7189.639
PQALEGQQLLYVTR
949-962 EHQPFSL@EAVYK 1735.811 1735.808
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Table 1 (Continued)

fragment(s) calcdm/z obsdm/z calcdm/z obsdm/z
Cys residues alk pep alk pep unred. pep unred. pep
a5
869-921 864-878 VTGLDCTTNHPINPK { 1666.822 1666.794 3856.886 3856.855
921-939 CELGPLHQQESQSLQLHFR 2307.13 2307.127
911-916 911-918 CPEAECFR 1068.424 1068.458 952.365 952.365

aThe table lists the calculated and observald of the tryptic peptides, with (alk red.) or without (unred.) reduction and alkylation, of the
indicateda. chains that contain Cys. The superscript A indicates the averégef the MH?; all other masses correspond to monoisotapiz
values. The numbers in the first column indicate the residue numbers of the disulfide-bonded Cys. Disulfide-linked peptides are indicated by a
brace.D indicates asparagine residues that are converted to aspartic acid as a result of deglycosylation with PGNadiedtes glutamine
residues that were deamidated during the processing.
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1070391 ¥2483.202 45683300
Fraction#18 d
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Ficure 4: Example of MS (MS/MS) identification of disulfide bonds using differential iodoacetamide/iodoacetic acid alkylation. (A) MS
spectra of thex541 integrin digest showing the 93D18 fragment completely alkylated with iodoacetic acid. (B) The same spectra of the
o541 digest after reduction in mild conditions. The appearance of a new fragment with a mass stif666 Da relative to the 1070.407

Da peak indicates iodoacetamide alkylation (e.qg., partial reduction) of two Cys residues. (C, D) Mass spectra of fractions 17 and 18 of the
same digests shown in (A) and (B), respectively, collected aftdPLC fractionation. MS/MS spectra of the 1070.399 (E) and 1068.412

(F) Da peaks, confirming their respective alkylation with iodoacetic acid and iodoacetamide.

fractions 17 and 18). Subsequent MS/MS analysis (Figure | A 952.365 Da VIGLDCTTINHPINPK ¢ e 855 Da

4E,F) confirmed complete alkylation of the 1070.399 Da — 1 B CELGPLHQQESQSLQLHFR

fragment with iodoacetic acid or of the 1068.412 Da fragment CPEAECFR Finil | 33850

with iodoacetamide. The simultaneous reduction of both Nl w

cysteines in this fragment confirms our previous assignment / e

of an internal disulfide bond on the5 911-918 tryptic bbbl ] "\‘Si | ,a-] .
200 400 600 800 1000 2000 3000

fragment. This approach was particularly useful in assigning

; ion|fi e i ; ; Ficure 5: Direct MS/MS detection of the5 integrin fragments
E)?sstselﬂceesdISU|flde pairs in fragments that contained multiple ¢ 2 0 i ifide bonds. (A) MS/MS specira of thé(911—

916) CPEAECFR tryptic peptide, carrying an internal disulfide
Tandem mass spectrometry provided a useful adjunct for bond. Several daughter ions are labeled, including the b2 and b3

the assignment of disulfide bonds. Depending on the peptidefragments formed due to-S5 bond in-source cleavage. (B) MS/

e ; : MS spectra of the 3856.855 Da peptide, carrying an interchain
composition, fragments corresponding to cleavage of eltherdisulfide bond, which was not assigned previously on the basis of

the disulfide bridge or the peptide chain of the parent ion pomglogy. The most intensive daughter ions correspond te e

can be observed in the MS/MS spect#0)( We used S bridge cleavage (2216.082248.040 and 2250.06@282.042
MALDI MS/MS with low-energy collisionally induced Da). Several prominent y fragments from t&(921-939) peptide
dissociation to confirm our assignment for those disulfide- are labeled.

containing peptides with masses less than 4300 Da. An

example of an MS/MS spectrum of a peptide with an fragment is the dominant species in the MS/MS spectra of
intrachain bonda5(911-916) CPEAECFR is shown in the fully reduced and alkylated5(911-916) fragment
Figure 5A. Although peptide bonds within disulfide loops (Figure 4E,F).

of peptides are resistant to gas-phase fragmenta2i).0), A characteristic triplet of intense fragment ions dominates
we did observe a few fragments corresponding to cleavagethe MS/MS spectra of interchain disulfide-linked peptides
between two Cys in the reduced peptide (b2 and b3 shown).in both the collisionally induced dissociatioA() and post
The daughter ions carrying the intaeS—S— bridge (b6) source decay36) modes. These arise as a result of fragments
were also observed. These observations are consistent witlwith a mass separation of 334 Da generated by S—S—
possible in-source prompt fragmentati@4l), However, this bond cleavage, corresponding to the retention of zero, one,
appears to only occur to a very small extent as the b3 or two sulfurs on the charged fragments. The MS/MS



12956 Biochemistry, Vol. 42, No. 44, 2003 Krokhin et al.

[ | 87-96 /3 s4-103 /3 8997 99-108
/3 138-161 [ 140-162 /3 138-158 156-176
/] 177198 [ 185-197 /1 172-185 192-205
/] 504515 (485,490, /3 491-502 (513,522,
/1 521576 q 496,550) l: 508-565 1 528,584)
H chain
/] s33-639 /] s15-621 [/ s26-632 645-651
I | 705-718 [ | 694-702 I 698-711 718-731
849-957
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allb a3 oV as

FiGurRe 6: Schematic representation of the disulfide bonding pairings proposedifpra3, oV, anda5. The leftmost schematic outlines

the predicted disulfide bonding patterns described by Calvette et altlfior The remaining schematics indicate the disulfide bonding
patterns determined in the present study. Dashed bonds indicate patterns which were not assignable in this study. H and L indicate integrin
o heavy and light chains, respectively. TaB Cys849-Cys957 pair represents a previously unassigned set of bonds.

spectrum of a 3856.855 Da fragment carrying an interchain previous assignments provided for this integr®)((Table
disulfide 869-921 bond (Figure 5B) displays such a pattern. 1, Figure 6).
In addition to the characteristic triplet 2216.082248.040 oV. The aV chain has the same number of cysteines as
and 2250.0682282.042 Da, a series of y fragments from qllb, and both of these chains can pair wjiB to bind an
a5(921-939) were also identified (Figure 5B). A triplet, overlapping set of ligands (e.g., fibronectin), suggesting a
corresponding to the other chain of the disulfide-linked very high degree of structural and functional homologg) (
partner,05(864-878), was not found due to low abundance. All of the disulfide bonds could be assigned fov (Table

all 8. This integrin represents the prototypic structure upon 1). The first seven pairs were homologous to those reported
which the disulfide patterns of all integrin chains are  for alB. However, the pairing for the remaining cysteines
assigned (19). As a test of the approach, the disulfide bondingdiffered from those suggested fatlb.
patterns ofallb33 were examined by mass spectrometry. TheaV fragment, 891911, contains two cysteines, 904

For five cysteine pairs it was possible to make clear and 909, which based on homology wittib are predicted
assignments (cysteines 896, 138-161, 177198, 633- to be involved with disulfide bonds with cysteines 852 and
639, and 705718). These results were in agreement with 914, respectively. No evidence was found for such an
the previous assignments iallb (19). The remaining association. In fact, the results indicated the presence of an
cysteines were not assignable to specific bonding partnersinternal disulfide bond in this peptide (Table 1). Furthermore,
because the tryptic fragments contained multiple cysteinesfragments consistent with a Cys 85Zys 914 pairing were
(Table 1). For example, in peptides from native integrin, a observed. These results suggested that dife bonding
fragment with an average mass of 5465.0 was observed.pattern was not fully homologous with those reported for
However, this peak was absent in the reduced and alkylatede!lb (Table 1, Figure 6).
digests of integrins, and three new fragments were detected. «3. The a3 chain pairs with the51 integrin chain to
These corresponded to peptides 5630, 511532, and generate a receptor for collagen and fibronectin, but it
572-590. The 511532 peptide contains two cysteines. displays structural and posttranslational modification proper-
Similarly, peptide 903-928 contains three cysteines, one of ties similar to those ofulb and aV (42). It was therefore
which is bonded to the cysteine in peptide 8Bb67. Under questioned what the disulfide patterns of this integrin would
these conditions, an unequivocal assignment could not bebe. It was possible to fully assign seven of the nine disulfide
made for the bond pairs. bonds. The remaining two bonds involved peptides472

Preliminary studies demonstrated that reductioaltfp3 ~ 509 and 556-562. The former peptide contains three
under mild conditions resulted in the exposure of a limited CYStéines, which precluded specific assignment of the
number of cysteines in the chain. We therefore used the ~residues involved in bonding to the cysteine in the 550
strategy of differential alkylation described in the previous 962 peptide.
section. Those fragments alkylated with iodoacetic acid The C-terminal region of the3 corresponding to the area
displayed a mass shift 0.984 Da greater than those alkylatedvhereaV and allb bonding patterns differed was readily
with iodoacetamide. Thus, the fragments that contained resolvable. Thex3 chain displayed disulfide patterns (i.e.,
cysteines reduced under the mild conditions were massCys 846-Cys 904 and Cys 9HCys 916) that were
shifted differently from the remaining cysteine-containing homologous withallb (Table 1, Figure 6).
fragments. Using this approach only Cys 857 and Cys 911 ab5. This chain pairs with thg1 integrin chain to generate
were alkylated with iodoacetamide, indicating that these two the classical fibronectin receptat3). Thea5 chain contains
residues formed a bond pair. The Cys 918ys 921 formed two additional cysteines (i.e., a total of 20) that are not
an internal disulfide bond in the 96328 fragment. Col-  present in the othem chains reported above. The bonding
lectively, these results are in complete agreement with the patterns of these cysteines have not been determined, and
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they could not be assigned on the basis of homology with MS determined masses and subsequently confirmed by MS/
allb. MS, allowing for high confidence in assignments of the half-
Cysteines 849 and 957 are nonhomologous. These werecysteinyl pairs. The regions of the chains containing the
paired with one another to generate a bond betweenfourth and fifth cysteines proved to be particularly problem-
sequentially distant regions of the integrin molecule. The atic for disulfide assignments because these regions contained
pairing patterns of the remaining cysteines were all assignablemultiple peptides which lacked tryptic cleavage sites. While
except for four that were present in two fragments corre- cleavage approaches using other enzymes or chemical
sponding to residues 53534 and 567584. The former ~ methods are potentially available to analyze this, the
fragment contained three cysteines, which prevented thecomplexity of the glycosylation patterns in this region would
assignment of the residues involved in the interfragment result in complex spectra with dissipation of the sample
bonding pair. between multiple peak®9). However, this did not interfere
The pairing of Cys 869Cys 921 and Cys 9HCys916 with our ability to c_haracterize th_e ma_jority of the disulfidg
was observed in the carboxyl-terminal region of this chain. Ponds and to detail those cysteines involved in the region
Although these are the homologues of the four C-terminal N€ar the heavy and light chain interface. _
cysteines irdIb, these residues displayed a pattern thatwas 1 he patterns of all of the assigned disulfide bonds in the

similar to that observed fomV (Table 1, Figure 6). N-terminal regions of thex chains were similar to those
reported forollb (i.e., those involving the first 14 cysteines).
DISCUSSION Similarly, the remainder of the disulfide bondsoitib (857—

911 and 919921) were identical to those previously
Our results provide several new insights into integrin described 19). The disulfide pattern observed fav was
disulfide bonding in particular and in bonding assignments different from that reported foullb (Figure 6). However,
in general. The patterns of four integiinchains @b, aV,  these results are consistent with those obtainedibty
a3, a5) are described. The chains display differences in  ¢rystallography21). These observations validated the current
the dISU|fIde patterns Of those bondS near thEIr C'termlnal approach and Suggested that d|Su|f|de rearrangement was not
regions linking the heavy and light chains. Also, the location occurring during the processing. Extension of the analysis

of a previously unassigned disulfide pair is providedddt o thea3 anda5 chains demonstrated that these differences
The results point out the limitations of homology-based \vere observed in other specieswfchains. Then3 chain
bonding assignment within a family of molecules. was similar toallb in bonding patterns. In the case of the

All of the o chains examined in this study undergo fibronectin receptory5, the overall organization was similar
posttranslational cleavages near the C-terminus to generateo that observed forV (Figure 6). However, unlike the other
disulfide-linked heavy (H) and light (L) chain®)( The L integrins in this study this. chain has an additional pair of
chains contain transmembrane and cytoplasmic sequencessysteines that had not been previously assigned. This pair
These serve to anchor the integrins to the cell surface. Thewas shown to link the H and L components of tk&chain.
prototypic integrin has beemllb33 as it was the first member  These results indicate that not all integrin species display
of the family in which full assignment of disulfide bonds an identical bonding pattern of homologous cysteines.
was made X9, 20). The disulfide bonds of other integrin The o581 complex binds to fibronectin, and it has been
chains are assigned by homology with th#b. In those shown to have a primary role in fibronectin matrix assembly
cases where the chain has more Cys tb#b, the bonds  (44—46). Integrin binding of dimeric fibronectin is a primary
were left unassigned. However, recent structural analysis ofevent in the assembly of initially detergent-soluble fibrils
a solubleaV3 construct has raised some concerns aboutinto an insoluble matrix 44). It is unclear whether this
the generality of theallb assignments because different process is mediated by disulfide exchange or pretpiotein
patterns of disulfide bonding were observed in the carboxyl- interactions involving newly exposed sites. Both fibronectin
terminal regions of these twat chains @1, 22). We and integrins have been shown to express endogenous thiol
undertook use of mass spectrometric based approaches t@gsomerase activity that could facilitate the former process
examine integrin bonding patterns with particular emphasis through disulfide exchange during fibronectin fibril genera-

on the bonds linking the H and L chains. tion (16, 47). It is conceivable that thex5 chain may
Mass spectrometry has been used extensively to charactereontribute to this process through the nonhomologous
ize disulfide bond patterns in proteins (reviewed in 28¥. disulfide bond.

The possibility of disulfide rearrangements is a concern in ~ Recent evidence indicates a requirement for redox reac-
any study of their bonding patterns. The proteins were tions in the control oftxllb33 integrin function 18, 48). In
reduced and alkylated under neutral to slightly acidic these cases th#8 chain was found to exhibit an increase in
conditions in an effort to minimize the possibility of disulfide the number of accessible free sulfydryl groups on activation
exchange during the separation. Given that there was anof integrin function. The integrins examined in the present
absence of free disulfides detected in nativehains, the studies were functional, as demonstrated by their capacities
probability of such a process is markedly reduced, but it to bind soluble ligand. Thus, it appears that the differences
cannot be absolutely ruled out at this poirg5) The in disulfide bonding patterns of the chains are not related
inclusion of a chromatographic step markedly reduced the to their ligand binding capacity. However, there have been
complexity of the spectra of the digests. It also resulted in a several reports suggesting different affinity states for inte-
lowering of the background, providing a better signal to noise grins, and it is possible that this may be the basis for the
ratio. This permitted the identification of almost all of the apparent heterogeneity in bonding patterns observed in the
peaks expected to derive from thechains. The identities  different integrin preparations. In the caseadfbj3 it is

of disulfide-linked peptides were predicted on the basis of estimated that approximately 5% of the integrin isolated from
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platelets is in a high-affinity state. Studies by Yan and Smith
provided evidence for a correlation between integrin affinity
state and disulfide rearrangemeht);, Although the present

studies were not specifically designed to determine the 18
possible levels of microheterogeneity in the integrins, the

results suggest that if there is microheterogeneity in the 19
integrin preparations, the predominant species are those forms

reported in the current study.

The results of this study also demonstrate the utility of 20.

mass spectrometry in the analysis of complex protein

structures. While multiple proteases and protein separation

may be required to obtain full coverage of the molecules,
this is compensated for by the small amounts of protein
needed and the generality of the approach.
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