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Abstract

We present a technique for identifying the amino acids responsible for a loss of immunoreactivity
in response to treating an antigen with a chemical modifier. This is of particular interest for the
chemical formaldehyde, the cross-linking agent in formalin. Formalin is a commonly used fixative
to preserve the cellular architecture of cells and tissues and to prevent degradation from proteases
and nucleases. Formalin is also routinely used in the preparation of vaccines, to inactivate both toxins
and microbes. Formalin fixation attenuates infectivity and pathogenicity by cross-linking while often
preserving antigenicity. However, some epitopes are irreversibly modified by formalin while others
are not. An understanding of how formalin affects epitope immunoreactivity may be useful in vaccine
development or in the development of diagnostic antibody reagents for formalin-fixed tissues. In this
report, we describe a method for systematically identifying formalin-sensitive and formalin-
insensitive epitopes in a high throughput fashion, for any particular antibody. The data from this
effort underscore the importance of certain amino acids, notably lysine, in affecting antibody
immunoreactivity after formalin fixation. The method can be generally applicable in exploring the
sensitivity of protein epitopes to an agent or condition of interest.
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1. INTRODUCTION

For decades, aldehyde fixatives, such as formaldehyde and glutaraldehyde, have been used in
biomedical and pharmaceutical disciplines. Formaldehyde has been used to fix clinical biopsy
tissues, preserving the integrity of tissue architecture from the destruction of proteases and
nucleases (Fox et al., 1985; Riederer, 1989; Shi et al., 2000). Formaldehyde has also been used
to inactivate toxins and viruses, such as for the production of vaccines, including diphtheria,
tetanus, hepatitis A, anthrax and polio vaccine (Murdin et al., 1996; Ellis, 1999; Leppla et al.,
2002). Formaldehyde, a highly reactive dipolar compound, forms protein-protein and protein-
nucleic acid crosslinks (Shi et al., 2000; Srinivasan et al., 2002).
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Despite its widespread use, formalin fixation is associated with some serious drawbacks. Most
importantly, formalin fixation may cause protein alterations that result in a loss of
immunoreactivity to tissue or cellular antigens important for clinical diagnosis by
immunohistochemistry (Bertheau et al., 1998; van den Boreck and van de Vijver, 2000; Werner
et al., 2000; Wester et al., 2000). Formalin cross-linking of proteins to DNA also introduces
new challenges in nucleic acid analysis, such as polymerase chain reaction (PCR) or in situ
hybridization (Foss et al., 1994; lkeda et al., 1998; Masuda et al., 1999; Williams et al.,
1999.; Srinivasan et al., 2002). Recently there are reports alluding to the difficulties associated
with proteomic or mass-spectrometric (MS) analysis of proteins from formalin-fixed tissues
or cells (Crockett et al., 2005). This limits the utility of analyzing proteins from archived
pathological tissue samples. Formaldehyde-induced cross-linking causes proteins to become
relatively insoluble, complicating biochemical extraction and analysis, and thereby rendering
them less amenable to mass spectrometry-based proteomic studies (Ikeda et al., 1998; Crockett
et al., 2005).

Similarly, formalin cross-linking of vaccine antigens can result in a diminution or loss of
antigenicity. There are numerous instances where formalin-treated vaccine preparations confer
minimal or no immunity to the antigen (Murdin et al., 1996; Ellis, 1999; Leppla et al., 2002).
The loss of vaccine efficacy is often ascribed to epitope masking by formalin cross-linking.
For tissue sections, the deleterious effects of formalin on proteins or nucleic acids can be
reversed by treatment with certain enzymes or heating protocols, which facilitate the detection
or amplification of proteins or nucleic acids respectively (Shi et al., 1991; Shi et al., 2000). A
heat-induced antigen retrieval method, involving heating formalin-fixed tissue sections in a
buffer, restores the immunoreactivity of tissue antigens. Similar antigen retrieval methods have
been adopted for the retrieval of detectable signal for nucleic acids and proteins, for molecular
genetic or proteomic analysis of archived tissue samples (lkeda et al., 1998; Shi et al., 2002).
Although these antigen retrieval methods aid in reversing formalin cross-links, they are not
suitable for all proteins or antibodies.

Since formalin plays such an integral role in clinical research and diagnosis, it is important to
understand the mechanism of formalin fixation and its reversal with heat. In this regard,
investigators have used various methods and model systems to elucidate the underlying
chemistry associated with formalin fixation (Metz et al., 2004; Rait et al., 2004a; Rait et al.,
2004b). In a series of publications from the 1940’s, Fraenkel-Conrat and associates described
formaldehyde reactions with proteins involving various amino acid side chains (Fraenkel-
Conrat et al., 1947; Fraenkel-Conrat and Olcott, 1948a; Fraenkel-Conrat and Olcott, 1948b).
More recently, Metz and co-workers used a set of model peptides to further describe some of
the formaldehyde-induced chemical modifications occurring on each natural amino acid
residue (Metz et al., 2004). Formalin fixation and antigen retrieval were also analyzed with
biophysical techniques using a pancreatic ribonuclease model antigen system (Rait et al.,
2004a; Rait et al., 2004b). In an effort to characterize formalin-sensitive epitopes recognized
by commonly used monoclonal antibodies in clinical practice, we recently identified formalin-
reactive amino acid residues associated with the recovery of immunoreactivity after antigen
retrieval (Sompuram et al., 2004; Sompuram et al., 2006a; Sompuram et al., 2006b). Although
the literature reports that most protein epitopes are conformational (Kuby, 1994; Huebner,
2004), we found that epitopes which remain immunoreactive after formalin-fixation and
antigen retrieval are comprised of linear amino acid sequences (Sompuram et al., 2006b).

In an effort to understand the underlying immunochemistry of formalin fixation, we developed
a new screening method for distinguishing formalin-sensitive and formalin-resistant epitopes.
Our method approaches the immunochemistry of formalin fixation in an entirely new fashion.
Rather than screening many antibodies for a desired phenotype (e.g., binding to a formalin-

resistant epitope), we turn the conventional paradigm around. We start with a single antibody
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and interrogate the universe of possible epitopes that bind to the antibody. This method involves
biopanning from a peptide combinatorial library with an antibody. The peptides that bind to
the antibody were tested for their sensitivity to formalin fixation. Some peptides remain
immunoreactive whereas others do not. After distinguishing formalin-resistant from formalin-
sensitive epitopes, we then sequenced them to see which amino acids, or combinations of amino
acids, are associated with resistance or susceptibility to formalin. The technique is broadly
applicable to sensitivity analysis of epitopes in response to any chemicals or physical
conditions.

2. MATERIALS & METHODS
2.1 Antibodies used in the study

Estrogen receptor (ER)-specific monoclonal antibody (mAb) clone ER1D5 was obtained from
DakoCytomation, Carpinteria, CA. Progesterone receptor (PR)-specific mAb clone PR1A6
and Her-2-specific mAb clone CB11 were obtained from Vision Biosystems, Norwell, MA.

2.2 Phage-display and biopanning

Phage libraries contained rationally-designed combinatorial libraries of peptide sequences
inserted into the amino terminus of the cplll minor coat protein of the M13 bacteriophage. The
libraries were prepared and supplied by Dyax Corporation (Cambridge, MA). The libraries
(termed “TN6” and “TN10”) contain two conserved cysteine residues separated by either four
(for the TNG6 library) or eight (for the TN10 library) amino acids. The cysteines formed a
disulfide bridge, creating a conformationally constrained ring (McLafferty et al., 1993). The
amino acids within the ring and the three amino acids on either side of the ring were diversified
to allow all amino-acid types (except cysteine) with equal frequency using TRIM technology
(Virneckas et al., 1994). TRIM technology involves controlled polymerization of preformed
trinucleotides.

The libraries were screened by biopanning using standard methods (Parmley and Smith,
1988; Sparks etal., 1996; Smith and Petrenko, 1997) with a few modifications. Briefly, aliquots
of paramagnetic beads were coated with anti-mouse 1gG (Dynabeads, Dynal, A.S. Oslo,
Norway) by mixing either with the positively-selecting mAb (ER1D5, PR1A6, or CB11) or
the negatively-selecting antibody (polyclonal mouse IgG) and incubating overnight at 4°C on
a rotator. Antibody-adsorbed Dynabeads were washed 4-5 times with phosphate buffered
saline (PBS)-Tween 20 (0.05%) and twice with PBS before use in biopanning of phage
libraries. A TN6 or TN10 phage library of 1011-12 plaque forming units (PFU) was depleted
of immunoglobulin framework binders by incubation with Dynabeads (100 ul) coated with
polyclonal mouse 1gG, for one hour at room temperature (RT) on a rotator. With this negative
depletion step, phage that express peptides which bind to common, shared regions of mouse
IgG are depleted from the library by attaching to the mouse immunoglobulin attached to the
paramagnetic beads. The unbound phage in the supernatant were then positively selected on
the monoclonal antibody-adsorbed paramagnetic beads. The library was incubated with the
mADb-coated beads for 2—-3 hours on a rotator. The beads were then washed ten times with
(PBS)-Tween 20 (0.05%) and three times with PBS to remove non-specifically bound phage.
Phage bound to the mAb-coated beads were then eluted with a 0.1 M glycine-HCI, pH 2.2
buffer containing 1 mg/ml bovine serum albumin (BSA). After elution, the acidic buffer was
neutralized with 1M Tris-HCI, pH 9.0. To ensure that high affinity phage were completely
eluted, the beads were eluted twice, serially, and the eluates were pooled. The eluted phage
were then amplified and used in a second round of biopanning. After two rounds of positive
selection, E. Coli were infected by the cultured phage and grown on agar plates. Individual
phage colonies were picked and grown for further analysis.
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2.3 Phage library screening

Random cyclic peptide libraries, approximately 15-18 amino acids long, are prepared and
provided by Dyax Corp. We selected for binders to the ER 1D5, PR 636, p53 DO7, Ki-67
MIB-1, and Her-2 CB11 mAbs. All of these mAbs are suitable for work on paraffin-embedded,
formalin-fixed tissues. After the third round of selection and amplification, individual phage
clones are isolated by infecting log phase E. coli, expanded and assayed against the original
mADb in a phage ELISA. In the past, using this screening strategy (Sompuram et al., 2002), we
generally obtained 80-95% positive clones after only two or three rounds of selection.

2.4 Screening for formalin sensitive peptide phage clones

After testing the individual clones in a phage ELISA, XL-1 Blue bacteria in log phase growth
are infected with various dilutions of phage and grown on agar plates. About 1,000 well-
dispersed individual phage clones from agar plates are transferred to replicate nitrocellulose
membranes by a plaque-lift technique, as outlined in Figure 2. A nitrocellulose membrane
(82mm diameter HATF filter, Millipore Corp.) is overlaid onto the agar and allowed to sit at
RT for 10-15 minutes. In this way, the plaques are partially transferred to the membrane.
Without disrupting the agar and plaques, the nitrocellulose membrane is carefully lifted and
referred to as Lift #1. A second nitrocellulose membrane is then overlaid onto the same agar
plate and plaques are transferred (“Lift #2”). Both filters are air-dried. Plaque Lift # 2 was
immersed in 5% non-fat dried milk in Tris-buffered saline pH 7.4 and then stored at 4° C. Lift
#1 was fixed in 10% formalin for 24 hrs.

Itis often observed that during repeated (serial) plaque-lifts, the first lift acquires more colonies
than subsequent lifts. Therefore, we chose plaque lift #1 for formalin fixation. In this way, the
absence of subsequent immunostaining that might be due to formalin fixation on lift #1 on
various colonies is not likely attributable to fewer bacteria in the colony. This protocol provides
for better discrimination of diminished/lost immunaoblot signal due to formalin fixation.
Plaque-Lift #2 serves as a positive control for antibody- binding phage clones. After formalin
fixation of plaque Lift #1, the membrane is rinsed and protein binding sites are blocked with
5% non-fat dry milk in TBS. Both membranes are then immunostained with the mAb used for
phage panning. The immunostaining procedure includes an initial incubation with the selecting
mADb (e.g., ER 1D5) for 1-2 hrs. The membranes are then rinsed, followed by the application
of detecting reagents. The detecting reagents include horseradish peroxidase (HRP)-conjugated
goat-anti-mouse 1gG followed by color development using 3, 3-diaminobenzidine (DAB) and
0.01% H,0,.

2.5 Sandwich phage ELISA

A sandwich-type ELISA was used to assay for the immunoreactivity of the enriched
recombinant phage with the selecting mAb used for phage panning. As a first step, the selecting
mADb (or other isotype-matched control mAbs) were adhered to the plastic. The various
antibodies used for selecting phage out of the library were unpurified, circumventing the need
to purify each mAb. Therefore, we first coated the microtitre plates with a mouse 1gG-reactive
polyclonal antibody. Briefly, three 96-well microtiter plates (Immulon 1, Dynex, CA) were
coated with goat anti-mouse IgG (2 pg/ml, Sigma Chemical Co., St Louis, MO), 100 pl/well
in carbonate-bicarbonate buffer, pH 9.5 and incubated overnight at 4° C. The wells were rinsed
in PBS and free protein binding sites were blocked with 200 ul of 2% bovine serum albumin
(BSA) in PBS for 1 hour at RT. The wells were then washed five times in PBS-Tween 20
(0.05%). These microtiter plates, coated with an anti-mouse IgG antibody, were then used to
capture various mouse mADbs.

The ER, PR, or Her-2 mAb, or irrelevant, isotype-matched mAbs, were diluted to 1 pg/ml in
PBS-Tween 20 (0.05%), added to the anti-1gG coated 96-well microtitre plates (100 pl/well),
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and incubated at RT for three hours. As an additional negative control (besides an isotype-
matched negative control), microtitre plate wells were coated with 2% BSA in PBS (200 pl/
well) and incubated at RT for 2 hrs. Antibody and BSA coated wells were then washed 8 times
with PBS-Tween 20 (0.05%).

The immunoreactivity of selected phage clones with the ER, PR, or Her-2 mAb, or control
mAbs was assessed by measuring binding to the respective mAbs. These mAbs were already
immobilized onto the microtitre wells as described above. Individual phage clones (~108-°
PFU/well), diluted in PBS-Tween 20 (0.1%) with 0.1% BSA, were added to the microtitre
wells (100 pl/well) and incubated at RT for 2 hrs. Wells were washed 10 times with PBS-
Tween 20 (0.05%) to remove non-specifically adherent phage. The presence and relative
amount of plate-adherent phage was determined by adding horseradish peroxidase (HRP)-
conjugated sheep anti-M13 antibody (Pharmacia Biotech, Piscataway, NJ, 100 pl/well) and
incubated for 1 hour at RT. The microtitre wells were then washed eight times with PBS-Tween
20 (0.05%) to remove non-specifically adherent sheep anti-M13 —HRP antibody conjugate.
Finally, an HRP colorimetric enzyme substrate, 2,2-azino-di-[3-ethyl-benzthiaocline sulfonate]
(ABTS), 0.5 mg/ml, was added to the microtitre wells. Color development in the microtitre
wells was measured with a BioRad microplate reader, model 2550 (BioRad Corporation,
Hercules, CA), at a 405 nm wavelength. Data are expressed as optical density (O.D.). Phage
clones that gave ELISA signals at least three times the background value were considered
positive.

2.6 DNA Insert Sequencing

Of the immunoreactive phage clones, 10-50 each of formalin-sensitive and formalin-
insensitive phage clones were picked for subsequent analysis. The DNA inserts were amplified
by polymerase chain reaction (PCR) and their peptide-coding inserts sequenced at the DNA
Core Facility of Tufts University Medical School, Boston, MA. We sequenced the nucleotide
inserts coding for the combinatorial peptides in phage clones that gave high O.D. readings
(considered to be specific binders) and several poorly binding clones (for comparison). The
sequencing template was prepared by PCR amplification from an overnight phage culture. The
primers used for insert amplification were CGGCGCAACTATCGGTATCAAGCTG and
CATGTACCGTAACACTGAGTTTCGTC. Thirty rounds of PCR were performed on a MJ
Research Tetrad thermocycler (MJ Research, Inc., Waltham, MA). The PCR product was
diluted 1:20 with distilled water. Sequencing was performed in both the forward and reverse
directions using the following primers: GATAAACCGATACAATTAAAGGCTCC and
GTTTTGTCGTCTTTCCAGACGTTAG.

3. RESULTS

3.1. Identification of immunoreactive epitopes

ER, PR, and Her-2-specific mAbs were used for biopanning against random peptide
combinatorial phage display libraries. These mAbs were developed and commercialized
because they bind to their antigens even in formalin-fixed, paraffin-embedded tissue, after
antigen retrieval (Al Saati et al., 1993; Bevitt et al., 1997; Anonymous, 2002b; Anonymous,
2002a). Phage expressing peptides that bind to the antigen-combining region of those mAbs
were enriched by serial rounds of selection and amplification. First, we depleted the phage that
bind to common, shared (framework) regions of polyclonal mouse 1gG (see Materials and
Methods). We then positively selected for phage that bind to the mAb specific for ER, PR or
Her-2 (see Materials and Methods).

After two rounds of selection (“biopanning”), the input-to-output phage ratio reached a plateau
(data not shown), suggesting that the majority of the phage were specific to the target
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monoclonal antibody used for biopanning. The specificity of the enriched phage clones was
confirmed with a phage ELISA, by randomly picking the individual phage clones and testing
their ability to bind to mAb-coated microtitre wells. Depending on the target antibody, we
typically observe approximately 80-90% of the clones to be specific binders for the selecting
mADb. Representative phage ELISA data for PR mAb 1A6-binding phage are shown in Figure
1. Mouse polyclonal IgG was used as a negative control, to assess the assay background (open,
unshaded vertical bars). Additional controls are shown on the right side of Figure 1. In the
column labeled “M13”, we tested the immunoreactivity of the PR1A6 mAb with wild type
M13 phage that did not contain a peptide insert. As expected, the immunoreactivity was low.
As a positive control, we also tested the bulk phage preparations that were enriched for
immunoreactivity with the LA6 mAb, after one or two rounds of positive selection, without
cloning. These are shown to the right in Figure 1, where “1” and “2” on the x axis refer to the
number of positive selection rounds of enrichment against the LA6 mAb. The data demonstrate
progressively increased binding with each round of enrichment. The data from an additional
negative control are also shown to the right in Figure 1. Instead of enriching against the PR1A6
mADb, we also enriched the same phage library against the PR636 mAb, which binds to a
different epitope on the same protein. As expected, immunoreactivity of the (irrelevant) PR636
mADb-enriched phage clones to the PR1IA6 mADb is relatively low.

3.2. Identification of formalin-sensitive and formalin-insensitive peptides

Since we could enrich phage libraries for peptides that are immunoreactive with a desired mAb,
we tested the role of formalin fixation in further sub-selecting those phage clones. We used the
second round, highly enriched phage display peptide library to identify the epitopes and amino
acid residues that are important in conferring formalin sensitivity and resistance. This approach
is uniquely unbiased in that only the mAb, with or without formalin fixation, performs the
selection. By virtue of the diversity of immunoreactive peptide sequences found in the second-
round enriched phage display peptide library, we can screen for the peptides that are sensitive
or resistant to formalin.

We devised a replica plague assay, as summarized in Figure 2, to identify peptides that are
formalin-sensitive and formalin-insensitive. After two rounds of panning, the selected mAb-
specific phage were grown as plaques on a bacterial lawn, on agar. Each phage clone expresses
a different peptide, almost all of which are immunoreactive with the mAb. Most peptides share
an internal consensus motif that is responsible for binding to the mAb. The consensus motif
resembles the actual epitope, as found in the native protein to which the mAb binds. Replicate
lifts of nitrocellulose blots were created. One of the nitrocellulose blots was incubated in 10%
neutral buffered formalin whereas the other in buffer alone. By aligning the replicate
immunoblots, we can determine the phage clone’s immunoreactivity with and without formalin
fixation. When both blots, formalin treated and untreated, were immunostained with the mAb
and appropriately aligned for comparison, we observed that formalin fixation caused 20 to 80%
of the phage clones to lose immunoreactivity. We then sequenced the clones in both categories,
analyzing their sequence for clues to explain their sensitivity or resistance to formalin.

A representative plaque-lift assay for the PR mAb 1A6, with or without formalin treatment, is
shown in Figure 3. Most of the immunoreactive phage clones in the unfixed replicate blot (left)
are no longer immunoreactive after formalin fixation (right). However, as highlighted by the
arrows, there are some phage clones that bind to the PR 1A6 mAb regardless of formalin
fixation. The immunoreactive peptides expressed by these clones are formalin-insensitive. The
open circles at the edge of each blot denote the location of marks that we made on the
nitrocellulose membrane, for the purpose of aligning the replicate membranes in the same
orientation. Phage clones in both groups (formalin-sensitive as well as formalin-insensitive)
were grown and further analyzed.
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We evaluated the phage clones from both groups to identify if there is any difference in binding
to the selecting mAb (PR 1A6). Formalin-sensitive or formalin-insensitive phage clones were
picked, amplified, and tested for immunoreactivity to mAb 1A6. We tested each phage clone
for binding to the PR 1A6 mAD in a phage ELISA (see Materials and Methods). Figure 4
illustrates the mean and standard deviation of the individual phage clones’ immunoreactivity
with mAb 1A6. There was no statistically significant difference in the immunoreactivity of the
phage clones from the two groups (formalin-insensitive and formalin-sensitive). Both were
highly immunoreactive to the target mAb 1A6. This indicates that the strength of antibody
binding to the epitopes is comparable between the two groups. Therefore, the strength of
antibody binding does not account for sensitivity or insensitivity to formalin fixation.

3.3. Amino acid composition of peptides

To investigate the protein chemistry responsible for formalin-sensitivity, we sequenced the
DNA of 10-30 PR1A6 mADb binding phage clones from each group. The amino acid sequence
for each phage clone’s peptide insert was deduced from the DNA sequence. Representative
data are shown in Figure 5. When the amino acid sequence of the phage clones were aligned,
as shown in Figure 5, a consensus amino acid sequence of SRSGX(C)XSYY emerged. This
closely matches the epitope in the native sequence, SARSPRSY. In our cyclic peptide phage
library, two cysteines (separated by ten intervening residues) are conserved in order to create
a cyclic peptide formed by a disulfide bridge between their side chains. Since the cysteines are
invariant, no conclusions can be drawn from their presence. The most striking finding from
these sequences is the presence of lysines (K) in the formalin-sensitive peptides. Formalin-
insensitive peptides had significantly fewer, or no, lysines. Besides PR 1A6, additional analyses
were performed using mADbs to the estrogen receptor (mAb ER 1D5), PR 636, and Her-2 CB11
mAD.

Quantitative analysis of the frequency for each amino acid in the peptides of PR 1A6, PR 636,
ER 1D5, and Her-2 CB11 mAb binding phage clones, is shown in Figure 6. The open symbol
in the graph shows the formalin-insensitive group with a solid black line. The formalin-
sensitive group is represented with a dotted line (filled-in symbols). In general, lysine is the
only amino acid that is consistently over-represented in the formalin-sensitive group. The
difference in the frequency of lysines between the formalin-sensitive and formalin-resistant
group is statistically significant (p=.025, one-way ANOVA). This reinforces and reaffirms the
importance of lysine residues in formalin reactivity and therefore cross-linking of proteins.

Apart from lysines, certain amino acids are over- or under-represented in some, but not all,
antibody epitopes. In the PR 1A6 phage clones, glycines (G) are found more often in the
formalin-insensitive group. In the PR 636 phage clones, trytophans (W) are over-represented
in the formalin-sensitive group, while prolines (P), and serines (S) are over-represented in the
formalin-insensitive group. For the ER 1D5 phage clones, aspartic acid (D) and tyrosine (Y)
are over represented in formalin-sensitive group. In the Her-2 CB11 phage clones, serine is
(moderately) over-represented in the formalin-sensitive group.

4. DISCUSSION

We describe a combinatorial library technique for analyzing antibody epitopes. Phage display
of peptide libraries provides us with thousands of immunoreactive peptide sequences after
several rounds of selection. By screening this universe of peptides (that bind to an antibody)
for sensitivity to a chemical agent, it is now possible to distinguish in a high throughput fashion
those peptides that are retain or lose immunoreactivity. Different mAbs will select for different
peptides, thereby creating a diverse range of potential chemical reactions. Sequence analysis
reveals particular amino acids that are correlated with the phenotype in question. Because of
its importance to immunodiagnostics and in vaccine development, we tested the technique
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using formalin. Once the peptide phage that are sensitive to formalin are identified by plaque
lift immunoblots, they can be further amplified and analyzed. By screening so many
independent phage clones, this peptide diversity offers a high throughput analysis of the effects
of formaldehyde reactions. Peptide phage screening with immunoblot selection method is
simple but robust enough to analyze many sequences in a short period of time.

Formalin has a well-established role as a cell and tissue fixative or as an attenuating agent in
vaccine preparations. Therefore, there is interest in understanding formaldehyde reactions in
the practical contexts for which it is used, as it relates to immunoreactivity. A better
understanding of formaldehyde chemistry may help better exploit formaldehyde’s use in
pharmaceutical, diagnostic, or biochemical samples, without the adverse effects that are
presently encountered. For example, formaldehyde is the most widely used fixative prior to
tissue embedding for histopathologic analysis. Unfortunately, many antibodies lose
immunoreactivity with their tissue antigens after formalin fixation and paraffin embedding.
This study helps delineates the effect of formalin fixation on tissue antigens, at least implicating
the role of lysines in the loss of immunoreactivity. Our experimental protocol does not address
the possible effect(s) of paraffin embedding postfixation on tissue immunoreactivity.

Of the four mAbs whose epitopes we analyzed, the increased frequency of lysines consistently
distinguished the formalin-sensitive from formalin-resistant groups. As previously reported
(Fraenkel-Conrat et al., 1947; Fraenkel-Conrat and Olcott, 1948a; Fraenkel-Conrat and Olcott,
1948b; Shi et al., 2000; Metz et al., 2004), lysine residues are reactive with formaldehyde,
resulting in various reactions. Formaldehyde can cross-link via a Schiff base, or it can cross-
link the epsilon amines of two lysines, or it can cross-link a lysine to hydroxyl group of a serine,
or a lysine to a peptide bond. This suggests that lysine is an important residue in conferring
sensitivity to formalin fixation, supporting earlier suggestions (Fraenkel-Conrat and Olcott,
1948a; Shi et al., 2000; Metz et al., 2004).

We were surprised that no other amino acid consistently correlated with formalin sensitivity.
Several other amino acids’ side chains are capable of reacting with formaldehyde: Asn (N),
GIn (Q), Tyr (Y), Arg (R), His (H), and Ser (S). In fact, we previously published data for several
mADbs used for clinical immunohistochemistry, which correlated sensitivity to formaldehyde
with the presence of tyrosine and arginine (Sompuram et al., 2004). An important distinction
between the two studies is that the previous one used mAbs characterized by a reversible loss
of immunoreactivity. Namely, immunoreactivity was recoverable after antigen retrieval, a
process whereby tissue sections are heated to boiling. By contrast, reversibility of
immunoreactivity, such as after antigen retrieval, was not a selecting criterion in this study.
Thus, it is possible that, although lysine was a preponderant amino acid in this study, it might
not have been had we required reversibility.

Apart from lysines, there were isolated instances where other formaldehyde-reactive amino
acids were increased in the formalin-sensitive group. For example, the ER 1D5 mAb formalin-
sensitive epitopes showed an increased proportion of tyrosines and, to a smaller degree,
arginines (Figure 6, panel B). This was the same mAb whose epitope we previously
characterized as being associated with the Mannich reaction, involving tyrosines and arginines,
after formalin fixation. Also, the Her-2 mAb CB11 had an increased proportion of serines in
the formalin-sensitive group. Therefore, it seems reasonable that other formaldehyde reactions
may likely occur in fixed tissues besides those involving lysines, depending upon the amino
acid composition of the epitope.

In a broader context, this screening strategy is potentially useful for identifying
immunoreactive epitopes with defined chemical sensitivities. With regards to formalin, this
might be useful in characterizing vaccine sensitivity, or in the creation of novel mAbs that are

J Immunol Methods. Author manuscript; available in PMC 2007 December 20.



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

1duasnuey Joyiny vd-HIN

Vani et al.

Page 9

immunoreactive after formalin treatment. For either goal, a random combinatorial peptide
phage library can be enriched with immune sera and tested for sensitivity to the chemical in
question. Sequencing of the peptide inserts will lead to identification of the epitope conferring
the desired property. For antibody development, that peptide, or even the phage clone itself
(van Houten et al., 2006) can then be used as an immunogen.
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Figure 1.

A representative phage ELISA, showing immunoreactivity of each phage clone to the PR 1A6
mADb (shaded bars). Polyclonal mouse antibody was used as negative antibody control (open
bars). Wild type M13 phage (“M13”) is an additional negative control. Bulk uncloned round
1 and round 2 enriched phage preparations were also run for comparison. As positive controls,
the round 1 and round 2 uncloned phage preparations enriched with the relevant mAb PR1A6
are shown towards the right portion of the figure. The fact that these would be expected to be
immunoreactive with the PR1A6 mAb is indicated by the “+”. As an additional negative
control, bulk uncloned phage preparations that were enriched with an irrelevant mAb PR 636
were also tested. The fact that these are not expected to be immunoreactive is denoted by the
“~" symbol.
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Figure 2.

Flow chart for immunoblot selection of formalin-sensitive and formalin-resistant phage clones.
The phage clones were enriched with two rounds of positive selection using a mAb coupled
to paramagnetic beads (not shown in the figure). The individual clones were then plated onto
LB agar, as shown in the upper left. Replicate blots, formalin-treated (left side) or untreated
(right side), distinguish formalin-sensitive from formalin-resistant epitopes expressed by
individual phage colonies. The arrows on the left side blot identify phage clones that are no
longer immunoreactive with the mAb after formalin fixation. These phage clones are shown

as open circles, and express peptide inserts with formalin-sensitive epitopes.
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Figure 3.

Autoradiograms of duplicate plaque lifts that were untreated (left blot) or treated with formalin
(right blot) before immunostaining. The arrows identify the phage clones containing peptide
inserts that are immunoreactive in both blots and therefore are not sensitive to formalin. The
open circles at the blot edges show where the alignment marks were placed in the membrane,
for the purpose of orienting the blot.
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Figure 4.

Immunoreactivity of phage clones expressing peptides that are formalin-sensitive and
formalin-insensitive, for binding to the PR LA6 mAb. The vertical bars represent the mean
optical density in a phage ELISA * the standard deviation. For each group, n = 12. There is no
statistically significant difference between the two groups.

J Immunol Methods. Author manuscript; available in PMC 2007 December 20.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Vani et al.

Page 15

Amino Acid Sequence of Formalin Insensitive Phage Clones

SSYYSQHMNMC|S GA
TSFHGQASPVC|QF S
DPSFTEESRSCRSY
I SYGFHQS GMC|ELTF
MSFFGPMAETC|PPL
QSYFEHQVMGC|PLG
MSYWEIPPQECGGG
SSYYGQNTDRECNRW

Amino Acid Sequence of Formalin Sensitive Phage Clones
SHLC MHDKEFGSRSLCIGS Y
SRGCIASYSTI YDQK(L|I NG
SRS SSFSHRQDRK[E|LPH
FYNCIQMLETRSRS WCIKF W
S RS KSYPEQYQRTE|LFL
SYNCIKYRFDNQSRSKCHSY
NGYCIQDATSLLSRGECKS Y
DSRICCAAEAVSLSRGCRSY
DP VCCLKPRENRSRGCIAS'Y
S RS ASFQAMSMMAC|VPY
S RS LSYEDKQI APLC|ISFP
APTCIADYTDVWARSCIHS Y
FPLICCMDS GS KMSRS KSY
PPACFWQQHGI SRS [CIKSF
WDLICIERMDYGKARSCIGS Y

Figure 5.

Representative PR mAb 1A6 binding peptides from both formalin-sensitive and formalin-
insensitive phage clones. The top panel represents the amino acid sequence of peptide inserts
from phage clones that are formalin-insensitive. The bottom panel represents the amino acid
sequence of peptide inserts from phage clones that are formalin-sensitive. Each amino acid is
represented by its single letter code. The underlined residues represent amino acids that are
either identical or conserved substitutions to the native epitope. Lysines (K) are bolded, to

facilitate their identification.

J Immunol Methods. Author manuscript; available in PMC 2007 December 20.



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

1duosnuely Joyiny vd-HIN

Vani et al.

>

Frequency of A.A.

=
o N
L )

PR 636 mAb Epitope

=]

Frequency of A.A.

A

Frequency of A.A.

=]

Frequency of A.A.

g M5 RS T2 22 5520 55 £ &
T TESETCEFERSSSsLafESS
PR 1A6 mAb Epitope
24
---#--- Formalin Sensitive
20 {| —o— Formalin Insensitive

f e p S5 SH 9L F ey oo G
T 2GRS SELESEESS

Figure 6.

Page 16

Frequency of each amino acid among formalin-sensitive and formalin-insensitive phage
clones. Each box represents the amino acid frequency for PR 636 (A), ER 1D5 (B), Her-2
CB11 (C), and PR 1A6 (D) mAb epitopes. Amino acid frequency is calculated from many
peptide sequences for each epitope and the average percentage is presented. The arrows
highlight the point in the graphs relevant to lysine frequency, showing their increased frequency
in formalin-sensitive epitopes.
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