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Abstract

A novel immunoproteomic assay, combining specificity of antibody with precision of mass spectral analysis is described, and a number
of practical applications are presented. The assay is carried out in three steps. The first step of the assay involves antibody immobilization,
using a bacterial Fc binding support. The second step is antigen capture and washing to remove non-specific binding. The third step involves
analysis of the captured antigens by SELDI-TOF. The assay has many advantages in sensitivity, speed, and economy of reagents in detection o
specific antigens or antibodies. In addition, under appropriate experimental conditions, semi-quantitative data may be obtained. By combining
the increasing range of selective specific antibody reagents available, in part due to advances in antibody engineering technology, and the
resolving power available, using mass spectrometry, immunoproteomics is a valuable technique in proteomic analysis. A number of examples
of the application of this technique to analysis of biological systems are presented.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a single reagent (proACTR) for immobilization of antibody,
capture of antigen, and transfer into the mass spectrometer for

Itis generally recognized that analysis of the proteome is analysis[19—-23] ProACTR is a group G streptococcal iso-
going to be much more technically challenging than analy- |ate that has been selected for very high surface expression of
sis of the transcriptomfl—3]. Not only are there potentially  the immunoglobulin binding protein, protein G. This reagent
multiple forms of each translated transcript but the analy- is prepared as a heat killed, 10% wet Weight/vomme' suspen-
sis of those products is not amenable to the amplification sjon of the bacteria. ProACTR can immobilize the antibody
procedures and the rapid sequencing techniques that can behrough the antibody’s Fc region, orienting the Fabgions
applied to different nucleic acid sequences. The importancefor efficient, selective antigen capture. This approach to anti-
of post-translational modifications, such as phosphorylation hody immobilization allows for higher capture capacity than
and glycosylation are becoming critical, as attempts to un- approaches, using antibody-coated béadk Captured anti-
derstand such key features of cellular behavior as mO|eCU|argens can then be direct|y transferred to a p|atform for mass
localization, protein—protein interaction, and gene regulation spectral analysisHig. 1).

[4]. Consequently, the study and analysis of the variety of dis-  Key requirements for this procedure include antibodies
tinct products that can be generated following translation of with high selectivity and appropriate buffer systems for sam-
a single cDNA becomes essential if the connection betweenpje extraction, preparation, antigen capture, and washing. The
the transcriptome and the physiome in normal and abnormalgoal of the immunoproteomic protocol is to capture and quan-
cells is to be understood. tify antigens in crude samples.

Analysis of virulence factors and coordinately regulated  There are a number of significant features of the immuno-
gene expression in bacteria, using 2D gel electrophoresis repproteomic protocol outlined iRig. 1 In the first stage of this
resents the foundation of the current concept of proteomics procedure, antibody from an appropriate antiserum is im-
[3—6]. These methods have recently been complemented withmobilized. The antibody is selectively captured from crude
developments in protein chip mass spectromigtt0]. Pro- antiserum through a high affinity Fc binding interactjad].
tein chips offer the possibility of performing a simple and  Unbound serum proteins are removed by washing. This step
rapid analysis of the proteome. Although, this system lacks represents an antibody purification step. Furthermore, the
the resolving power of 2D gels, it provides a quick and sensi- mode of antibody binding promotes orientation of the antigen
tive system to monitor a single protein with known character- combining Fab regions away from the supporting bacterial
istics or compare major differences in paired samples. Thesestructure to favor subsequent interaction with its cognate anti-
studies are frequently complicated by a large molar excess ofgen.
one or small number of proteins that dominate the sample. The second step is antigen capture. The sample-

One of the most successful approaches to rapid analysis ofcontaining antigen is mixed with the immobilized antibody
proteins in complex mixtures, has been the use of antibody- in 1.5 ml Eppendorf tubes and incubated for 30 min to allow
based assays. With the availability of in vitro selection tech- antigen_antibody interaction (Step Bg ]_) The bacterial
niques, such as phage or ribosome display, antibody probesantibody support is inherently stable and remains so during
to peptides synthesized from expressed sequences tags (ESPentrifugation. By performing the capture reaction in larger
are being used to screen tissue sect[@ds14} In addition,  yolumes and subsequently resuspending the bacterial pellet
plastibodies and nucleic acid antibody mimics have been de-in a smaller volume there is potential for the concentration of
veloped that may have advantages for certain applicationsantigen (step 2 of the protocol outlinedRig. 1). This over-
[11,15] comes some of the technical difficulties of sample volume

A number of methods have been described that seek tothat were noted in studies, using antibody directly immobi-
combine the specificity of antibody capture with the resolving |ized on a protein chip spot.
power of mass spectrometry. The initial antibody-based mass  |n step 3, the immobilized antigen—antibody complex is
spectral methods involved the direct immobilization of anti- applied to the protein chip and analyzed directly by SELDI-
body on a chip surface that can be used to capture antigen forrOF mass spectrometrfig. 1). This approach eliminates
subsequent mass spectral analjsis-18] These approaches  some of the limitations associated with using small volume
are technically limited by the concentration of antibody that samples and allows the absolute concentration of captured an-
can be immobilized and the volume of antigen-containing tibody to be measured and allows different antigen—antibody
sample that can be analyzed. Furthermore, attempts to anaratios to be compared for efficiency of capture from solu-
lyze multiple samples on a single chip results in significant tions, containing a low concentration of the targeted antigen
cross-contamination between sample spots, even if a biopro{21,23] Critical to the success of this approach is that the anti-

cessing device is used. gen can be selectively dissociated from the antibody and that
the signal is not masked by noise from the antibody coated
2. Immunoproteomics proACTR.

_ _ _ Preliminary studies demonstrated that at laser energies re-
~ Our laboratories have previously described the concept of quired to fly peptides and proteins of less than 80,000 amu
“immunoproteomics” Eig. 1). Immunoproteomics employs  (atomic mass units), there was no significant signal observed
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Fig. 1. Schematic representation of immunoproteomic assay to detect antigens. Step 1 involves antibody immobilization; step 2 involvestargigemcap
step 3 is the analytic phase in which the immobilized antigen—antibody complexes are transferred to a protein chip and then analyzed by SELDI-TOF mass
spectrometry.

from either proACTR alone or antibody coated proACTR. In this paper, we review extension of the immunopro-
However, laser energies sufficient to both dissociate anti- teomics methodology to:

gens from antigen—antibody complexes and have them fly

in the mass spectrometer could be achieved. The differen-1. Analyze phosphorylation of a model signaling peptide,
tial energy required to dissociate antigen from antibody is 2. Detect cytokines, and

consistent with differences in the respective affinity of the in- 3. Monitor production of antibodies.

teractions. Antigen—antibody interactions are of the order of

10~7 to 10-8 M, while the binding protein—Fc interaction is The quantitative nature of the assays and the limitations
one to two-logs greater. Analysis of the mass spectrum in the Of the system to analyze low abundance samples in the pres-
140,000-160,000 amu range also failed to demonstrate anyence of a large molar excess of other proteins, e.g. serum
protein peaks indicating that the antibody was not dissociatedalbumin, are also addressed. The goal of our studies has been
under the experimental conditions tested (data not shown). Atto evaluate whether immunoproteomics is likely to provide
higher laser energy levels, an antibody peak could be detectecignificant advantages over existing 2D gel systems, coupled

from either the specific or non-specificimmobilized antibody With @ western blotting step or traditional immunoprecipita-
support. tion assays for proteomic analysis.
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3. Analysis of phosphorylation of a model signaling on serine 167. The molecular mass difference between the
peptide two forms of the peptide is consequemth®0 amu.
In the initial studies, conditions to detect the two forms

Our earlier studies of streptococcal virulence factors sug- of hERx, using SELDI-TOF mass spectrometry were estab-
gested that the resolving power of SELDI-TOF mass spec- lished[25]. The native peptide could be resolved as a single
trometry coupled with specific antigen capture might allow peak with a molecular mass of 13&% amu, while the phos-
for analysis of other post-translational modification reactions phorylated sample contained a major peak at #@&samu.
[19-23] The logical extension of these studies would be di- When mixed in equimolar proportions the two peptides could
rected towards analysis of common post-translational modi- be readily distinguished~{g. 2B).
fication events, such as phosphorylation. The availability of ~ Having demonstrated that SELDI-TOF could resolve
specific antibodies to signaling peptides as well as to phos-phosphorylated and non-phosphorylated peptides, we next
phoserine residues makes this strategy particularly attractive.set out to establish the utility of the proACTR system in
The theoretical approach to these studies is summarized inthis model. Fifty microliters of washed proACTR was added
Fig. 2A. to a 1 ml of a Zug/ml solution of an IgG preparation of

To test the practicality of this model we have eval- monospecific rabbit anti-hERor an IgG fraction of a rab-
uated a model system, containing phosphorylated andbit anti-phosphopeptide specific antiserum (Anaspec). As a
non-phosphorylated peptides derived from human estrogencontrol for immunological specificity, proACTR coated with
receptor alpha (hE&®. Commercially available peptides cor- 2 g of rabbit IgG of irrelevant specificity were also pre-
responding to amino acids 160171 of hie&nd their cog- pared. The Ab—proACTR mixtures were allowed to stand at
nate antibodies were purchased from AnaSpec (San Joseroom temperature for 60 min, and then washed three times
CA). Sequences of both native (unphosphorylated) and phos-with 1 ml of Tris buffer (100 mM, pH7.4) to remove un-
phorylated peptides differ only in the presence of a phosphatebound antibody and unrelated plasma proteins. The specific

(A) Direct Capture with anti-native Capture with phosphospecific
antibody antibody

anti-PO,
Native Peptide
PO, ;. _PO
Phosphopeptide J\k 1 anti-PO, W 4

(B)

1300 1400 1500 1600

1464.9+H

| 1385.2+H

(C) Immunoproteomic analysis of hERo: peptides

ProACTR coated with: Antigen SELDI Analysis
Peak 1 (138515 Peak 2 (146515
amu)*® amu)*
Anti-peptide antibody Native peptide + -
Phosphopeptide - +
Anti-phosphopeptide Native peptide - z
antibody Phosphopeptide - +
Normal rabbit serum Native peptide - -
Phosphopeptide - -
* The native peptide had a molecular mass of 1385£5 amu (peak 1) and the phosphorylated variant had a
molecular mass of 146515 amu (peak 2).

Fig. 2. Immunoproteomic analysis of heReptides. (A) Theoretical spectrum of a native and a phosphorylated peptide analyzed by SELDI-TOF following
immunoproteomic capture with selective anti-native or anti-phosphopeptide antibody. (B) SELDI-TOF resolution of a human estrogei neepfier
(hERx) and a phosphorylated derivative. The hiEpeptide consisted of amino acids 166-171 (1385amu), and the phosphorylated peptide differed only

by the presence of a phosphorylation site on serine 167 (#46amu). (C) Summary of proACTR capture of native and phosphorylated lgeftide. For
precise experimental details, see the text.
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immobilized antibody and control antibody reagent were response that can lead to fatal septic sH@&-31] Because
then added to a solution, containing equimolar concentra- of these key properties of cytokines, a rapid detection system
tions of the phosphorylated and non-phosphorylated peptideswould be advantageous.
(2501 of a 500 ng/ml mixture of each peptide). Thereagents  In the initial series of immunoproteomic studies of cy-
were incubated with the Ab—proACTR for 60 min at ambi- tokines, the key {1 cytokine interferony was targeted.
ent temperature in the presence of protease inhibitors. TheA commercial source of human interfergn(Pepro Tech,
Ab—proACTR—peptide complex was then washed three timesRocky Hill, NJ) and a monoclonal mouse anti-human
with 1 ml of Tris buffer and resuspended in 2010 mM Tris. interferons (IgG1) were obtained from Pharmingen (San
Subsequently, gl of Ab—proACTR suspension was applied Diego, CA). Preliminary studies demonstrated that the
to a hydrophobic CiphergéM protein chip (H50) and sub- interferonsy preparation contained major peak at 16,800 amu
jected to SELDI-TOF mass spectrometry. After drying, each when analyzed by SELDI-TOF mass spectrometry (data not
spot was coated with an energy-absorbing matrix consisting shown).
of saturated cyano-4-hydroxycinnamic acid in 50% acetoni-  For the immunoproteomic analysis the capture reagent
trile and 0.5% trifluoroacetic acid. A high voltage detector was prepared by mixing 50 of the proACTR cells with
sensitivity of 5 and a laser intensity setting of 165 was em- 1 ml of a 1:500 dilution of the mouse interfergnmono-
pirically determined to be optimal for efficient mass spectral clonal antibody (1 mg/ml) in 0.01% CHAPS/0.01M EDTA
analysis. All data were generated by averaging 65 laser shotdn phosphate buffered saline (CE buffer). The reaction was
on different positions of each protein chip spot. incubated at ambient temperature for 15 min and was then
The results summarized Fig. 2C demonstrate that both  washed once with CE buffer. The antibody dilution was de-
antigenic forms of peptide were detected when captured with termined empirically in a series of preliminary studies and
the antibody that recognized the native peptide. If the capturewas found to be optimal for capturing the cytokine from so-
reagent utilized antibody specific for only the phosphory- lution. A control reagent generated in an identical manner,
lated peptide, then only one peak corresponded in molecularusing a mouse lggmonoclonal antibody of irrelevant speci-
mass to the phosphorylated peptide (1465 amu) was be  ficity was prepared and used as a control for immunological
observed in the spectruniig. 2C). The capture was im-  specificity.
munologically specific, since when the capture reagent was Using these experimental conditions, the ability to cap-
prepared, using normal rabbit serum no peaks were observedture different concentrations of human interferpfrom CE
The capture experiments, summarizedrig. 2C, repre- buffer in an immunologically specific manner was tested.
sent the proof-of-concept of a novel bioassay for a single-site Varying amounts of human interferonwere then mixed
phosphorylation. Preliminary data also suggest that the incu-with the proACTR—specific antibody complex in a final
bation time for antigen capture can be shortened to less tharreaction volume of 1 ml in CE buffer. Control reactions, con-
30 min without loss of sensitivity and that the Ab—proACTR taining interferorny and proACTR—irrelevant antibody com-
reagent can be stored for up to 3 days without loss of captureplexes or proACTR alone were also performed. After adding
capacity (data not shown). Furthermore, preliminary analysis interferonsy, the reactions were incubated &t@ for 20 min
suggests that by measuring the areas under the peaks in thand were then washed once with Tris-buffered saline (TBS).
spectra, a semi-quantitative analysis of the relative concen-After washing, the pelleted complexes were resuspended
trations of two peptides can be performed. These variationsin 10l TBS. Subsequently, LI of Ab—proACTR suspen-
in the assay design may, in turn, facilitate more detailed ki- sion was applied to a hydrophobic Cipher§émrotein chip
netic studies of phosphorylation reactions in cells. By using (H50) and subjected to SELDI-TOF mass spectrometry. After
a panel of capture antibodies to different native and phos- drying, each spot was coated with an energy-absorbing ma-
phorylated signaling kinases, detailed phosphoprofiling of a trix consisting of saturated cyano-4-hydroxycinnamic acid in
number of different signal transduction pathways in a cell or 50% acetonitrile and 0.5% trifluoroacetic acid. A high volt-
tissue sample could potentially be achieved. age detector sensitivity of 5 and a laser intensity setting of
165 was empirically determined to be optimal for efficient
mass spectral analysis. All data were generated by averaging
4. Immunological signaling molecules 65 laser shots on different positions of each protein chip spot.
The results of a representative experiment are shown in
The immune system is highly sophisticated and involves Fig. 3. Using these experimental conditions, interferpn-
interactions of many different cell types, intracellular sig- amounts of 20ng per spot could be detected. The area un-
naling pathways, and cell to cell communication. Critical to der the peak increased as the cytokine level in the sample
defining and supporting an immune response are the secretethcreased. The entire assay for interferpoeould be com-
signaling molecules known collectively as cytokiri26,27] pleted in less than 45 min, which is considerably faster than
The nature of the cytokine responsg{versus },2) can de- alternative methods, using ELISA or antibody-bead fluores-
termine whether a cell-mediated or an antibody response re-cence technologj32]. While these studies suggest that an
sults[28]. Furthermore, if the production of cytokines is not immunoproteomic approach to cytokine detection and po-
tightly regulated, there is the potential for an uncontrolled tential quantification is practical, it was of major concern as
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Fig. 3. Immunoproteomic analysis of IF{-Differing concentrations of Fig. 4. Immunoproteomic analysis of IL-4, using a rat monoclonal anti-IL4

human IFNy, diluted in PBS, containing 0.01% CHAPS and 0.01M EDTA  antibody. Differing concentrations of a recombinant preparation of mouse
(CE buffer) were incubated with proACTR coated with a specific anti-4=N-  |L4, diluted in PBS, containing 0.01% CHAPS and 0.01M EDTA (CE buffer)
antibody. Following a series of washing steps, the sample was transferred towere incubated with a rat selective proACTR coated with a rat monoclonal
an H50 protein chip and was analyzed by SELDI-TOF mass spectrometry. anti-IL4 antibody. Following a series of washing steps, the sample was trans-
(A) Sixteen thousand eight hundred atomic mass unit peak corresponding toferred to an H50 chip and was analyzed by SELDI-TOF mass spectrometry.
IFN-y was observed only in samples, containing the proACTR coated with (A and B) Abroad peak at13,700 amu, corresponding to |L-4 was observed
anti- IFN-y antibody. (A—C) The area under the peak decreases in a dose- only in samples, containing the proACTR coated with the rat anti-IL-4 an-
dependent manner as the amount of Hrl the reaction decreases. (D)  tibody which decreased in a dose-dependent manner as the amount of IL-4
ProACTR coated with an antibody of irrelevant specificity failed to capture in the reaction decreased. (C) Rat proACTR coated with a rat monoclonal
any detectable quantity of the cytokine. For precise experimental details, seeantibody specific for mouse IL-4 could capture mouse IL-4 from 1% mouse
text. plasma. (D) The capture was immunological specific since no IL-4 was cap-
tured when a proACTR coated with an irrelevant rat monoclonal antibody
was used. For precise experimental details, see text.
to whether this approach could be used with serum samples
that contain a large molar excess of other proteins.

To address this question, interfergnwas seeded into  strates good reactivity with wild type 1IgG monoclonal and
samples, containing 1% (v/v) human plasma in CE buffer polyclonal antibodie§36]. In addition, the Type VI express-
and analyzed as described as above (data not shown). Iring strain has been subjected to extensive selection for a vari-
the 16,000-17,000 amu molecular weight range, interferon- ant that displays high levels of surface binding pro{&ii.

v could be detected in an immunologically specific manner.  In the next group of experiments, the highly expressed
Interferonsy amounts of 20 ng per spot could be detected. Type VI binding protein positive strain was tested to
However, the spectra also show a major peak for albumin determine if it could function as a proACTR in the immuno-
at approximately 66,800 amu and a double charged peak afproteomic assay, using a rat anti-mouse IL-4 monoclonal an-
33,400 amu. Thus, if the targeted antigen had a moleculartibody to detect this prototypicihR cytokine.

mass close to albumin or one of its multiple charged peaks In preliminary experiments, antibody coating and capture
this assay would be difficult to interpret. The challenge of an- conditions were optimized, using the rat proACTR and then
alyzing trace molecules in complex biological samples (e.g. tested for their ability to capture mouse IL-4 from solution,
plasma) is discussed further below. using similar experimental conditions to those described for

In addition to analysis of cytokines in human samples, the interferony assay. The results presentedrig. 4demon-
murine models, using inbred strains and transgenic modelsstrate that the immunoproteomic system can be adapted for
have been of great interestimmunolog[83-35] As a con- use with rat antibody reagents. In this experiment, IL-4 con-
sequence many antibodies to murine cytokines have beercentrations of greater than 25 pg/spot could be detected. The
developed as monoclonal reagents in the rat. The use of ra@bility to extend the technique for use with rat monoclonal
antibodies with the protein G-based proACTR reagent is not antibodies expands the platform to a wider range of specific
practical, since protein G demonstrates minimal affinity for antibody reagents and should prove beneficial for studying
rat IgG [24]. Previous studies from other laboratories have, target antigens, particularly in murine models of disease for
however identified a Type VI Fc binding protein that demon- which many rat monoclonals currently exist.
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Ab containing Antigen
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& SELDI-TOF mass
> — spectral analysis of
proACTR + Ab ACTR-Ab ACTR-Ab-Ag antigen released
binding specific Ab i SCI‘_:C“_VC.
and orientation of capture ;llsassocmu'on
any antibody (Ab) added of target antigen of antigen using
laser energy
Step 1 Step 2 Step 3

Fig. 5. Schematic representation of a modified immunoproteomic assay to measure antibodies. In this assay, the presence of antibody to aegre-determin
antigen is measured. In step 1, any antibody in the sample is immobilized by proACTR. In step 2, the targeted antigen is added and, following a series of
washing steps, bound antigen is detected by SELDI-TOF analysis (step 3). Detection of the target antigen indicates the presence of specifictantibody i
sample. Controls, using a source of antiserum against an unrelated antigen are included to account for any non-specific binding of antigen.

The studies described in this section, suggest that the im-for 60 min at ambient temperature. The mixture was washed
munoproteomic approach can be used to measure cytokines ithree times in Tris to remove unbound antigen. One micro-
plasma and other biological samples. This approach has alsditer of sample was applied to a normal phase Cipheffen
been shown to work for IL-6 using a goat anti-IL-6 antibody protein chip (NP20). After drying, each spot was coated with
and for RANTES and other key cytokines using appropriate an energy-absorbing matrix consisting of saturated cyano-
rabbit or mouse antibodies (data not shown). 4-hydroxycinnamic acid in 50% acetonitrile and 0.5% tri-

The availability of a proACTR compatible with rat IgG  fluoroacetic acid. The optimum laser intensity setting was
should enable this strategy to be extended to a wide range ofempirically determined and the data were generated by av-
cytokine specific antibodies and enable cytokine profiles to eraging 65 laser shots on different positions of each protein
be monitored under different experimental conditions. The chip spot.
speed of the assay has a number of advantages and future Control samples of proACTR alone and proACTR coated
studies will be focused on increasing the sensitivity of the with normal rabbit serum (pre-bleed) were included as con-
assay, optimizing conditions to measure multiple cytokines trols. The presence of antibody could be detected by the ap-
in a single sample, and adapting the precise molecular weightpearance of a peptide peak (in this case a 24 amino acid
read out to enable cytokines bound to regulatory proteins to peptide of 2595 amu). Purified peptide could be resolved as
also be monitored. a single peak by SELDI-TOF at this molecular mass (data

not shown). The results of the initial screen of timed samples

5. Monitoring antibody responses 2400 2600 2800 3000

(A) 7 5| Molecular weight of target | 2504 941]
antigen (~2595 amu) —»

Capture of target antigen
aft 500 dilution of
specific antiserum

All of the applications outlined thus far, have been de-
signed to use specific antibodies to capture their cognate anti-
gens. Like allimmunoassay formats, it is also possible to use
the same basic strategy to monitor the presence of a specificgy 75

antibody to a predetermined antigdfig. 5). For example, 3 [2505.0+H :
determining whether an immunized animal is responding to 2 | b i ™ ;

a vaccination protocol or whether a well, containing a sin- .

gle hybridoma is secreting the desired monoclonal antibody. () 73 Capture of target antigen

5 afl 0 dilution of

To address the practicality of using the immunoproteomic ; i
assay to follow antibody production we monitored several N '
bIeer from a rabbit that had .been |mmun|zed.W|th a specific D 5560 5300 o
peptide coupled to keyhole limpet hemocyanin (KLH) as a
carrier. This peptlde_ ConJUQated_to the c_:am?r protein KLH Fig. 6. Detection of specific antibody by immunoproteomics. Serum sam-
was used to immunize the ':abb't used in this study had an ples from a rabbit immunized with a 24 amino acid (2595 amu) peptide
expected mass of 2595 antig. 6). conjugated to KLH were tested following the protocol outlinecFig. 5.

In the initial screen a 1:500 dilution of rabbit serum was The presence of a 2595 amu peak was only observed in samples in which
mixed with 75ul of the proACTR reagent for 1h at ambi- 2 dilution of serum from an immunized rabbit was present. (A—C) The area

- . under the peptide peak decreased as the concentration of serum added in step
ent temperature in 100mM Tris buffer. Unbound 19G and 1 of the assay decreased. (D) No peptide peak was observed when an irrel-

Uncaptwed serum proteins were rem_oved b_y_WaShing andeyant antiserum was added in step 1 of the assay. For precise experimental
then mixed with 1 ml of 10 ng of the immunizing peptide details, see text.
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25000 30000 35000 sponses in awide range of mammalian hosts used for the pro-
duction of monoclonal and polyclonal antibodies. The ability
to capture antibody via the Fc region and potentially concen-
trate the antibody during the first step of the proto&ag( 1),

may be of particular value for screening hybridoma super-
natants to identify positive clones quickly and efficiently.

(A)

28325.0+H

Area=

8366.6 U

i 6. Quantification of antigens using

immunoproteomics

(B)

The ability to quantify antigen in any immunoassay is
complicated by difficulties in determining on rates, off rates,
and the equilibrium that occurs during washing steps in a
given procedure. Since the pioneering work of Yalow, that
6 led to the development of radio-immunoassays, and subse-
quently many different types of quantitative immunoassays,
the necessity for inclusion of a standard curve in each assay
has been appreciatf&7—39] Given the parallels between the
immunoproteomic assay and other immunoassays, it should
be possible to relate antigen concentration to some measure
of area under the peak corresponding to the molecular mass
of a targeted specific antigen.

4 In a series of preliminary experiments the area under the
peak for a variety of different peptide and protein antigens
was shown to be proportional to the concentration of anti-
gen spotted on the chij23]. As expected, it was possible
25000 30000 35000 to saturate the capacity of the chip surface, so the linearity
N of the dose response curve was only observed over a narrow
Fig. 7. Application of immunoproteomics to detection and quantitation of conce.ntratlon r,ange' . . . .
the streptococcal cysteine protease, SpeB. Capture of different concentra- A similar series of studies were carried out, using different
tions of purified SpeB in Todd Hewitt broth, containing 0.1% yeast (THY) dilutions of a preparation of the active streptococcal cys-
by proACTR coated with a specific anti-SpeB antibody was performed as teine protease SpeB added to a crude bacterial culture broth,
described in _the text. The area under the SpeB peakZ8t400 amu) was Todd Hewitt broth, containing 0.1% yeast extract, (THY)
?nglyzeq, using the Ciphergeh PBS Il software package. (A-D) Over a [22]. The SpeB antigen was captured from THY, using
imited dilution range the area under the peak could be related to the concen- . - . .
tration of SpeB in the initial sample. The capture of SpeB was immunolog- proACTR coated with a monospecific rabbit anti-SpeB an-
ically specific since no peak was observed for the same samples analyzedfibody (Toxin Technologies, Sarasota, FL.)50f washed
following incubation with proACTR coated with normal rabbit serum (data proACTR was added to a series of 1 ml aliquots of a 1:2000
not shown). dilution of rabbit anti SpeB anti-serum. A control tube,
containing 1 ml of a 1:2000 dilution of non-immune rabbit
serum was included as a control for immunological speci-
from the immunized rabbit demonstrated the absence of anyficity. The Ab—proACTR mixtures were incubated at am-
antibody in the pre-immune or early bleeds; however, selec- bient temperature for 60 min. Each tube was washed three
tive capture of the peptide antigen was observed in the finaltimes with 1 ml Tris buffer to remove unbound antibody
bleed. and serum related proteins. Serial two-fold dilutions of pu-

In subsequent experiments, the positive serum samplerified SpeB ranging from 1:2000 to 1:16,000 were made
from the final bleed was serially diluted and evaluated for in THY. One milliliters of each dilution was added to an
selective binding of the peptide and demonstrated a dose-aliquot of the Ab—proACTR complex and allowed to in-
dependent capture of antigdrid. 7). The results presented cubate at ambient temperature for 60 min. The tube, con-
in Fig. 7were consistent with the antibody levels determined taining non-immune rabbit control-proACTR complex was
for the same samples by ELISA (data not shown). incubated with a 1:2000 dilution of THY/SpeB mix. The

The rapid immunoproteomic assay for antibody should Ab—proACTR-SpeB complexes were washed three times
enable antibody responses in vaccinated or infected animalsvith 1 ml of Tris buffer to remove unbound SpeB and media
to be monitored efficiently. The use of the protein G-based related proteins. The Ab—proACTR-SpeB complexes were
proACTR system, as well as the rat proACTR system, should resuspended in 2@ Tris buffer. 3l of Ab—proACTR-SpeB
allow this approach to be used to monitor humoralimmune re- suspension was spotted on a Ciphefdhydrophobic (H4)

Area=
9524.0L

Arbitrary Units

28330.4+H

Area=
4506.1U

(D)

2 28430.7+H
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protein chip. After drying, each spot was coated witll bf of other proteins. This is particularly true if the starting ma-
an energy absorbing matrix consisting of saturated SPA in terial is a plasma sample. In this case, over 80% of the total
50% acetonitrile and 0.5% trifluoroacetic acid. The chip was protein mass consists of just six proteins. These include: albu-
subsequently read in the SELDI protein-chip reader. A high min, IgG «-1 antitrypsin, IgA, transferrin, and haptoglobin.
voltage detector sensitivity of 10 and a laser intensity setting As noted above, when measuring interferpoaptured from

of 285 was empirically determined to be optimal for efficient human plasma, the presence of human serum albumin in the
mass spectral analysis. spectra was readily detected at 66,800 amu or as the double

Data were generating by averaging 65 laser shots on dif- charged peak at 33,400 amu. This contamination, even after
ferent positions of each protein chip spot. Peak area was cal-an antibody capture step, is not surprising when you consider
culated by the SELDI software. No significant binding was the normal serum albumin levels of 35-50 mg/ml in healthy
detected in the non-immune control sample (data not shown).adults.

Following this protocol, a peak corresponding to the expected A number of procedures have been proposed for remov-
molecular mass of active SpeB was observeid.(7). The ing albumin as part of a sample pre-treatment protocol. These
area under the peaks was integrated, using the CiphEfgen include use of the affinity dye ligand, Cibacron blue, binding
PBS Il software package. At the highest two concentrations to immobilized lectin, or absorbing the serum sample with
of SpeB tested, there was no significant change in the areammobilized antibody specific for human albunf#il—44]
under the peak suggesting that the system was saturated, mo$ione of these procedures have proved very efficient and
probably due to limiting capture antibody. However, as the all are expensive. In addition, Cibacron blue is not specific
concentration of the SpeB in the THY broth was diluted fur- for albumin, and thus, removes other proteins and enzymes
ther, there was a proportionality between the area under thefrom the sample, including a variety of enzymes, contain-
antigen peak on the mass spectra and the quantity of antigering a NAD binding site. Similarly, lectins bind to sugar
in the systemKig. 7). These findings suggest that the im- moieties and can remove many glycosylated proteins. Im-
munoproteomic assay may be amenable to providing at leastmunoaffinity resins require concentrations of specific anti-
semi-quantitative data. By inclusion of a standard curve in body in the 35-45 mg/ml range and immobilization is both
each assay and a demonstration of the reproducibility of re-time-consuming and expensive. This approach, however, is
sults among replicate samples within a single assay, it mayhighly versatile since additional antibody specificities can be
ultimately be possible to determine absolute levels of a tar- added to the immobilized resin to remove multiple different
geted antigen. targeted plasma proteins.

The immunoproteomic assay is likely to be most useful A low-cost high affinity, selective binding protein for hu-
for rapid distinction between different molecular forms of man serum albumin, and other abundant plasma proteins,
a single antigen. This may be valuable in identifying po- would be of value for use in pre-treating samples prior to
tential disease markers and post-translational modification proteomic profiling. For over 25 years, it has been known
events. It is likely that the value of this technique will be in that certain bacteria and other pathogens can express surface
rapid detection of qualitative rather than quantitative differ- structures that can interact with human plasma profdisis
ences. Based on our studies, this technique will be able toStreptococcal protein G, for instance, binds human albumin
distinguish two-fold concentrations differences but it is un- aswell as IgG, while other bacterial isolates appear to express
likely that the methodology, as currently envisioned, would surface binding proteins that are more selective for albumin
have the quantitative precision of ELISA or radioimmunoas- [46,47] Other bacteriareceptors have been described that can
say. It is possible that by including an antigenically identical bind transferrin, protease inhibitors, like2 macroglobulin,
competitor antigen that could be differentiated by size on as well as IgA, fibrinogen, plasminogen and other abundant
the mass spectral readout, a more quantitative assay coulglasma proteing47-54] Some of these binding activities

be achieved. have been mapped to uniqgue domains of the protein and all
Recently, Lill reviewed technical methods for the quantifi- appear to have high affinity binding characterisfis).
cation of proteins and peptides by mass spectroniétj The use of selective bacterial binding proteins in immuno-

The use of internal standards and metabolic labeling to incor- chemistry is well established. For example, intact bacteria
porate isotopic labels seem to offer an enhanced potential forexpressing 1gG-binding proteins has been widely used for
quantification of the targeted molecule. If suitable antibody immunoprecipitation studies and for depletion of IgG from
is available these approaches should also be applicable to thelinical samples to facilitate detection of IgM selective re-
immunoproteomic format. sponse$55,56] In a series of preliminary studies, we have

found that incubation of diluted serum samples with a heat-

killed preparation of bacteria expressing albumin selective
7. Albumin detection and depletion binding proteins can result in 80—90% depletion of albumin

from 1 to 5% samples of human serum in approximately

One of the major problems with any proteomic assay, us- 15—-20 min (data not shown). This approach may merit fur-

ing a relevant biological sample is the ability to detect the ther study as a rapid, economic approach to pre-treat plasma
targeted molecule in the presence of a large molar excessor serum samples prior to proteomic analysis.
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For a complete understanding of dynamic biological

processes, proteins must be analyzed carefully because gen
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[6] M.P. Washburn, J.R. Yates Ill, Curr. Opin. Microbiol. 3 (3) (2000)
292.
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8] E.F. Petricoin, L.A. Liotta, J. Nutr. 133 (Suppl 7) (2003) 2476S.
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sequences alone do not predict post-transcriptional or posty19] s. weinberger, T. Morris, M. Pawlak, Pharmacogenetics 1 (2000)

translational modifications. Post-transcriptional modifica-
tions, such as alternative transcript splicing and RNA editing
result in variation or modification of the primary amino acid

sequence. In addition, many post-translational modifications

(e.g. proteolytic processing, phosphorylation, glycosylation,

etc.) can change the function and sub-cellular localization of

proteins and their interaction with other proteins. Therefore,

itis essential to measure these changes at the phenotypic level

in order to understand the dynamics of biological reactions.
In this review, we describe a hovel immunoproteomic as-
say that combines specificity of antibody capture with preci-

395.

[11] D. Drolet, R. Jenison, D. Smith, D. Pratt, B. Hicke, Comb. Chem.
High Throughput Screen 2 (1999) 271.

[12] H.R. Hoogenboom, A.P. de Bruine, S.E. Hufton, R.M. Hoet, J.W.
Arends, R.C. Roovers, Immunotechnology 4 (1) (1998) 1.

[13] C. Schaffitzel, J. Hanes, L. Jermutus, A. Pluckthun, J. Immunol.
Methods 231 (1-2) (1999) 119.

[14] G. Winter, A.D. Griffiths, R.E. Hawkins, H.R. Hoogenboom, Annu.

Rev. Immunol. 12 (1994) 433.

[15] K. Haupt, K. Mosbach, Trends Biotechnol. 16 (11) (1998) 468.

[16] H. Zhu, M. Snyder, Curr. Opin. Chem. Biol. 7 (1) (2003) 55.

[17] N. Tang, P. Tornatore, S.R. Weinberger, Mass Spectrom. Rev. 23 (1)
(2004) 34.

sion of mass spectral analysis. The assay provides a new leve]l8] D.J. Cahill, E. Nordhoff, Adv. Biochem. Eng. Biotechnol. 83 (2003)

of sensitivity, speed and sophistication compared to other

conventional methods of immunoprecipitation and 2D-gel

177.
[19] S.S. D'Costa, T.G. Romer, M.D. Boyle, Biochem. Biophys. Res.
Commun. 278 (3) (2000) 826.

analysis. This immunoproteomic approach has many poten-j20] T.G. Romer, M.D. Boyle, Proteomics 3 (1) (2003) 29.
tial advantages in speed, sensitivity and economy of reagentsj21] M. Saouda, T. Romer, M.D. Boyle, Biotechniques 32 (4) (2002) 916.
The method allows a protocol to be developed that enables(22] M.D. Boyle, T.G. Romer, A.K. Meeker, D.D. Sledjeski, J. Microbiol.

analysis and potentially quantitation of specific antigens in
complex mixtures. In addition, the ability to monitor post-
translational modifications in complex samples will be prac-
tical. This type of analysis will be of great value for the ul-
timate goal of understanding the dynamics of complex bio-
logical processes.

The next generation of immunoproteomic applications is

likely to incorporate advances in antibody engineering, devel-
opment of different capture reagents to allow use of a wider [28
range of antibody species and other specific binding recep-[29
tor molecules as well as improved quantitation techniques.
The use of antibody-based proteomic systems offers the bes

opportunity to move from analysis of the proteome to an un-
derstanding of the physiome.
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