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Abstract

Proteomics-based technologies have the potential to accelerate the development of drugs, but such technologies must be well integrated ir
order to have a positive impact. We describe, herein, a multi-step process for the discovery of protein—protein interactions. It is shown that
process stages are interdependent and can influence, either positively or negatively, subsequent steps. Optimization of each step, in the conte
of the full process, is essential for the overall success of the experiment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction share a common underlying feature, namely, they have made
it possible for drug companies to perform certain aspects of
In the past two decades, drug companies have embracedhe drug discovery process at a much higher rate of through-
a variety of new technologies to help accelerate the devel- put than was previously possible.
opment of new drugs. These technologies have spanned the In the “post-genomic” era, the focus has shifted to the
drug discovery process from the target discovery stage to latepotential of proteomics (the systemic study of all expressed
stage drug development. Examples of such technologies in-proteins in a given biological system in a given stdfp to
clude: DNA sequencing, gene expression profiling, rational improve the efficiency of the drug development process. The
drug design, automated combinatorial and parallel synthe-promise of proteomics technologies is that they will have
sis and high throughput adsorption, distribution, metabolism an impact on many aspects of the drug discovery pipeline.
and excretion (ADME) analysis. As a group, these techniques For example, proteomics has had an impact on drug target
identification[2—4] and the analysis of protein interaction
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Fig. 1. Virtually any proteomic analysis is comprised of the above relatively standard process steps. Sample is acquired from a suitablechictegacal s
preliminary processing is performed, such as homogenization or chemical modification. Then the sample is usually fractionated to focus the tuealysis
components of interest. Data is acquired and reduced to remove noise or false positive signals. Ultimately, the data is interpreted in théeditéog okt
guestion that was originally asked.

might serve as early indicators of compound-based toxic- teractions. The basic process is outlinedrig. 2, it is com-
ity, drug efficacy or drug side effec{6]. Ultimately, a de- prised of five main elements in addition to the finer details of
tailed understanding of the correlation between biomarkers the process. Those elements are: (1) production of the “bait
and the side effect or efficacy profile of a drug candidate can protein”, (2) generation of a set of prey proteins, (3) affinity
be used to minimize clinical trial risks and develop person- isolation of the interacting proteins, (4) analysis of the iso-
alized medicing7,8]. lated proteins, and (5) identification of the analyzed proteins.
If proteomics is to reach any significant portion of the Step four, as employed in this study encompasses two sepa-
expectations that have been ascribed to it, then the technolotate approachesthat are illustrated diagrammaticalfign3.
gies in question must be deployed and integrated in such aThe system described herein has not only been optimized for
way that they work in a seamless fashion. A high level of maximum performance of each of the many individual steps
integration is required by the complexity of the problems in the process, but also to ensure that the integration of the
being addressed and by the sheer volume of data that mod-overall process is efficient. Decisions concerning system in-
ern analytical tools generate. Regardless of the particular setegration included the consideration of how well particular
of technologies used, without sufficient integration, valuable cloning methods, purification methods, separation schemes,
sample and information can be lost. Worse yet, the contam-and mass spectrometry (MS) systems, as well as, software
ination of a sample or the misinterpretation of a result can systems and tools fit together.
lead to a false conclusion.
There are a wide variety of technologies, which may be

grouped under the heading of proteomics. However, most m—
techniques in proteomics have some relatively standard com-
ponents that are outlined Kig. 1 In spite of the diversity of : ;
the technologies encompassed by proteomics, currently the {ﬁ’,‘,";ﬁ:ij“} {ﬁ’;";‘;ﬁ,gﬂ"}
two most prominent approaches may arguably be classified ¥

as falling into one of two categories, namely, differential ex- e aa Purify

pression analysis and interaction analysis. A thorough com- ;'.a“’es‘ [ Protein Hﬂait protein

parison of the relative merits of these approaches is beyond
the scope of this document; however, while each approach
has its strengths and weaknesses they should not be consid- Ly
ered mutually exclusive. Each has the potential ability to link [ Qraw }
specific proteins to a disease state or process. In the case of Cells
protein expression analysis, the process is discovery oriented,
since there is little control over what will be found in a given
analysis. Conversely, interaction analysis, as described in this
paper, is a very targeted approach to finding proteins that are
of relevance to a disease process or metabolic pathway. To the
extent that something is already known about the pathway of
interest, the later approach may be more efficient in finding
proteins that are relevant to the drug discovery process.
A method thatis now relatively standard for the analysis of
protein interactions involves the use of an affinity-tagged bait Data
protein, which may be used to isolate, purify, and concentrate
protein complexes of interest. The isolation/purification pro-
cess may be performed in a single step or in multiple stepsFig. 2. An overview of the process for the analysis of protein complexes.
[9-11] Tandem purification strategies have been success-Fromthe generation of clones, to ultimate analysis of data, the whole process

fully emploved to isolate protein comblexes for large-scale goes through the steps illustrated above. Finer details have been omitted, but
y ploy P P 9 each step needs to be optimized to fit efficiently with those other elements

prOteir" imeraCtion StUdiE{SZ,lSl]. In this paper, we descri.be: of the process with which they interact. Such interactions are not necessarily
an optimized process for the discovery of protein—protein in- limited to the nearest neighbors in the diagram.
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2D LC-MALDI-MS/MS Analysis Workflow

Protein Offline CEX Offline MALDI Target
Digestion Fraclionaticn RP-HPLC Spotting Anaiysss

2D LC-ESI-MS/MS Analysis Workflow
Protein Offline CEX Online
Digestion Fracllonauo RP-HPLC Analysm

Fig. 3. A diagrammatic overview of the two sample analysis workflows employed in this study.

2. Experimental (EDTA), 10% glycerol, 1 mM dithiothreitol (DTT) and a
protease inhibitor cocktail added just prior to application (1
2.1. Chemicals tablet/10 mL of buffer, Roche, Mannheim, Germany). Once

the lysis buffer was added, the suspension cell pellet was
Sequencing-grade tryspin was purchased from Promegare-suspended with gentle pipetting and slow speed vortexing.
(Madison, WI). All protein standards and alpha-cyano- The adherent cells were lysed (on ice) by adding the buffer
4-hydroxy-cinnamic acid (CHCA) were obtained from directly to the culture plate and scraping the cells off of
Sigma—Aldrich (St. Louis, MO). CHCA was re-crystallized the dish. The lysates were then transferred to centrifuge
from water before being used and the proteins were used agubes and allowed to incubate at@ for 15 min. At 2-min
provided. Acetonitrile (ACN; Optima grade) was purchased intervals during the 4C incubation, the lysates were gently
from Fisher Scientific International Inc. (Pittsburgh, PA), and resuspended with mild shaking and/or slow speed vortexing.
trifluoroacetic acid (TFA) was purchased from J.T. Baker Following the incubation, the lysates were centrifuged at
(Phillipsburg, NJ). The water used in this study was puri- 13,000 rpm for 15min at 4C to remove insoluble debris.
fied, using a Milli-Q water purification system from Mil-  The supernatant was then aliquoted in fresh centrifuge tubes,
lipore (Bedford, MA). HPLC grade formic acid and acetic snap frozen in liquid nitrogen and then stored-s0°C.
acid were purchased from EM Science (Gibbstown, NJ). All Protein concentration in the resulting lysate was determined,
other chemicals and reagents not otherwise listed were alsausing a Bradford colorimetric assay from Bio-Rad (Hercules,
purchased form Sigma—Aldrich. CA). Functional integrity of the lysate was checked, using
The 4700 Proteomics Analyzer calibration mixture (4700 one or more of the following assays: (a) a histone deacetylase
mix) was obtained from Applied Biosystems (Foster City, (HDAC) activity assay to assess nuclear protein activity;
CA). The standard preparation of the calibration mixture (b) an alkaline phosphatase assay to assess cytoplasmic
contains des-Arg-Bradykinin (1.0 pmpl), Angiotensin | protein function; or (c) western blotting for expression
(2.0 pmolful), Glu-Fibrinopeptide B (1.3 pmagkl), ACTH of specific proteins of interest, such as but not limited to
(1-17 clip) (2.0 pmolal), ACTH (18-39 clip) (1.5 pmolil), HDAC.
and ACTH (7-38 clip) (3.0pmolgd). A 10-fold dilu-
tion of the standard preparation was used as the calibrant2.3. Transfection
for the liquid chromatography matrix-assisted laser desorp-
tion/ionization (LC-MALDI) analyses. Each plasmid was transfected into 293 T-Rex cells (In-
vitrogen Corporation-Carlsbad, CA), using the following
2.2. Cell growth and lysis for solution-based pull-downs method: 24 h prior to transfection, cells were plated at 90%
density in 10 cm dishes. For DNA complex formation and
Large scale cultures of mammalian cells (2-25L) were transfection, 24.g of the expression plasmid DNA and aQ
grown, in suspension, to densities of 2<30&/mL or of lipofectamine 2000 reagent (Invitrogen Corp.) were sepa-
~80-90% confluency for adherent cultures. Once the rately diluted in 1.5mL of serum free media. After a 5-min
suspension cultures reached their desired density, the cellsncubation period at room temperature, the DNA and trans-
were centrifuged at 3000 g for 10 min. The resulting cell ~ fection reagent dilutions were combined, mixed gently and
pellet (or plate of adherent cells) was washed with cold allowed to incubate for 20 min at room temperature. The lipo-
phosphate buffered saline (PBS). The PBS was removed andectamine/DNA mixture was then added to the media of 293
cold lysis buffer was added at a volume of dkymg of wet T-Rex cells at~90% density in a 10 cm plate, rocked gen-
cell weight or 1 mL per 15cm plate of adherent cells. The tly and placed in an incubator at 3€ (5% CQ). Follow-
lysis buffer consists of 25 mM hydroxyethylpiperaziNe- ing a 4-h incubation period, the media was changed and the
2-ethanesulfonic acid (HEPES), pH 7.5, 150 mM NacCl, 1% cells were placed back in the incubator. Twenty-four hours
NP-40, 10 mM MgC}, 1 mM ethylene-diamine tetra acetate after the transfection, 250g/mL of genetecin antibiotic
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was added to the culture media to eliminate non-transfectedthe tube at a protein/enzyme ratio of 20:1 by weight, and the

cells.

2.4. Protein expression and harvesting for cell-based

solution was incubated at 3T for at least 2 h.

2.6.2. Peptide desalting

pull-downs Tryptic peptides were desalted, using a peptide MicroTrap

_ ) ) cartridge (Michrom BioResources, Auburn, CA) before be-

Seven days after transfection and multiple passaging of ing joaded onto a strong cation-exchange (CEX) column or a
the cell populations to permit sustained expansion, transgengeyerse-phase HPLC (RP-HPLC) column. The trap was con-
expression was de-repressed by adding tetracycline at a figitioned with the addition of 100L of reagent A (0.5% acetic
nal concentration of 1ig/mL for a period of 48 h. Addition  g¢iq +0.1% TFA in water) followed by 1Q0L of reagent B
of tetracycline displaces the tet repressor protein (expresseqq 194 TFA in 95% ACN), and was then equilibrated twice
by the T-Rex cells) and allows transcription from the CMV' yith 100uL of reagent A. The digested sample was acidi-
promoter. Following the period of induction, the media was fiad with 109 TFA and then loaded onto the trap. The flow-
removed, the culture plates were rinsed once with cold PBS {hyogh volume was loaded onto the trap one more time to
and protein lysates, containing the expressed-tagged genegnsyre complete binding of the peptides. The trap was subse-
encoded by the expression vectors were harvested, using thgently washed with 50-70L of reagent A, and the peptides
gentle lysis buffer (described above) which was added di- were eluted with 50-7@L of reagent B. The desalted sample
rectly to the plates. The lysed cells were removed from the 55 concentrated, using a CentriVap vacuum centrifuge (Lab-
dishes, using cell scrapers and the extracts were placed onic@ynco, Kansas City, MO), and was re-suspended ip.5.6f
for 15 min. Following this incubation, the lysates were cen- g 5o, acetic acid/2% ACN prior to CEX injection.
trifuged at 13,000 rpm for 15 min to remove cell debris and
insoluble matter. The remaining supernatant was aliquoted

and snap frozen in liquid nitrogen and stored-80°C. 2.6.3. Cation-exchange (CEX) chromatography for

MALDI tandem mass spectrometry (MS/MS)

Desalted peptides were loaded onto a strong cation-
exchange column (3Q0mi.d. x 50 mm, SCX polymer wide-
pore, Vydac, Hesperia, CA) equilibrated with 0.5% acetic
acid/20% acetonitrile (CEX buffer A), using an autosampler.
Buffer A was 0.5% acetic acid/20% ACN, and buffer B was
250 mM ammonium acetate in 0.5% acetic acid/20% ACN.

he HPLC pump flow rate was 3@Q/min, which was split

own to a column flow rate of gL/min. The CEX eluentwas
collected in two fractions (flow through and the 10% buffer B
as one fraction and 100% buffer B as another fraction), using
a Probot micro fraction collector (Dionex, Sunnyvale, CA).
The collected fractions were concentrated, using a CentriVap
vacuum centrifuge.

2.5. Pull-down purification

One milliliter of 5 mg/mL HEK-293 whole cell lysate was
incubated at 4C for 1.5 h rotating with affinity beads bound
to 30g of the tagged bait protein. The samples were briefly
centrifuged to pellet the beads and the lysate was removed
Beads were transferred to clean Eppendorf tubes and washe
three times with 1 mL of buffer (20 mM HEPES, pH 7.5,
150 mM NacCl, 10% glycerol, 0.1% NP-40). Bound com-
plexes were eluted in three fractions of 75, 75, and l00f
pull-down buffer, containing 0.2%l-lauroylsarcosine, and
the eluates were combined. The eluates from bait, containing
a HIS tag were spiked with 10 mM imidazol and incubated
with a 10p.L bed of Ni-NTA agarose (Invitrogen) for 30 min
at 4°C to reduce the amount of bait in the sample. The su- 2.6.4. Cation-exchange chromatography (CEX) for
pernatant from the nickel beads was collected anduh 5  €lectrospray ionization (ESI)-MS/MS
aliquot of each sample was analyzed by SDS—PAGE, while  Desalted peptides were loaded onto a strong cation-
the remainder was ethanol precipitated for mass spectrometexchange column (300m i.d.x 50mm, SCX polymer
ric analysis. widepore, Vydac, Hesperia, CA) equilibrated with 0.5%
acetic acid/20% acetonitrile (CEX buffer A), using an au-
tosampler. The peptides were eluted, using a 50 min gradient
as described below. The elution buffer used was 250 mM
2.6.1. Protein digestion ammonium acetate in 0.5% acetic acid/20% acetonitrile

The protein digestion procedure has been described else{CEX buffer B). The gradient was held at 0% buffer B from
Where[14]_ Brieﬂy, 5_10Mg of total protein was denatured 0 to 10 min. It was then |inear|y increased to 30% buffer B
with 25pL of 8 M urea/0.2 M NHHCO; solution. Subse-  in 28 min. Buffer B was again linearly increased to 100%
quently, 5uL of 45 mM DTT was added, and the tube was Py 30min and held constant until 35 min when it returned
incubated at 60C for 15 min. After cooling to room temper- o 0% for column re-equilibration. The eluted peptides were
ature, 5uL of 100 mM iodoacetamide was added to the tube collected, using a Probot microfraction collector (Dionex)
and the solution was kept at room temperature, in the darkat time 0-10, 10-16, 16-22, 22-28, and 28-35min, to yield
for 15min. The urea was diluted to a final concentration of @ total of five fractions. The fractions were dried, using a
2 M by the addition of 6@.L of H,O. Trypsin was added to ~ CentriVap vacuum centrifuge.

2.6. Protein complex separation for MS analysis
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2.6.5. Reverse-phase high-performance liquid
chromatography separation for LC-MALDI experiments

123

lected for MS/MS and their corresponding spot numbers. The
MS/MS data acquisition employed the following additional

The RP-HPLC was performed, using a nano LC system criteria: a minimum of 750 shots (6 sub-spectra accumulated

from Dionex: a 75.m x 150 mm column, a Famos autosam-
pler, a Switchos Il system and an UltiMate binary pumping
module. All samples were re-suspended inBL5f 1% TFA
prior to injection and were first loaded onto a 5 mm trap car-
tridge for in-line desalting and then were back-eluted onto
the analytical column for the separation step.

For MALDI analyses, the separation employed the follow-
ing conditions: solvent A was 0.1% TFA, and solvent B was
0.1% TFA in 100% ACN; the flow rate was 250 nL/min; the
gradient was 0—6.5 min, 2-14% B; 6.5-41.5 min, 14-35% B;
41.5-51.5min, 35-55% B; 51.5-52.5min, 55-80% B; and
52.5-56.5 min, 80% B constant. For the LC-MALDI exper-
iments, the HPLC eluent was directly mixed with MALDI
matrix at a flow rate of 800 nL/min via a Micro Tee fitting (Up-
church Scientific, Oak Harbor, WA) before being deposited
onto a bar-coded blank MALDI plate (Applied Biosystems),
using a Probot micro fraction collector. The CHCA MALDI
matrix that was mixed with the HPLC eluent was made up
at a concentration of 3mg/mL in 70% ACN with 0.1 mg/mL

from 125 laser shots each) and a maximum of 2000 shots (16
sub-spectra) were allowed for each spectrum. The accumula-
tion of additional laser shots was halted whenever at least 10
ions with a S/N of at least 10 were present in the accumulated
MS/MS spectrum in the region from/z 400 to 90% of the
precursor mass.

2.7.2. Electrospray ionization mass spectrometry
(ESI-MS)

ESI-MS/MS was performed, using one of two different
instruments: either an LCQ Deca XP instrument (Ther-
moFinnigan, San Jose, CA) or a Q TRAP (Applied
Biosystems, Foster City, CA). A similar RP-HPLC system
as was described above for the LC-MALDI set-up was used
to perform the LC-ESI-MS/MS experiments. The peptide
mixtures derived from the CEX fractions were separated,
using a 75um x 150 mm column (Dionex) equilibrated in
0.1% formic acid (or 0.5% acetic acid for the LCQ) and
2% acetonitrile flowing at 250 nL/min. Solvent A was either

of ammonium acetate. Spots were deposited every 20 s and #.1% formic acid in water (Q TRAP) or 0.5% acetic acid

total of 144 spots were collected in a ¥21.2 array for each
HPLC run. Six external calibration spots, containing 10-fold

diluted 4700 mix, were manually spotted across the plate,

with two spots in the middle and four at the four corners of
the LC-MALDI plate.

2.7. Mass spectrometry

2.7.1. Matrix-assisted laser desorption/ionization mass
spectrometry

in water (LCQ). Solvent B consisted of 0.1% formic acid in
ACN (Q TRAP) or 0.5% acetic acid in ACN (LCQ). Peptide
separations were performed, using a linear gradient from 2
to 50% solvent B, in 50 min, at a flow rate of 250 nL/min.
The LCQ was equipped with a custom built ESI source
(James Hillinstrument service, Boston, MA). The RP column
was connected to a PicoTip Emitter (New Objective, Woburn,
MA: an uncoated, 36Qm o.d., 2Qum i.d. silica needle with
a 10pm i.d. tip). The instrument was operated in the positive
mode, while scanning fromyz 300—2000. The source and

Samples were analyzed, using a 4700 Proteomics Ana-capillary voltages were 2200V and 45V, respectively, and

lyzer MALDI-TOF/TOF (TOF/TOF; Applied Biosystems).

the capillary temperature was 170. Data was acquired in a

All MS spectra were recorded in reflector mode and were data dependent mode, using one MS scan followed by three
derived from the sum of 750 laser shots. MALDI-MS/MS MS/MS scans of the three most abundant peaks unless they
data from the TOF/TOF was acquired using the default 1 kV were excluded by a dynamic exclusion window of 2.5 min.
MS/MS install method and air as the collision gas. MS/MS The Q TRAP is a hybrid quadrupole lineariontrap MS/MS
data acquisition consisted of the following steps: MS spectra instrument, and was equipped with the manufacturer’s Flow
were recorded from each of the six calibration spots, and theNanospray ion source. The RP column was connected to a
default calibration parameters of the instrument and the plate PicoTip Emitter. The instrument was operated in positive ion-
model were updated for that plate; MS spectra were recordedization mode. Needle voltage was 2300V, declustering po-
for all 144 sample spots on that plate (each spectrum was genitential was 50 V, MS collision energy (CE) was 10V, curtain
erated by accumulating the data from 750 laser shots, usinggas (ultra-high purity nitrogen; Air Liquide, Salt Lake City,
the newly updated default calibration settings); the 144 MS UT) was set to 20 psi, and the interface heater was turned
spectra were subsequently analyzed, using the Peak Pickeon. Instrument control was carried out by Analyst version
software supplied with the instrument; spectral peaks that met1.3.1 software, and data was acquired in a data-dependent
the threshold criteria and were not on the exclusion list were mode. Each acquisition cycle consisted of an MS saam (
included in the acquisition list for the MS/MS portion of the  300-1300), a higher resolution scan of up to the two most
experiment. The threshold criteria were set as follows: massintense ions that were present in the MS scan, and up to
range, 650—4000 Da; minimum cluster area, 500; minimum two MS/MS scans. Maximal acquisition cycle timewas 4.6 s:
signal-to-noise (S/N), 10; Peak/spot, 30; maximum precursor 0.65 s (the sum of two, 0.325 s scans) for the MS scan; 0.4s
gap, 200 ppm; maximum fraction gap, 4. A mass filter that (the sum of two, 0.20 s scans) for the higher resolution scan;
excluded matrix cluster ions was applied. An XML file was and 1.7 s (the sum of three, 0.58 s scans) for each of the two
generated which contains the list of the precursor masses seMS/MS scans. Data-dependent criteria were as follows: 1-2
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of the most intense ions in the MS scan were selected for TRAP was submitted to the Mascot server via custom soft-
MS/MS, provided that each ion exceeded 50,000 cps, had aware that combined peak lists from separate CEX fractions
charge-state of'20 4", was greatertham/z300 and lessthan  prior to submission to the Mascot server. The Mascot-based
m/z1200. lons whose charge-state could not be determined bysearch was performed, using the default settings for the spe-
the higher resolution scan were selected for MS/MS, whereascific instrument type as supplied by Matrix Science, except
singly charged ions were not subjected to MS/MS. lons that thations with scores below 10 were excluded from the results.
were chosen for MS/MS fragmentation were subjected to a
rolling collision energy that selected the CE based omitze
of each ion, with a maximal CE setting of 80 V. Former target 3. Results and discussion
ions were excluded from MS/MS for 45 s after one repeat.
3.1. Production of the bait protein
2.8. Protein identification
Regardless of the limitations discherichia colias an
2.8.1. Database construction expression system for human proteins, this bacterial system
To construct the databases used for protein identification, is still the workhorse of the recombinant protein world and
the following steps were performed: The NCBInr protein se- represents a good system for rapidly and easily producing
guence FASTA file was downloaded, the gi numbers were the tandem tagged proteins that are used in our laboratory.
updated, and the missing or incorrectly annotated taxonomiesThe success or failure of expression is dependent upon the
were fixed by referencing them to the NCBI taxonomy index sequence of the particular protein of interdsg( 4); protein
(index of gi number versus species). The human subset of pro-yields will vary, as will the purity of a particular expression
teins in the database was extracted into a separate databaggoduct. Whatever the expression level of a given protein,
called HumanNR. All of the protein sequences in the Hu- the presence of the tandem affinity tags on that protein can
manNR database were matched to the corresponding proteirfacilitate its bulk purification.
in the latest RefSeq database, using BLASI]. For easy re- OccasionallyE. coliwill not express a soluble version of a
trieval of all of the information, the corrected NCBInr file and given protein. There are also more subtle factors than expres-
the HumanNR file, along with their BLAST matches, were sion yield that need to be taken into consideration. Even if the
stored in an Oracle database. The Mascot server was therproteinis produced in a soluble form, it must be folded in such
updated by creating a FASTA file from the relevant Oracle a way that it can be used for subsequent interaction experi-
database entries and subsequently loading the new FASTAments. Furthermore, given that some interactions require the
file onto the server, using the Mascot utilities that were pro- presence of a specific post-translational modification (PTM),

vided by the manufacturer. it is possible that a protein produced in a prokaryotic system
may be well expressed and folded, but ineffective as a bait.
2.8.2. Database searching In all such cases, an alternate expression system is required.

MS/MS data obtained from the TOF/TOF, Q TRAP The relative ease of producing proteins, usingzagoli-
and LCQ were searched, using Mascot (Matrix Sciences, based expression system, makes this system the first choice
London, UK). All searches were performed against either for most of the proteins expressed in our laboratory. To fa-
the corrected NCBInr protein sequence database or the Hu<ilitate the use of alternative expression strategies, we have
manNR database described above. GPS Explorer (Appliedadopted the use of the Invitrogen GateWdycloning sys-
Biosystems) was used for submitting data acquired from the tem[16]. The Gatewa} system makes possible the rapid
TOF/TOF for database searching. Data from the LCQ or Q conversion of clones into multiple destination vectors for in-

AN 1 2 3 4 5 6 7 8 9 B 1 2 3 4 5 8 7 8 9
- [ary— ¥
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Fig. 4. Tandem-affinity purification of double-tagged baitgigbaliquots of nine different baits are shown after (A) the first affinity step purification and (B)
after the second affinity step purification.



J.M. Peltier et al. / International Journal of Mass Spectrometry 238 (2004) 119-130 125

troduction into a variety of expression systems, in particular significant advantages: the initial capture of the bait proteins
for expression in mammalian and insect cell lines. This level on beads simplifies their subsequent handling and also helps
of flexibility makes it possible to continue to uge coli as to stabilize the proteins for longer term storage. In the case
the primary expression system, while having alternative eu- of the mammalian expression system, both the bait protein
karyotic expression systems available as a back up. and the complexes are formed endogenously, which has im-

The more subtle problems represented by the second anglications for the pull-down process that will be described
third situations described above (folding and PTM’s) have below.
lead us to adopt a combined strategy for their resolution. If
there are no obvious signs of problems with the bait protein 3.2. Creation of the lysate for pull-downs
integrity after expression i&. coli, as determined by a QC
step, then the bait in question is moved into the pull-down  The proteinsthat serve as the “prey” for a given bait protein
pipeline. After MS analysis and data reduction, the output is start out “locked” in a cell or cell compartment, and must be
analyzed to determine if there are any known interactors of released from the cellular or organellar membrane in order
the bait found in the output. Known interactors may be de- to be harvested as part of a complex which will be submitted
termined from literature reviews or orthogonal experiments, for subsequent MS-based identification. The challenge is that
such as a yeast-2-hybrid analygig]. If the bait is involved the lysis conditions must be sufficiently mild that neither the
in a well-characterized pathway or complex and no known secondary nor tertiary structure of the proteins is significantly
interactions are identified, then the data is scrutinized to seedisturbed; otherwise, the interactions of the members of a
if any confidently identified proteins are likely to participate protein complex may never take place. In the solution-based
in the same pathway as the bait protein. If none of the above pull-down method, where bait proteins are first producesl in
conditions is met, then the open reading frame (ORF) rep- coli (or an alternative suitable host), a delicate balance must
resented by the bait in question can be moved into a vectorbe achieved. This balance requires that the components of
for expression in a eukaryotic cell line. This strategy requires any endogenous complexes derived from the lysed cells first
that the output of the pull-down analyses can be quickly cor- dissociate and then reform on the immobilized bait protein.
related with a database of interacting proteins that has beenAlternatively, free forms of the ligands may form a complex
curated from other sources of interaction information. on the bait, de novo. The formation of the complexes around

Table 1shows data from the analysis of a pull-down in the “tagged” bait protein is an equilibrium process that can
which the protein proliferating cell nuclear antigen (PCNA) be facilitated by the use of a large excess of bait. In the case
was used as the bait. This protein appeared to express reaef the eukaryotic expression system, it is the endogenous
sonably well &90% purity and >7 mg/L yield) in the. coli complexes that form on the cell-based tagged bait that are
system, yet no known interacting proteins were found in the the target of the analysis, and therefore, the lysis conditions
pull-down. However, the same protein when expressed in sta-must preserve these “native” complexes.
bly transfected HEK293 cells and subjected to essentially the  The lysates for the solution-based pull-downs are pro-
same pull-down process, yielded a number of known inter- duced in bulk in advance of the experiments and then frozen
actors. in aliquots for future use. This facilitates having a ready sup-

It should be noted that there is a significant difference in ply of lysate for multiple pull-down experiments whenever
the application of the pull-down process to the two expres- it is required. Generally, each pull-down is done in multi-
sion systems. In the caseBf coli-derived baits, the protein  ple replicates and comparative experiments are performed
is produced and then isolated on beads, and subsequentlyin order to better understand the biology of the discovered
the bead bound baits are incubated with lysate from a giveninteractions. Consequently, a banked source of lysate sim-
cell line to allow the complexes to form. This confers two plifies the logistics of co-ordinating pull-down experiments

with lysate production. There is, however, an additional ben-
Table 1 efit to this strategy. The combination of the freeze—thaw cycle
A comparison of known interactors found for PCNA in solution-based vs. hat the banked lysate aliquots go through, and the effect of
cell-based pull-downs . . h . .
the lysis buffer, can dissociate the native complexes in such a

_Interactors found _Interactqrs found RefSeq ID Reference way that the complexes, along with any previously unbound
in a cell-based in a solution-based int t b itulated the i bilized bait
pull-down pull-down interactors, can be re-capitulated on the immobilized baits.
— The effectiveness of this approach is illustratediable 2

Replication factor . . . .

c2 None NM002914  [21] which lists the known interactors (see references in the table)

c3 None NMO002915  [21] of growth factor receptor bound protein 2 (GRB2) found in

c4 None NM002916  [21] a solution-based pull-down, which used tagged GRB2 as the
CDK2 None NMO001798  [22] bait. .
CDC2 None NMO033379  [23] In the case of the cell-based pull-downs, the experiment
Ku80 None NMO021141  [23] is designed to isolate endogenous complexes with minimal
PRKDC None NMO006904  [24] denaturation. Consequently, the addition of a freeze—thaw
Ku70 None NMO001469  [23]

step in the process decreases the efficiency of the isolation
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Table 2 mMw A B c b
Known interactors of GRB2 identified in a solution-based pull-down WLl

kDa
Interactors found RefSeq ID Reference —
c-cbl NM_005188 [25] 116.3-
Dynamin 2 NM.004945 [26] 974 a—
WASP NM_003941 [27] e
WIRE NM_016453 [28] '
Cas-Br-M-b NM004351 [25] 55.4- <——
sSos NM.005633 [29]
DOCK180 NM.001380 [30]

36.5-

31 —
of protein complexes. In facfable 3illustrates that when

21.5-

the pull-down experiment is performed with “fresh” lysate,
the number of known interactors (see references in the ta-

ble) found for PCNA andN-ethylmaleimide-sensitive factor

attachment protein alpha (NAPA) increases, relative to the

case where the Iysate was frozen before the pull—down Wasness, and the amount of bait from duplicate Grb2 pull-downs under different
performed. Consequently' the pull—down procedure must be processing conditions and/or tags. The black arrows show bait bands. Dif-
optimized to be both rapid and gentle to accommodate the ferences in molecular weight of the bait bands are from differences in the

cell-based pull-down strategy. tag and/or cleavage. The white arrows follow the appearance and intensity
of interacting proteins. (A) Single affinity purification. (B) Single affinity
purification with a different tag. (C) Protease cleavage of the complex from
beads with bait reduction. (D) tandem-affinity purificatioNofe the gel
image was compiled from multiple lanes of a single larger gel from which
It may be argued that the solution-based pull-down system additional lanes have been removed for the sake of clarity).

is quite unnatural compared to the normal cellular environ-

ment in terms of the relative concentrations of the bait and components in the sample. A strategy for dealing with excess
interactors, as well as, the fact that the interacting proteins arebait and other unwanted proteins in the elution is described
no longer in their normal cellular compartments. However, a below.

distinct advantage of the solution-based pull-down approach ~ Regardless of whether a pull-down is performed, using the
is that the bait can be maintained in a large in excess, whichsolution-based or cell-based process, an important aspect of
may help bias the binding kinetics in favor of the capture the experimentis that the beads efficiently retain the bait and
of the lower-affinity and lower-abundance interactors of the its binding partners without exhibiting a significant amount
bait protein. While effective at capturing binding partners of non-specific binding. Any non-specifically bound proteins
that may not otherwise be observed, the high abundance ofthat are subsequently eluted with the protein complex may
bait in the solution-based pull-downs has a consequence forcomplicate the interpretation of the data. Consequently, both
the down stream analysis. The pull-down elution conditions the nature of the tags and the elution conditions affect the
generally result in the elution of a significant amount of the quality and purity of the eluted pull-down sampleig. 5

bait protein. Unless steps are taken to reduce the amount ofllustrates the effect of elution conditions and the use of vari-
bait in the final eluted product, the presence of the bait can ous tags on the complexity of the eluted sample. In lane A and
affect the ability of the MS systems to detect low abundance B, the difference in the complexity of the eluted material is

Fig. 5. An SDS-PAGE gel showing a comparison of interactors, cleanli-

3.3. Affinity isolation of interacting proteins

Table 3

A Comparison of known interactors found in cell-based pull-downs with fresh vs. frozen lysate

Bait protein Interactors found Fresh lysate Frozen lysate RefSeq ID Reference

NAPA NAPG X X NP_-003817.1 [31]
NSF X NP.006169.1 [32]
v-SNARE X NP.006361.1 [32]

PCNA Replication Factor C2 X X NM02914 [21]
Replication Factor C3 X X NMD02915 [21]
Replication Factor C4 X X NMD02916 [21]
CDK2 X NM_001798 [22]
CDC2 X NM_033379 [23]
Ku80 X X NM_021141 [23]
PRKDC X X NM_006904 [24]
Ku70 X X NM_001469 [23]
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Fig. 7. A comparison of a 2D LC-gel strategy vs. a 2D LC strategy for pro-
21.5- Sl tein analysis. A 2ug sample, containing a mixture of proteins purchased
from Sigma (55% BSA and 45% of nine other proteins: 1, alcohol dehy-
drogenase; 2q-lactalbumin; 3, carbonic anhydrase; 4, cytochrome c; 5,
glycogen phosphorylase; 6, hemoglohbirchain; 7, hemoglobi-chain;
GRB2 NAPA 8, lysozyme; 9, myoglobin; 10, ovalbumin) was analyzed by different 2D

strategies. The samples were either processed in first dimension by cation-

Fig. 6. Baitreduction in pull-down samples: SDS—PAGE gel showing GRB2 €Xchange chromatography (CEX) or various 1D gel methods with subse-

and NAPA pull-downs before and after bait reduction. Solid arrows indicate
a bait band; the dashed arrow indicates an N-terminal fragment of a bait.
Excision and analysis of individual gel bands confirmed that the bait was

guent RP LC-MS/MS analysis. The 1D gel methods have been described
[33]. The gel was either processed without staining (Gel, no stain); processed
by extracting silver stained bands corresponding to individual proteins (gel;
silver stain); or processed by combining the individual stained bands into

reduced without a significant loss of interacting proteins (white arrows on

GRB2 pull-down). four fractions for analysis (gel; silver stain and combined).

a consequence of a difference in the tag. The amount of non-polyacrylamide gel electrophoresis for the first dimension of
specifcally bound proteins and bait protein is substantially separation. The use of gels for protein separation is a process
reduced, while the specific interactors (as illustrated by the that is prone to contamination by keratin and often results in
white arrows) are retained. To further enhance the purity of poor recovery of low abundance proteins or very high or low
the isolated complex, a two-step purification strategy may be molecular weight proteins. Furthermore, the processing of
used. This so-called tandem-affinity purification (TAP) strat- samples, using gels, is labor-intensive and time-consuming.
egy employs the use of two orthogonal affinity tags, one of A 2D-LC strategy can, in principle, address many of the afore-
which may be cleaved from the bait after the first affinity step, mentioned concerngig. 7 shows a comparison, performed
by means of a specific protease. The TAP process has beein our laboratory, of a gel-based approach versus a 2D-LC
successfully used in a number of large-scale experimentsstrategy. The sample in question was constructed with a high
[12,13] Lanes C and D show further enhancements in purity abundance of BSA (55% of the total protein by mass) to
resulting from the TAP method. An adaptation of this process mimic the presence of a high abundance of bait in a pull-
and its effects are also illustratedHig. 6. In our laboratory, down. In a rigorous set of comparative experiments, which
the two-step purification process has been adapted to removemployed multiple replicates, and three separate gel-based
excess bait, as well as, improve the purity of the isolated protocols; none of the gel-based analyses yielded the same
complexes. The gelimagelig. 6shows that after reduction  |evel of confidence in protein identification as the 2D-LC
of the total amount of bait and other “impurities” the eluted approach.
sample is much cleaner without significant loss of specific  |n spite of the advantages of a 2D-LC strategy, there
interactors. This “bait reduction” step can significantly are other considerations that will affect the number of
improve MS identification of the pull-down components, proteins identified. If a 2D-LC strategy is coupled only to
since the MS/MS system will spend less time analyzing an MS instrument that uses ESI as the mode of ionization,
peptides from the bait and consequently, is more likely to then a certain subset of the peptides in the sample will not
acquire data from low abundance components of the samplebe ionized or detected well. Conversely, a MALDI-based
analysis will yield a somewhat different set of protein
identifications. Consequently, combining the use of both
ESI and MALDI for the analysis of pull-downs will yield a
The large-scale analysis of protein interaction networks, more comprehensive set of identified proteins than would be
using a pull-down-based strategy has been previously de-possible with either technique alone. The advantages of com-
scribed[12,13] In both of those studies, a two-dimensional bining ESI-based analysis with a MALDI-based approach
(2D) sample separation strategy was employed that relied onin protein identification have been described by a number

3.4. Analysis of the isolated proteins
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3.5. Identification of the analyzed proteins

The identification of proteins, as described in this pa-
per, is wholly dependent on the comparison of MS/MS data
with a relevant protein sequence database in order to ac-
curately identify the proteins found in an analyzed sample.
This process is now relatively comméitB,20], however, an
often-overlooked component of the process is the reference

Dynamin 2 c-cbl database itself. The ideal database is one that is comprehen-
sive, yet non-redundant. If the database is not comprehensive,
Fig. 8. A comparison of the overlap in peptides identified, using then a given peptide or protein may not be identified because
EC_ES.'/ MS/MS and LC-MALDI-MS/MS for GRB2 and several of its o6 j5'ng entry in the database for an MS/MS spectrum to
nown interactors. Improved coverage is achieved when the data from each . . . .
type of analysis is combined. be matched against. Alternatively, if every possible record
of protein sequence, including slight variations, is entered
into the database, then multiple hits can be returned for ev-
of laboratories[14,18] The improved coverage afforded ery protein, which in turn complicates the data analysis. The
by this combined strategy is illustrated Fig. 8 which problems in question are illustrated below.
shows the overlap in coverage for a number of known GRB2  Fig. 9illustrates the consequence of not having a suffi-
interactors. In this case, a GRB2 pull-down was analyzed ciently comprehensive database. In this case, the sequence of
by both 2D LC-MALDI-MS/MS and 2D LC-ESI-MS/MS,  human Cyclin B1 is compared to the mouse ortholog. In spite
and the combined approach is clearly more comprehensiveof having high sequence identity (78%, BLAST expectation
than either approach alone. An additional benefit of this value 0.0), very few tryptic peptides are shared in common
combined strategy is that proteins that were detected in bothpy these proteins. If short tryptic peptides that contain no un-
approaches are identified with increased confidence. ambiguous sequence information are ignored (i.e., peptides

>gi| 90411 |pir| |JHO509 cyclin B - mouse Length = 430

Score = €65 bits (1716), Expect = 0.0
Identities = 340/432 (78%), Positives = 365/432 (84%), Gaps = 3/432 (0%)

Query: 1 MALRVTRNSKINAENKAKTNMAGAKRVPTAPAATSKPGLRPRTALGDIGNEVSEQLOAKM 60
MALRVTRN+KINAENKAK++MAGAKRVP A SKPGLRPRTALGDIGNEKVSE+LQA +
Sbject: 1 MALRVTRNTKINAENKARVSMAGAKRVPVTVTAASKPGLRPRIALGDIGNRKVSEELQATV 60

Query: 61 PMEKEAKPSATGEKVIDEKLPKPLEERXXXXXXXXKXHXKXKKHXAKXKKAXAXKKHKAKKKHKT 120
P+K+EAK TGK K LPKP+EK I
Sbjct: 61 PLKREARTLGTGKGTVKALPKPVERVPVCEPEVELAEPEPEPELEHVREEKLSPEP---1 117

Query: 121 LVDTASPSPMETSGCAPAEEDLCQAFSDVILAVNDYDAEDGADPNLCSEYVKDIYAYLR) 180
LVD SPSPMET GCAPAEE CQAFSDVILAV+DVDA+ GADPNLCSEYVEDIYAYLRQ
Sbjct: 118 LVDNPSPSPMETCGCAPAEEYPCQAFSDVILAVSDVDADSGADPNLCSEYVKDIYAYLR) 177

Query: 181 LEEEQAVRPRYLLGREVTGNMRAILIDWLVQVQOMKERLLOETMYMTVSIIDREMONNCVP 240
LEEEQ+VRPKYL GREVTGNMRAILIDWL+QVQMKFRLLQETMYMTVSIIDRFMQN+CVP
Sbjct: 178 LEEEQSVRPKYLQGREVTGNMRAILIDWLIQVOMKERLLOETMYMTVSIIDREMONSCVP 237

Query: 241 RKMLOLVGVTAMFIASKYEEMYPPEIGDFAFVTDNTYTKHQIROMEMKILRALNFGLGRP 300
KEKM+QLVGVTAMFIASKYE+MYPPEIGDFAFVT+NTYTKHQIRQMEMKILR LNEF LGRP
Sbijct: 238 RKKMIQLVGVTAMFIASKYEDMYPPEIGDFAFVTNNTYTKHQIRQMEMKILRVLNFSLGRP 297

Query: 301 LPLHFLRRASKIGEVDVEQHTLAKYLMELTMLDYDMVHFPPSQIAAGAFCLALKILDNGE 360
LPLHFLRRASK+GEVDV QHTLAKYLMEL+MLDYDMVHEF PS+ +GAFCLAL+ILDNGE
Sbjct: 298 LPLHFLRRASKVGEVDVROHTLAKRYLMELSMLDYDMVHFAPSRAFSGAFCLALEILDNGE 357

Query: 361 WIPTLOHYLSYTEESLLPVMOHLARNVVMVNQGLTKHMTVENKYATSKHAKISTLPQLNS 420
WITPTLQHYLSY+E+SLLPVMQHLAKNVVMVN GLTKHMTVENKYA SKHAKISTL QLN
Sbjct: 358 WTPTLQHYLSYSEDSLLPVMQHLAKNVVMVNCGLTKHMTVENKYAASKHAKISTLAQLNC 417

Query: 421 ALVODLAKAVAK 432
VOQ+L+EKAV K
Sbjct: 418 THVQNLSKAVTK 429

Fig. 9. A comparison of the sequence overlap of human and mouse Cyclin B. Alternating tryptic peptides are indicated in gray and white (e.g., XXKXXRXXK
Tryptic peptides that are common between the two sequences are indicated with a double underline.
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Table 4
An example of redundant protein identification from the HumanNR database

Proteins found gi number Mascot score Percent coverage (%) Best RefSeq ID match
KIAA0820 protein 0i20521666 256 10 N604936.1
Dynamin 3 (Dynamin testicular) (T-dynamin) gi27805466 256 11 _002936.1
DYN2_HUMAN 0i4567175 255 16 NED04936.1
Unnamed protein product gi21757772 255 14 _002936.1

with <5 amino acids), there are only six tryptic peptides in includes optimization of cloning methods and expression sys-
common. At the lower limits of detection of this proteininan tems for maximum flexibility in protein expression, sample
MS experiment, only one or two peptides may be detected. If processing and separations that achieve the maximum yields
even a single amino acid in any of these peptides is incorrectand purity of the samples, and analysis and database search-
in the database or mutated in the sample, then the peptideng strategies that are suitable for the problem being studied.
may not be identified. This is because an amino acid change

can shift the peptide mass, which is animportant parameterin

MS-based protein identification. Furthermore, if the change References
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