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Abstract

In this paper, we present the results of proof-of-concept experiments using a novel photocleavable
and mass spectrometry identifiable cross-linker pcPIR (photocleavable Protein Interaction Reporter).
pcPIR can be dissociated under UV irradiation either off- or on-line before the introduction to the
mass spectrometers. Photo dissociation of cross-linkers is different from either the gas phase or the
chemical cleavage of cross-linkers. Different types of cross-links can be identified using the pcPIR
mass relationships, where the mass of cross-linked precursor equals the sum of the masses of the
released products and reporter. Since pcPIR is cleaved prior to the entrance to the mass spectrometer,
the released peptides are available to be sequenced with routine CID MS/MS experiments and
database search algorithms. In this report, the pcPIR strategy of identifying the cross-linked peptides
with on- and off-line photocleavage coupled with novel targeted data dependent LC-MS/MS is
demonstrated with the use of standard peptides, BSA and human hemoglobin tetramer protein
complex.
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INTRODUCTION

Chemical cross-linking coupled with mass spectrometry is a commonly used technique to
characterize proteins, interactions and complex topologies' 8. Cross-linking is a process that
covalently links two residues/proteins in close proximity and thus the maximum length of the
cross-linker has been used to provide approximate distance measurements between the two
cross-linked sites. By stabilizing protein complexes with new covalent bonds, cross-linking
strategies have unique capabilities for mapping protein interactions, especially transient and
weak interactions in native biological systems. However, there are few successful applications
on complicated biological systems* 7, because system complexity and product heterogeneity
have generally precluded large-scale applications of cross-linking strategies. Various types of
products can be produced in the cross-linking reactions, such as dead-end, intra-, and inter-
peptide cross-links, multiply modified peptides, unmodified peptides, and other nonspecific
products. Among all these types of products, the desired inter-cross-linked products are of low
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abundance, which creates significant challenges for detection and identifcation® ©: 8, To
overcome these problems, a number of approaches have been developed, which are discussed
in several recent reviews®11, For example, these strategies include the reduction of system
complexity by introducing an affinity tag to the cross-linked products® 7» 11, 12: or
implementing specific signatures in the cross-linked products. Some examples use the isotopic
labeled cross-linkers/proteins'3-15, and some other examples involve the IR- or UV-
dissociation of cross-links, which are reported by the Brodbelt’s group1®: 17 In their UVPD
strategy, only the conjugated peptides were dissociated under UV condition, which specially
distinguished the conjugated peptides from the other non-conjugated peptides. Other than these
methods, cleavable cross-linkers such as chemically cleavable!® or gas phase/mass
spectrometry cleavable cross-linkers®7 10: 19 are also widely used.

Significant efforts have been spent on software tool development when non-cleavable cross-
linkers are employed* 21 22, For example, recently Singh et al reported an open-modification
strategy which considers one peptide in the cross-linked complex as a modification with
unknown mass on the other peptide?2. However, the identification of cross-linked peptides/
sites is still difficult due to the huge database size. If the number of possible cross-linked
peptides is n, the database size for possible cross-linked products will be n2. In contrast,
cleavable cross-linking strategies have the advantage that the intact peptides can be released
after dissociation of the cross-linker and thus each peptide can be identified with traditional
MS/MS experiments and database search algorithms. According to the cleavage mechanisms,
cleavable cross-linkers can be cataloged as chemically cleavablel8, gas phase/mass
spectrometry cleavable3 7- 19 and photocleavable15 cross-linkers. Isotopically-coded
chemically cleavable cross-linkers and software tool have been reported before29. Our group
has developed a series of gas phase cleavable cross-linkers, embodied in Protein Interaction
Reporter (PIR) technology3: 578 23, which allows release of two intact peptides as well as a
reporter ion after low-energy MS/MS dissociation. The released peptides can be searched
against restricted database and identified with accurate mass. The identities can be further
validated with tandem MS followed by prior activation experiments. An important feature of
PIR strategy is that with the built-in specific mathematical relationship between the two
released intact peptides, reporter and the cross-linked precursor, different types of cross-linked
products can easily be distinguished3. There are few photocleavable cross-linkers reported till
now. Borchers’ group reported a photocleavable cross-linker BiPS®. BiPS is partially
cleavable under MALDI condition to produce unsymmetrical released products. The cross-
link relationship is identified with characteristic doublet isotopically labeled peaks and the
mass relationships. In this way, each peak’s intensity is reduced by half because of the isotopic
label; and the unsymmetrical cleavage of the cross-linker leaves two different modification
groups on the peptides, which increases the peptide search space by a factor of two.
Alternatively, cleavable cross-linker technologies, though promising have their own
limitations too. Chemically cleavable cross-linkers are cleaved off-line and thus the
relationship between the cross-linked precursors and the released products becomes intractable
during LC separation. In addition, extra sample preparation or clean up steps usually lead to
more sample loss. Gas phase cleavable cross-linkers can overcome these limitations; however,
gas phase dissociation of the cross-linked precursor can produce released peptides with low
charge states. The total available charge is limited by the cross-linked precursor, and therefore
gas phase released peptides are usually observed as 1+ or 2+ ions, which may not be optimal
for MS/MS analysis.

To combine the PIR concept and the advantages of other cleavable cross-linking strategies, we
developed a novel photocleavable Protein Interaction Reporter (pcPIR) cross-linking strategy.
pcPIR incorporates two photocleavable bonds, a mass encoded reporter tag and an affinity

group in the structure (Figure 1a). The photocleavable bond has been employed previously in
other cross-linking or labeling reagents, which usually contain only one photocleavable bond
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to release the whole cross-linked product from support23-25, However, we applied it to the PIR
concept and developed a cross-linker with two photocleavable arms that can be dissociated
under UV conditions, which leads to the release of intact peptides from the cross-linked
precursors. As a new member of PIR cross-linker family, pcPIR retains the advantages of PIR
technology, i.e., cleavage of the PIR cross-linked product occurs on-line after LC separation,
therefore the cross-linked precursor and released peptides will appear with a specific temporal
relationship in the chromatogram. As a consequence, the PIR mathematical relationship is
applicable to pcPIR cross-linked peptides, thus allowing identification of cross-links and types.
Since the cleavage happens before the introduction to mass spectrometers, the released peptides
can be identified with targeted data-dependent MS/MS experiments and traditional database
search algorithms. Moreover, pcPIR offers additional advantages over previous PIR cross-
linkers. The possibility of producing peptide fragments during release of the intact peptides
from the cross-linked precursors is reduced with photo dissociation. In addition, photo cleavage
takes place in solution phase rather than in gas phase inside the mass spectrometers; therefore
the released intact peptides are usually observed more highly charged, which generally allows
production of more comprehensive fragmentation spectra during MS/MS analyses. All these
features will eventually enable further applications of pcPIR on native biological systems. In
this paper, we present the proof-of-concept results of pcPIR strategy; describe the synthesis of
the pcPIR cross-linker, photocleavage characterization, affinity purification strategy and
applications using standard peptides, BSA and human hemoglobin tetramer protein complex.

EXPERIMENTAL

Materials

Angiotensin Il (A), Bradykinin (B), bovine serum albumin (BSA), human hemoglobin (Hb)
and Tergitol solution (70% NP40 in water) were purchased from Sigma-Aldrich (St. Louis,
MO) and used without purification. Fmoc-Arg-PMC, Fmoc-Lys-Biotin, Fmoc-Lys-Fmoc-OH
and the hydroxymethyl photolinker (4-[4-Hydroxymethyl-2-methoxy-5-nitrophenoxy)
butanoic acid) were purchased from Novabiochem (San Diego, CA). Monomeric Avidin
Ultralink Resin and Mass Spectrometry-Grade Trypsin Endoproteinase were purchased from
Pierce (Rockford, IL), the Amicon Ultra—0.5mL 10K Centrifugal Filters were from Millipore
(Billerica, MA), and Phenylmethylsulfonyl Fluoride (PMSF) was from GBionsciences
(Maryland Heights, MO).

Synthesis of pcPIR cross-linker

The cross-linker was synthesized by using a 431A Peptide Synthesizer (Applied Biosystems,
Foster City, CA). The procedure was slightly modified from that used for the synthesis of
previous PIR compounds3. Fmoc-Arg-PMC was coupled to HMPB-MBHA resin using DCC,
and then Fmoc-Lys-Biotin and Fmoc-Lys-Fmoc-OH as a branching point, were linked in
sequence. On each arm, a hydroxymethyl photolinker was coupled as a cleavable point and a
carboxyl group was introduced by coupling with succinyl anhydride, which was then activated
by forming the esters with N-hydroxysuccinimide (NHS). The final product (Figure 1a) was
deprotected and cleaved from the super acidic sensitive resin with 95% TFA in water or 1%
TFA in Dichloromethane and purified with HPLC. The yield of the final product was about
30% and the steps of coupling Fmoc-Lys-Fmoc-OH and succinyl ahbydride are the yield
limiting steps. The purity of the final compound was more than 95% pure.

Cross-linking of standard peptides and their analysis

1 pL of 10mM Angiotensin 11 (10 nmol) was mixed with 1 uL of 10mM Bradykinin (10 nmol)
in water and dried by speed vacuum overnight. 1 uL of 10 mM pcPIR in DMSO (10 nmol)
was added, and the reaction mixture was incubated at room temperature in dark with shaking
overnight.
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On-line photocleavage was accomplished with a VSL-337 nitrogen UV laser instrument
(Spectra-physics, Mountain View, CA). UV laser was focused through a focusing lens (f =
11.5 cm) orthogonally onto an ESI tip, which had been made by etching a piece of fused silica
capillary (360 pm x 30 um). The instrument used in this experiment was a 7-Tesla ESI-FTICR-
MS (Apex-Q Bruker Daltonics, Billerica, MA). The released intact peptides from UV laser
irradiation were further fragmented with CID in the hexapole by decreasing the collision cell
voltage to around —18 V. Samples generated for off-line UV cleavage experiments were
analyzed with a 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Foster City,
CA). The cross-linked sample was spotted onto a MALDI plate, and a “UV off” MS spectrum
was collected. Then the MALDI plate was irradiated under a UV lamp with the wavelength
maximum of 365 nm, and a “UV on” MS spectrum was collected. Then the released peptides
were fragmented with CID MS/MS.

Mascot generic format (mgf) files were obtained for each MS/MS spectrum of the released
peptides. The database used in this study was E. coli whole genome database (downloaded
from NCBI in 2008) spiked with Angiotensin Il and Bradykinin sequences. The search was
accomplished with software Mascot and the parameters were as follows: enzyme was set as
none; 3 possible missed cleavages; and the remaining tag from cross-linker was considered as
a variable modification on Lysine or N-termini.

Cross-linking of protein/protein complex and analyses

A cross-linked BSA sample was prepared by following the protocol described by Rinner and
Aebersold et al4, except that the cross-linker applied in current experiment was pcPIR. Briefly,
100 pL of 15 uM (1 mg/mL) BSA in water and 1 puL of 100 mM pcPIR in DMSO were mixed
and incubated at 35 °C in dark with shaking for 30 min. The sample was then reduced and
alkylated with dithiothreitol (DTT) and iodoacetamide (IAA), and digested with 0.5% w/w
trypsin at 37 °C for 16 h (overnight). The protein digest was purified with C18 Sep-Pak®
cartridges (Waters, Milford, MA) and fractioned with Macro Spin Column SCX (The Nest
Group, Inc., Southborough, MA). The enriched cross-linked products were further fractioned
with HPLC (hanoAcquity Waters, Milford, MA) and detected with LTQ-FT MS (Thermo
Fisher Scientific Inc., Waltham, MA). A 30-cm long C18 column was made in house by packing
fused silica capillary (360 pum x 75 um) with MAGIC C18AQ 100A 5U beads (Michrom
Bioresources, Inc., Auburn, CA). A 2-cm long trap column was prepared similarly by packing
fused silica capillary (360 pum x 100 um) with MAGIC C18AQ 200A 5U beads. A two-step-
LC-MS-identification strategy was developed. Two LC experiments with exactly the same
gradient were run in sequence. The first LC-MS was run with the laser turned on at the intensity
to allow detection of both the cross-linked precursor and its released peptides. The instrument
resolution was set at 100K to obtain high mass accuracy data. X-links® searches were used to
identify the pcPIR relationships with mass error tolerance of 10 ppm. The m/z values of the
identified released peptides and LC elution time were then used to generate a mass-and-time
targeted inclusion list, which was used in the second data-dependent LC-MS/MS run. The
second LC-MS/MS experimental set up was as follows: one MS with 60K resolution was
followed by three MS/MS experiments, precursor masses were obtained from mass-and-time
targeted list, dynamic exclusion repeat and exclusion duration were both 15 sec. LC-MS/MS
data were then searched against yeast and reversed yeast database spiked with BSA sequence
with both Mascot and SEQUEST software to identify the sequences of the released peptides.
3 possible missed cleavages were allowed, the precursor error tolerance was 15 ppm and the
fragmentation error tolerance was 0.6 Da. The remaining tag from pcPIR was treated as a
variable modification on Lysine or protein N-termini. The following LC gradient was
employed in both LC runs: 0-60 min 5%-60% buffer B, 60-85 min flushing with 85% buffer
B and 85-120 min equilibrating with 5% buffer B (buffer A: 0.1% formic acid in DI water;
buffer B: 95% acetonitrile and 0.1% formic acid in DI water).
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Cross-linking and analyses of human hemoglobin (Hb) were performed with the same
procedures. 100 pL of 15 uM (1 mg/mL) Hb in water solution was cross-linked with 1 pL of
100 mM pcPIR in DMSO. The remaining steps followed those used in the BSA cross-linking
experiment. In this case, a database of yeast and reversed yeast spiked with the sequences of
human hemoglobin o and 3 subunits was used for database search.

Avidin-biotin affinity purification

5 nmol pcPIR cross-linked Angiotensin-Bradykinin sample was mixed with about 5 nmol BSA
digest (0.33 mg protein) in 100 mM NH4HCOj3 solution. Half of the sample was saved as
control and the other half was mixed with 20 uL monomeric avidin slurry and incubated at
room temperature in dark for 1.5 hrs. The beads were then washed with 100mM NH4HCO4
with 0.1% NP40 by 3 times, and 100 NH4HCOg3 solution by 3 times. Finally the beads were
eluted with 75% acetone nitril and 0.5% trifloricacid in water solution by 4 times, each time
using 100 uL eluting solution.

100 pL of 15 uM BSA was reacted with 1 pL of 100 mM pcPIR at 35 °C in dark for 0.5 hr.
Then the cross-linked protein sample was cleaned with 100mM NH4HCO3 in Amicon filters
for 3 times. The cross-linked protein sample was then reduced, alkylated and digested as
described previously. Then half of the sample was saved as control and the other half was
further enriched with avidin affinity purification. PMSF was added to the experimental half to
a final concentration of 1 mM to inhibit trypsin acitivity. 40 uL monomeric avidin slurry was
incubated with the mixture at room temperature in dark for 2 hrs, and the beads were washed
and eluted as described before, with 200 uL eluting solution each time.

RESULTS and DISCUSSIONS
pcPIR concept and strategy

The difficulty in unambiguously identifying the cross-linking relationships as well as the cross-
linked peptide sequences requires new cross-linkers and software tools, which can enable
efficient detection of the cross-linked products and the analyses of the obtained mass
spectrometric data. The goal of pcPIR cross-linker development is to specifically detect the
cross-linking relationships and eventually identify the cross-linked sites on proteins, which is
achieved by fragmentation of the released intact peptides and database search algorithms. The
structure of pcPIR is shown in Figure 1a, which has two reactive groups, two photocleavable
groups (highlighted between red []) and a mass encoded reporter containing a biotin affinity
tag. Under UV irradiation, the cross-linker is cleaved into the released peptides and the reporter
as shown in Figure 1b.

The general experimental workflow for pcPIR strategy is shown in Figure 2a. The cross-linked
products are obtained with cross-linking reactions of proteins, followed by digestion and
enrichment of the desired products. The ultimate goal of identification of the cross-linked
peptide/protein with the cross-linked sites can be achieved in a two-step-LC-MS-identification
strategy. The first accurate-mass-based LC-MS experiment is used to identify the cross-linking
relationships and the second targeted LC-MS/MS experiment allows identification of the
released peptide sequences/cross-linked sites. For the first step, LC-MS is performed with UV
laser to promote the cleavage of pcPIR labeled precursors. The identification of cross-linking
relationships and types are determined with previously developed software X-links®, the
principle of which is based on the specific mathematical relationships between the cross-linked
precursors and the released peptides. The relationship is only determined based on whether the
detected peaks can fit in one of the three cross-links’ equations (Figure 2b). As discussed
previously8, higher mass accuracy is required to greatly reduce the false discovery rate. For
the second step, traditional shotgun LC-MS/MS and database search methods are applied to
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identify the released peptides from the detected relationships. An inclusion list with m/z values
and retention time of these released peptides are generated from the previous X-links search
results. The exact same gradient was used for both LC runs. In addition, the laser can be set at
higher power to ensure optimal release of the intact peptides for better signal. Ideally, only one
LC run with 3 scan types will be needed to complete all the analyses. Scan 1 detects the MS
of the cross-linked parents; scan 2 detects the photocleavage released peptides; and scan 3
performs data-dependent MS/MS on the released peptides, based on the observed cross-linking
relationships. In the future, software will be developed to analyze the cross-linking
relationships with scans 1 and 2 on-line, and to control the mass spectrometer to fragment the
released peptides in scan 3.

On-line/off-line photocleavage and identification of the cross-linked peptides

An on-line photocleavage method was set up using ESI ion source mass spectrometers
(Supplemental Figure 1a). With this method, the cross-linked products can be cleaved after
LC separation but before MS detection. As shown in Figure 3a, a pair of spectra, with UV off
and on, was collected during direct infusion of the sample. In this experiment, standard peptides
Angiotensin Il (A) and Bradykinin (B) were cross-linked. Neither of the peptides has Lysine
in the sequence and thus the highest reactive sites are the two N-termini. Therefore inter-cross-
linked (X-pcPIR-X) or dead-end (DE-X) products were expected. By comparing the MS
spectra with UV off (upper) and UV on (lower), it is clearly observed that all the cross-linked
precursors, A-pcPIR-A, A-pcPIR-B, B-pcPIR-B and DE-A, DE-B, have a decreased signal
when the UV laser is switched on; the released intact peptide ions, released Angiotensin Il
(RAZ*) and released Bradykinin (RB2*), only appear in the spectrum with UV on; and finally
the peak intensities for unmodified peptides Angiotensin I (A2*) and Bradykinin (B2*) remain
unchanged. Figure 3b shows the complementary extracted ion chromatograms (EICs) of the
cross-linked parent and the cleavage product (released Bradykinin). When UV laser is turned
on, the parent intensity decreases and the released product increases. Within 2.4 sec, the
cleavage reaches maximum. When laser is turned off, the parent drops and the released product
increases. With such special “flicker” peaks, the cross-linked products can be easily
distinguished from the non-cross-linked products. The differential comparison can be used to
quickly distinguish the unmodified peptides and allows identification of the cross-linking
relationships, which is based on a mass relationship for all the inter-cross-linked products: the
cross-linked precursor equals the sum of neutral mass of released peptide A (RA), released
peptide B (RB) and the reporter. Here for A-pcPIR-B, the equation is: A-pcPIR-B
(experimental neutral mass 3459.5450) = RA (1145.5246) + RB (1159.5496) + reporter
(1154.5067), and the error is 10 ppm. Similarly, intra-peptide-cross-link = released peptide +
reporter, and dead-end = released peptide + reporter + OH. All the mathematical relationships
of the 3 cross-link types are listed in Figure 2b. For more complicated samples, previously
developed software X-links using the same concept can automatically assign cross-linking
relationships and types®. In short, software X-links searches through the whole LC-MS to
determine whether there are masses that can fit one of the three equations from each
neighboring spectrum. Once found, the MS peaks are reported as cross-link candidates. In
addition, the cross-link types are assigned in the same process, because different types should
fit in different equations. X-links has been proven to be able to identify cross-links and
distinguish different types from our previous publications® 7. Although it was originally
designed for PIR cross-linkers, it can be adjusted for pcPIR calculations, with changes in the
cross-linker parameters, e.g. neutral masses of cross-linker, reporter and the modification group
left on the released peptides due to cleavage. With the present pcPIR cross-linker, the reporter
ion was not always detected in the spectra, however the calculated mass of the reporter can be
included by default in the software. This identification method is advantageous over
isotopically-coded cross-linking strategies because the cross-linked or labeled peaks are not
split due to the different isotopic labels; and therefore the sensitivity of the experiment is
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increased. As mentioned before, the released peptides can be further identified with CID
fragmentation as shown in Supplemental Figure 2a. The peaks marked with “M” are the intact
released peptides with the remaining tag modification (mass = 100.0160). This tag is
symbolized with a short black line. Fragment ions with the tag modification are marked as “a,
b, y” ions while those without modifications are marked as “a°, b°, y°” ions. The * symbol
denotes noise peaks. In addition, MALDI MS methods are usually considered complimentary
to ESI MS methods. Different peptides can often be identified from these methods, and by
combining the results together, better coverage is expected. pcPIR cross-linker is therefore also
coupled to MALDI mass spectrometry, using an off-line UV lamp cleavage method as shown
in Supplemental Figure 1b. At least 1 hr is needed for cleavage, and it produces the same
released Angiotensin (RA) and released Bradykinin (RB) as the on-line cleavage (S. Figure
3a), which are fragmented with CID MS/MS (S. Figure 3b). With the same released peptides,
the ESI method and the MALDI method can be used as a confirmation to each other.
Interestingly, RA* and RB* peaks can also be observed in the “UV off” spectrum, but the ratios
of their intensities to Angiotensin or Bradykinin peaks are much lower than that in the “UV
on” spectrum. This can be explained by the possible photocleavage with the MALDI laser. The
wavelength of MALDI laser is 355 nm, which is close to the central wavelength (365 nm) of
the UV lamp used for photocleavage. In addition, the complete cleavage with extended UV
lamp irradiation can further confirm the identified relationships. Finally, we evaluated the
peptide/protein identification with routine database search algorithm by searching the database
of E. coli whole genome spiked with Angiotensin Il and Bradykinin. As shown in Supplemental
Table 1, Angiotensin Il and Bradykinin with pcPIR modifications on N-termini were identified
as the only two significant hits.

Characterization of on-line UV laser cleavage

The sample flow rate towards the MS inlet through the ESI spray tip is a critical factor of the
photocleavage efficiency. With a lower flow rate, one would predict that the available time for
the photocleavable bonds to absorb photons and dissociate is longer and thus the cleavage
efficiency is higher. A photocleavable peptide (S. Figure 4) was used for the flow rate
optimization. The laser pulse frequency was set at 20 Hz for all the experiments. Photocleavage
efficiency was studied under different conditions by changing only the sample flow rate. The
observed relationship between flow rate and photocleavage efficiency is shown in S. Figure
5. Every data point was collected from a triplicate experiment. As predicted, photocleavage
efficiency increases as flow rate decreases. At 0.07 uL/min, the cleavage of the precursor ion
is near completion. One-arm-cleaved product reaches a plateau when the flow rate increased
up to 0.3 pL/min, because it is an intermediate product between the un-cleaved intact precursor
and the completely cleaved product (reporter). On the other hand, the flow rate also affects the
mass spectrometry signal. With a flow rate lower than 0.3 pL/min, the peak intensities in the
spectrum were observed to decrease. The optimal mass spectrometry signals were obtained
when the flow rate was higher than 0.3 pL/min (data not shown). Since it is necessary to detect
both the precursor and product peaks for pcPIR relationship calculation, a balance was chosen
to be 0.3 uL/minto 0.5 uL/min, which resulted in both good cleavage efficiency and good peak
intensities.

Affinity purification of the cross-linked/labeled products

With biotin incorporated in the structure of pcPIR, the cross-linked or labeled products can be
affinity purified with avidin-biotin interaction. pcPIR cross-linked Angiotensin Il and
Brandykinin (A-pcPIR-B) was spiked into BSA tryptic digestion and used to demonstrate this
strategy. S. Figure 6a and 6b show the TICs (total ion chromatogram) and EICs (extracted ion
chromatogram) of A-pcPIR-B without and with avidin affinity purification. Without
purification, A-pcPIR-B EIC peak was below the noise level and its MS peak was not
observable. However after purification, the A-pcPIR-B chromatographic peak became one of
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the most abundant peaks in the TIC, and the MS peak can be clearly seen (inset spectrum). We
further tested the purification method using the pcPIR cross-linked BSA sample. BSA tryptic
peptide ion 582.32 2* is one of the most abundant ions without purification. It is also observed
with a greatly reduced intensity after purification, due to non-specific binding. Dead-end
precursor 730.68 3* is also observed both before and after purification. So the ratios of dead-
end over non-labeled peptide in both cases are used to calculate the enrichment factor of the
labeled products. As listed in S. Table 2,_without avidin purification the dead-end peak height
is about 7% of the tryptic peptide peak height. However after avidin purification, the labeled
peak is about 4 times higher than that of the peptide peak. Therefore the avidin affinity
purification gives about 60 times enrichment of the labeled product. Furthermore, in some
cases the purification is even more important, as shown in S. Figure 6c. Inter-cross-linked
precursor ion 798.65 4* appears after avidin purification (c1); however its EIC peak was below
the noise level before purification and its MS peak was not observed. The two experiments
with or without avidin capture were analyzed with exactly the same LC gradient, therefore the
same component should elute at the same retention time (£1 min). c2 shows that in —1 min
window, a similar m/z of tryptic peptide 797.75 >* was observed, which may suppress the cross-
link’s signal. c3 and c4 are the same retention time and +1 min windows, in which no desired
product was observed. The labeled/cross-linked products were observed in this case due to the
improved dynamic range gained from affinity purification.

pcPIR application on BSA

BSA was employed as a model protein to demonstrate the pcPIR strategy in the initial studies.
Strong cation exchange (SCX) chromatography is another way to enrich the cross-linked
products. The cross-linked products, with two N-termini, should carry more charges than
unmodified peptides*. Figure 4 shows an example of the identified inter-cross-linked pair and
the released peptides. Several other BSA tryptic peptide peaks can also be observed, most of
which have charge states equal or higher than 4+. The highly charged cross-linked precursor
and the two released peptides are shown in the inset spectra. Due to the presence of other BSA
tryptic peptides, these peaks are still not among the highest intensity peaks in the spectrum.
Therefore it is likely that these peaks would not be selected for fragmentation with traditional
peak-intensity-dependant MS/MS analyses. However, the pcPIR relationship was first
identified with X-links and MS/MS was triggered with the mass-and-time targeted inclusion
list. These released peptides are specifically selected, fragmented and identified, despite their
relatively low peak intensities (Figure 4b). Combining the results from SCX and avidin
purification experiments, the peptides identified with Mascot and SEQUEST database searches
are listed in Table 1. The modified Lysines with remaining tag from pcPIR are underlined in
the sequences. Finally, the inter-cross-linked peptide pairs and the dead-end labeled peptides
were identified with the following criteria: 1) The cross-linked precursor and released peptides
exhibited a temporal relationship in the LC chromatogram such that they appear to “co-elute”.
2) Their pcPIR mass relationships were accurately obeyed (within 10 ppm). 3) The sequences
of the released peptides were identified as statistically significant hits in the database search
(Expect score < 0.05, precursor delta mass < 10 ppm). 4) Two LC runs with the same elution
profile were employed in this experiment. So the retention time of the same released peptide
should be similar in the two LC runs (within a = 1.5 min window). The pcPIR cross-linked
peptide pairs are confirmed with all these criteria met (Table 2). The pairs marked with * were
reported previously by others?,

pcPIR application on Hemoglobin tetramer protein complex

Human hemoglobin tetramer complex (Hb) was employed for the initial proof-of-concept
experiment of pcPIR application on studying the topology of protein complexes or protein-
protein interactions. The tetramer Hb complex is formed by two o subunits and two  subunits.
Figure 5 shows an example of an inter-subunit-cross-linked pair: the cross-linked precursor
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and photocleavage released peptide are shown in the inset spectra, and the MS/MS
fragmentation of the released peptide is shown in Figure 5b. The sequence of the released
peptide was identified with Mascot search algorithm, with a precursor peak error of 0.45 ppm
and an Expect score of 0.0023. In this case, both released peptides have the same sequence,
which indicates a homo-dimer inter-cross-link between the two 8 subunits of Hb. The crystal
structure of the Hb four subunits is shown in Figure 6, where the cross-link is visualized as a
red line. Both the cross-linked residues are exposed to solvent and are in close proximity
(approximately 26.9 A). The same residue was also identified as a dead-end labeled product,
suggesting its high reactivity (data not shown). The distance between two lysine residues is an
important factor that impacts which sites on protein(s) are cross-linked. Table 2 lists such
distances from results of pcPIR cross-linking BSA experiments. The identified inter-cross-
linked pairs with closest distances were also identified in previous DSS cross-linking
experiments®. Compared to DSS (11.4 A in length), pcPIR cross-linker has a longer spacer
arm length (maximum of 40 A); however the distance between the cross-linked sites may be
less than 40 A, due to the flexibility of cross-linker’s structure. This statement is supported by
the fact that the distances between cross-linked sites from BSA are observed to range from
about 15 A to about 30 A (S. Table 3). It should be noted that shorter cross-linkers, for example
DSS, are commonly used in providing strict distance constraints of the cross-linked sites. In
protein structure studies, this is the primary desirable information. However in protein-
interaction studies, the identities of the cross-linked peptides are most useful. Therefore, longer
and more flexible cross-linkers, such as pcPIR, are more beneficial. These structures allow
cross-linking of proteins or protein subunits with a wider range of distances, as is shown in the
Hb experiments.

Evaluation of pcPIR

One major advantage of PIR strategies, including pcPIR, is that only a small known residual
mass from the cross-linker (mass = 100.0160 Da) is treated as a modification group when
performing database search’, thus the database size increases linearly with increasing numbers
of peptide sequences. On the other hand, in the experiments with non-cleavable cross-linkers,
the MS/MS database search space increases by square with increasing numbers of candidate
peptide sequences. In addition, the released peptides can be treated as normal tryptic peptides
with modifications of known mass. Therefore the database search algorithms can be greatly
simplified. Furthermore, pcPIR has other advantages. 1) The cleavage mechanism of pcPIR is
orthogonal to that of the collision activated cleavage; therefore the cleavage is more specific,
only targeting the photocleavable bonds in the cross-linker. Such a specific cleavage on cross-
linker eliminates the possibility of detecting any fragments from peptides during the step of
releasing intact peptides from the cross-linked precursors. 2) The ESI and MALDI methods
are complementary to each other, and the best coverage should be obtained by combining the
results from both methods. A special advantage in the ESI method is that the released peptides
are generated with higher charge states, so they can produce more comprehensive
fragmentation during MS/MS analyses. 3) On-line photocleavage can be coupled with LC
separation. This is the first time that a photocleavable PIR cross-linker is reported, which can
be cleaved on-line after LC-separation and the photo dissociation degree is tunable by
controlling the laser intensity or the sample flow rate. On-line cleavage takes place after LC
separation; therefore LC elution information of different products can be retained. One problem
in chemically cleavable cross-linking strategies is that the cleavage happens off-line and thus
the LC elution time of the cleavage products are no longer relevant to that of their precursors.
However, in the pcPIR strategy the cross-linked precursor and cleavage products appear under
the same LC chromatogram peak. This “co-elution” of precursor and cleavage products
strongly supports the cross-linking relationship identifications. pcPIR can also be cleaved off-
line and analyzed in situ with MALDI ion source instruments, in which way the LC “co-elution”

Anal Chem. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang et al. Page 10

feature is also preserved. 4) Finally, pcPIR can be used more conveniently than chemically
cleavable cross-linkers, since no post-cleavage cleaning step is needed.

CONCLUSIONS

A novel photocleavable and mass spectrometry identifiable cross-linker, pcPIR, was designed,
synthesized and demonstrated with standard peptides, BSA and hemoglobin tetramer protein
complex. The photo dissociation of cross-linker between LC separation and MS detection
preserves the intact released peptides and the mass relationships between the precursor and the
released peptides. With accurate masses and LC information, cross-linking relationships and
thus cross-link types can be identified. The subsequent LC-MS/MS run with mass-and-time
targeted inclusion list allows the identification of the released peptide sequences and cross-
linked sites on proteins using traditional database search algorithms. In such a way, database
search is simplified, because the size of the database increases only linearly with the increase
of the possible cross-linked candidates. The biotin group in the structure also enables avidin
affinity purification of the cross-linked products. Such features of pcPIR make it promising
for the studies of the more complicated biological systems in the future.
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pcPIR structure

(a) Structure of pcPIR

(b) Cleavage of inter-peptide-cross-link
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On-line photocleavage of pcPIR cross-linked Angiotensin Il (A) and Bradykinin (B).

(@) Upper: MS spectrum before UV irradiation; Lower: MS spectrum after UV irradiation.
Insets: upper, cross-linked precursors; lower, released products

(b) Complementary extracted ion chromatograms (EICs) of the cross-linked parent A-pcPIR-
B and released Bradykinin (RB). UV cleavage reaches the maximum within 2.4 sec.
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Figure 4.
An example of inter-cross-linked pair from cross-linking BSA experiment

(a) Insets: MS spectra of two released peptides and the inter-cross-linked precursor

(b) MS/MS spectra of the two released peptides

Anal Chem. Author manuscript; available in PMC 2011 May 1.

Page 17



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Yang etal.

Relative Abundance

517.2762

z=3
848.8314 851,000 C
z=5
100 >
90 ‘
|
80 5170 5180 ’ 1l | J
8515 8525
70 mz s
606.4532
60 z=7 941.7891
=3
50 707.1934 z
z=6
40
30
20 S17.2762 1060.2869
z=3 z=4
10
0
400 600 800 1000 1200 1400
m/z
(a)
yl3 yl2 y11yl0 y9 vB v7 v6 v5 v4 y2 vl
VTG VA AT o o
b2 b3 b bs b bl N\
yi12-
100+ 87681
90 3
80
@
g 7
[
B o0
5 50 /2 o5 yia=
S W y2 o i1 i
E w19
&
Figure 5.

An example of inter-cross-linked pair from cross-linking Hb experiment
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(a) Insets: MS spectra of the released peptide and the inter-cross-linked precursor

(b) MS/MS spectrum of the released peptide
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B-B homo-dimer inter-cross-link

Figure 6.
The crystal structure of Hemoglobin four subunits and the identified inter-subunit-cross-linked

pair
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