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Screening of a Library of Phage-displayed Peptides
Identifies Human Bcl-2 as a Taxol-binding Protein
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A random library of phage displayed peptides was screened for binding
to a biotinylated derivative of paclitaxel (Taxol). Affinity-selected
peptides were analyzed for similarity to human proteins. There was no
significant similarity between the paclitaxel-selected peptides and tubulin.
However , a subset of the peptides was identified that exhibits significant
similarity to a non-conserved region of the anti-apoptotic human protein
Bcl-2: ELISA assays confirmed binding of paclitaxel to Bcl-2, and circular
dichroism spectroscopy demonstrated that a substantial conformational
change accompanies this binding. In vivo, treatment with paclitaxel has
been shown to lead to Bcl-2 inactivation with concomitant phosphoryl-
ation of residues in a disordered, regulatory loop region of the protein.
Similarity between paclitaxel-selected peptides and this loop region impli-
cate these residues in drug binding, and suggest that the apoptotic action
of paclitaxel may involve the binding of paclitaxel to Bcl-2. These results
demonstrate that peptides displayed on the surface of bacteriophage
particles can mimic the ligand-binding properties of disordered regions
of proteins.
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Introduction

Paclitaxel (trade name Taxol) is a highly effective
anti-neoplastic agent known to halt mitosis and
induce apoptosis. Its anti-mitotic activity is a direct
effect of its induction of tubulin polymerization
and suppression of microtubule dynamics (Schiff
et al., 1979). Its apoptotic activity is presumed to be
a secondary effect brought on by the mitotic block.
A number of other microtubule-active drugs are
now known to act by mechanisms that appear
similar (Haldar et al., 1997). A key step in the
induction of apoptosis by these drugs is the phos-
phorylation and concomitant inactivation of the
anti-apoptotic protein Bcl-2 (Haldar et al,, 1995,
1996). Numerous recent papers have suggested the
involvement of several cellular pathways in pacli-
taxel action, and characterization of these path-
ways is critical to a complete understanding of the
biological activity of paclitaxel.

Abbreviations used: TBST.1, Tris-buffered saline plus
0.1 % Tween 20; GST, glutathione-S-transferase.
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To characterize better the types of interactions
paclitaxel makes with proteins, a phage displayed
peptide library was screened for members with
relatively high affinity for a derivative of paclitaxel
biotinylated at C7 of the taxane ring. The dodeca-
peptides in this library are attached to the N
terminus of plll, the host-binding protein of
bacteriophage M13. Their conformation and
environment on plll is unknown. Some of the dis-
played peptides may interfere with infection of
host by the phage, resulting in censorship of the
library. Other metabolic and structural effects also
lead to censorship of phage libraries (Rodi &
Makowski, 1997). For instance, cysteine is present
at very low levels in the library because of the
action of the Escherichia coli dsb system which cata-
lyzes the formation of disulfide bonds in the peri-
plasm, leading to the covalent dimerization of pIIl
which precludes their incorporation into the
assembling phage particles (Makowski & Russel,
1997). In spite of these factors, the library has very
substantial sequence diversity, containing a signifi-
cant fraction of the theoretically possible sequences
(A. Soares & L.M. unpublished results). Neverthe-
less, the resulting censorship patterns must be
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taken into account in any statistical analysis of an
affinity-selection process.

Screening of the library (Scott & Smith, 1990) by
biopanning (Kay et al., 1996) involves incubation of
the library above an immobilized ligand, in this
case a biotinylated derivative of paclitaxel bound
to a streptavidin coated plate. Peptides selected by
biopanning are a mixture of those exhibiting pre-
ferential affinity for paclitaxel, those exhibiting
favorable growth properties, and those randomly
binding non-specifically to the substrate. Identifi-
cation of those peptides with preferential affinity
for paclitaxel requires the observation of patterns
of sequence that are not observed in unselected
populations. If the affinity is relatively weak,
identification of these sequence patterns may
require sequencing of significant numbers of
selected peptides.

It is unclear to what extent the sequences of
phage-displayed peptides with affinity for paclitax-
el may reflect the sequences of proteins that bind
to paclitaxel. The binding properties of peptides
depend heavily on their environment, and there is
no reason to believe that the environment at the N
terminus of plll of a filamentous bacteriophage
would mimic in any way that of a paclitaxel bind-
ing site on a naturally occurring protein. Further-
more, the binding sites for small molecule ligands
usually involve several short stretches of peptide
separated by widely varying lengths of peptide,
and arranged in a protein scaffold to form a well-
defined ligand binding site. These facts notwith-
standing, many ligand-binding sites are disordered
loops on the surface of a protein prior to inter-
action with the ligand (Dunker ef al., 1998; Romero
et al., 1998), and the importance of the surrounding
scaffold and other aspects of the environment are
less obvious in these cases. Therefore, a compari-
son of the sequences of phage-displayed peptides
exhibiting affinity for paclitaxel with the sequences
of proteins, such as B-tubulin, that are known to
bind paclitaxel may be informative as to the ways
in which this drug interacts with proteins.

Results

Library screening

Filamentous bacteriophage particles whose
recombinant plIl proteins might bind to paclitaxel
were isolated by biopanning (Kay et al., 1996) as
detailed in Materials and Methods using a deriva-
tized paclitaxel with a biotin group covalently
attached to C7 (see Figure 3) and immobilized on a
streptavidin-coated plate. The five plII structural
proteins present at the tip of the virion each pos-
sess a random 12 amino acid extension of their
amino terminus, coded for by a random synthetic
oligonucleotide inserted into the corresponding
position in the gene for plll. The sequences of
inserted oligonucleotides were determined and
translated to obtain the sequence of the displayed
peptide.

Because of the weak interactions between the
peptides and the paclitaxel, no strong consensus
emerged from this process. In order to evaluate the
success of the screening process, the statistical
properties of the peptide insert sequences of phage
particles isolated after each of three rounds of affi-
nity selection were examined. Amino acid frequen-
cies in the unscreened library are primarily due to
growth characteristics of the virus and to host-
virus interactions (Rodi & Makowski, 1997).
Screening selects virions for their ability to bind to
the substrate paclitaxel. Since binding to a particu-
lar substrate will, in general, be a property inde-
pendent from the growth characteristics of the
viral clone, the statistical properties of the
sequences of inserts in the selected virions should
differ from those of the unselected virions due to
the ligand-binding requirements. The probability
of occurrence of any given peptide sequence within
the library population was estimated from the
amino acid frequencies of 100 members selected at
random from the parent library prior to screening,
and assuming that the occurrence of amino acid
residues in the insert are independent events (e.g.
no nearest neighbor correlations). Self-information
(defined as —In(probability)) was used as a con-
venient measure of the probability of occurrence of
a particular sequence; larger self-information being
associated with less-likely sequences (Gallagher,
1968).

Three rounds of biopanning were carried out,
and the sequences of affinity selected phage were
determined after each round. The amino acid
sequences of peptides isolated by affinity selection
had higher self-information than those of the
parent library. The average self-information
increased from 33.1 for unselected phage (n = 101)
to 35.4 for round I phage (n = 20), 35.4 for round II
phage (n=70) and 34.8 for round III phage
(n = 23). These numbers suggest that affinity for
substrate was a significant factor in the selection
process for all three rounds of selection. Round II
did not appear to produce further enrichment for
paclitaxel-binding phage over that of round I, and
in the third round of selection, growth character-
istics became a measurable factor in the compo-
sition of the phage population.

Consensus sequences

Insert sequences of phage isolated from rounds
I, II and III were determined and a search was
made for repeated occurrences of oligopeptides of
length three or more. All three rounds, as well as
randomly chosen phage, possessed multiple copies
of one or more trimers. Of the affinity-selected
sequences, only the round II peptides exhibited
multiple copies of oligopeptides longer than three
residues. The pentapeptide HTPHP was present at
identical positions in two inserts, and SHPST was
present at different locations in two other inserts.
The HTPHP-containing clones had relatively high
self-information (35.9 and 36.3) compared with the
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SHPST-containing clones (31.6 and 31.2). Statisti-
cally, this translates into random observation of the
pair of HTPHP-containing clones in an unscreened
library being approximately 10® times less likely
than the observation of the pair of SHPST-contain-
ing clones, and strongly implicates affinity for
paclitaxel as the reason for their isolation.

A sequence search using the composite database
OWL identified two human proteins containing
the sequence HTPHP: Bcl-2, a 239 amino acid anti-
apoptotic protein, and ataxin-2, a 1312 amino acid
protein associated with the pathogenesis of spino-
cerebellar ataxia type 2. A similar search with the
consensus sequence SHPST yielded four distinct
human proteins, with sizes ranging from 1035 to
4303 amino acid residues.

A more sophisticated similarity analysis was per-
formed between these six proteins and the round 1II
peptide sequences. All similarities between hexam-
ers of amino acid residues in each protein and the
round II selected peptides were compiled, and the
total similarity score, Hy(x), was calculated as a func-
tion of position along each protein sequence. A simi-
lar calculation was carried out using the set of 100
randomly selected clones, H.(x), and the difference
in similarity scores, AH(x)=Hy(x) — H/(x), was
plotted for each protein. A value of AH(x) signifi-
cantly above background indicates that sequences
with similarity to this region of the protein occur
more frequently among paclitaxel-selected peptides
than among randomly selected peptides.

Similarity to Bcl-2

Of the six proteins identified by this process,
only Bcl-2 demonstrated substantial similarity with
the round II peptides over a region larger than the
observed pentapeptide consensus. The region of
high similarity between Bcl-2 and the selected pep-
tides corresponds to a non-conserved region in Bcl-
2 which, by analogy to the Bcl-2 homolog Bcl-X|,
exists as a disordered surface loop (Muchmore
et al., 1996).

The absence of significant AH(x) values between
tubulin and round Il peptides suggests that the
paclitaxel-binding residues in tubulin have a scaf-
fold structure functionally different from that on
the surface of the phage, precluding their identifi-
cation in this screen.

Similarity plots calculated for Bcl-2 and Bcl-X;
are shown in Figure 1. The similarity between
round II peptides and human Bcl-2 is not limited
to the pentapeptide HTPHP, but extends across a
30 amino acid portion of the 60 amino acid long
disordered loop. This loop plays a regulatory role
for the protein, with upregulation of anti-apoptotic
activity and increased cell proliferation accompa-
nying genetic deletion of the region (Chang et al.,
1997, Uhlmann et al.,, 1996). Figure 2 shows the
alignment of selected peptides with the sequence
of Bcl-2 in the loop region.
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Figure 1. Measure of the relative similarity of Bcl-2
and Bcl-Xp to round II paclitaxel-selected peptides
plotted as a function of distance along the amino acid
sequences of the two proteins. A high similarity score
indicates that the similarity between the paclitaxel-
selected peptides and the protein is greater than the
similarity between the randomly selected peptides and
the protein. A negative similarity score implies that
sequences selected by screening against paclitaxel are
less likely to have similarity to this region than are ran-
domly selected peptides.

ELISA binding assays

To test whether the observed pattern of simi-
larity was predictive for paclitaxel binding, ELISA
assays were carried out on Bcl-2 and Bcl-X;. As
shown in Figure 3, human Bcl-2/GST fusion pro-
tein bound to immobilized paclitaxel in a concen-
tration-dependent manner. Incubation of the
protein with identical molar quantities of either
immobilized biotin (to prove specificity for the
paclitaxel moiety) or biotinylated dioxin (to rule
out non-specific hydrophobic interactions) showed
no detectable binding. Standard regression analysis
showed the binding data to be consistent with a
stoichiometric binding of paclitaxel to protein with
a dissociation constant (Kp) of 400(£105) nM
(standard error).

Results of comparable experiments on the bind-
ing of paclitaxel to Bcl-X; are also shown in
Figure 3. Binding is barely detectable at the highest
concentrations of protein, indicating that binding
of paclitaxel to Bcl-X is at least two orders of mag-
nitude weaker than paclitaxel binding to Bcl-2.
These results confirm that the observation of simi-
larity between affinity-selected round II peptides,
and these two proteins are predictive for drug
binding.

Competition experiments were carried out to
demonstrate that paclitaxel could compete with
biotinylated paclitaxel for binding to Bcl-2, and the
results of these experiments suggested that the
binding constant of paclitaxel to Bcl-2 is similar to
that for biotinylated paclitaxel. Preliminary exper-
iments in which docetaxel (taxotere) was used to
compete biotinylated paclitaxel from Bcl-2
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Figure 2. Alignment of round II insert peptide sequences and Bcl-2 in the regions of highest similarity. Blue high-
lighting indicates strongly conserved residues. The residues that are found to be phosphorylated in paclitaxel-treated
cells are marked by (*). The site of Pro59 is marked by (#). Mutations of Pro59 have been shown to prevent pacli-
taxel-induced phosphorylation of Bcl-2 (Reed & Tanaska, 1993; Aime-Sempe et al., 1996; Reed, 1997).

suggested that docetaxel binds to Bcl-2 with lower
affinity than paclitaxel.

ELISAs were also carried out on synthetic pep-
tides, one with sequence identical to the amino-
terminal half of the flexible loop of Bcl-2; the other
identical except for the single replacement P57A.
These peptides were circularized by the formation
of a disulfide bond between terminal cysteine resi-
dues. The first peptide exhibited affinity for pacli-
taxel 1.5-2 logs higher than the peptide containing
the single amino acid replacement (data not shown),
suggesting the involvement of Pro57 in paclitaxel
binding. As seen in Figure 2, this residue is near the
center of the Bcl-2 region that exhibits sequence
similarity to the paclitaxel-selected peptides.

Circular dichroism

Paclitaxel/Bcl-2 interactions were further charac-
terized by circular dichroism spectroscopy, with
the results demonstrating that the Bcl-2/gluta-

thione-S-transferase (GST) construct undergoes a
substantial conformational change upon binding
paclitaxel. The spectra of the fusion protein with
and without paclitaxel are significantly different
(see Figure 4). These differences are much larger
than the standard deviations of these measure-
ments (error bars in Figure 4), and involve a
change in both the shape of the curve (e.g. ratio of
the 220/210 nm peaks) and the peak positions. The
secondary structures calculated for the Bcl-2 fusion
protein with and without paclitaxel differ by
approximately 4 %. The CD experiments detected
no change in the helical content of the molecule.
Since the disordered loop is by far the largest non-
helical region in Bcl-2, analysis of these spectra
strongly suggest that it is the loop portion of Bcl-2
which is involved in paclitaxel binding. The magni-
tude of the difference suggests a net change in the
conformation of Bcl-2 involving 10 to 12 amino
acid residues. This net change provides a lower
limit for the total number of residues changing

Figure 3. Results of ELISA bind-
ing assay of human Bcl-2/GST
fusion protein to (A) paclitaxel;
(A) biotin and (M) biotinylated
dioxin, and binding of human Bcl-
X¢, to (O) paclitaxel and (@) biotin.
The X-axis is the log nM concen-
tration of protein in solution (Bcl-2
or Bcl-X;); the Y-axis is the uncor-
rected optical density at 490 nm.
The continuous line is the calcu-
lated best fit for data combined
from four separate binding assays.
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The inset is the chemical structure
of the biotinylated paclitaxel used
in the selection of peptides.
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Figure 4. Circular dichroism spectrum of human Bcl-
2/GST fusion protein with (continuous line) and with-
out (broken line) paclitaxel. The fusion protein and
either buffer or paclitaxel in buffer were incubated
together and analyzed as described in Materials and
Methods. Each spectrum is the averaged result of five
spectra and subtracted baselines with standard devi-
ations as indicated.

conformation in response to paclitaxel binding.
The region of the loop exhibiting high similarity to
the paclitaxel-selected peptides includes 15-18
residues in extent, as shown in Figure 3. Conse-
quently, the results of the CD experiments and the
similarity calculations are completely consistent
with one another.

In a control experiment where paclitaxel was
added to purified GST, the GST spectra with and
without paclitaxel are virtually identical (data not
shown), meaning that were there any net structural
change within the GST molecule alone, it would
involve less than 0.5 % of its total secondary struc-
ture. This data corroborates the non-significant
AH(x) values for round II peptides and GST (data
not shown). The CD spectra make it clear that not
only does paclitaxel bind to the Bcl-2/GST fusion
protein, but the spectral differences observed for the
protein must derive from the Bcl-2 portion of the
molecule, and most probably from the loop region.

Discussion

The results presented here demonstrate that
similarity between the amino acid sequences of
ligand-selected peptides and that of an intact pro-
tein can be predictive for the binding of the ligand
to that protein. The disordered loop of Bcl-2
appears to have ligand-binding properties ade-
quately similar to those of peptides displayed on
the surface of a bacteriophage that similar
sequences in the two environments result in similar
binding properties. Lower similarity between the
selected peptide and the disordered loop of Bcl-X;.
correlates with lower observed binding affinity
between paclitaxel and Bcl-X;. Conversely, no sig-

nificant similarities were observed between the
paclitaxel-selected peptides and any known tubu-
lin. Phage-displayed peptides may not adequately
mimic the relatively structured form of the pacli-
taxel-binding site of tubulin (Nogales et al., 1998).

Binding sites in many proteins appear to be dis-
ordered prior to interaction with ligand (Dunker
et al., 1998; Romero et al., 1998). The mechanism by
which these disordered regions bind with high
specificity to a given ligand is not understood. The
results presented here suggest that phage-dis-
played peptides may represent a novel means for
the study of protein-ligand interactions involving
disordered regions.

The interaction between paclitaxel and Bcl-2
reported here has not been previously observed.
The degree to which this interaction may be
involved in the cytotoxic activity of paclitaxel is
unclear, but the identification of residues in the
loop region of Bcl-2 that are involved in both pacli-
taxel binding and in Bcl-2 inactivation suggests
that the interaction may be relevant.

Inactivation of Bcl-2 is central to paclitaxel-
induced apoptosis, and occurs concomitantly with
the phosphorylation of hydroxyls in its loop
domain, including those at Thr56, Ser70, Thr74 and
Ser87 (Maundrell et al., 1997; Ito et al., 1997). As
indicated in Figure 2, the first three of these sites
are within the region with the highest similarity to
the selected peptides. Mutation of Ser70 to alanine
significantly reduces drug-induced phosphoryl-
ation of Bcl-2 (Haldar et al., 1998). Other mutations
in the loop region have been identified within
numerous lymphoma-derived Bcl-2 proteins, with
alterations at one common mutation site (the term-
inal Pro59 of the HTPHP;, sequence) shown to
result in reduced Bcl-2 phosphorylation in
response to paclitaxel (Reed & Tanaska, 1993;
Aime-Sempe et al., 1996; Reed, 1997). This hot spot
is at the very center of the similarity region shown
in Figure 2. The loop domain is necessary for pacli-
taxel-induced phosphorylation of Bcl-2, as well as
for inhibiting paclitaxel induced cytosolic accumu-
lation of cytochrome ¢ and apoptosis (Fang et al.,
1998). The high affinity of paclitaxel for the loop
region of Bcl-2 demonstrated here, and the identifi-
cation of paclitaxel-binding motifs in the region of
the phosphorylated amino acid residues (residues
48-75) suggest that the change in phosphorylation
state of these residues is mediated by direct inter-
action of Bcl-2 with paclitaxel.

Most studies of paclitaxel action have linked its
induction of apoptosis to uncharacterized cellular
events arising from microtubule polymerization
and mitotic arrest. However, in a number of stu-
dies, paclitaxel-induced microtubule bundling and
mitotic block have been functionally separated
from its apoptotic and subsequent cytotoxic effects
(Donaldson et al., 1994, Woods et al., 1995; Ibrado
et al., 1996; Jordan et al., 1996, Milross et al., 1996;
Lieu et al., 1997). Furthermore, paclitaxel appears
to induce two forms of cell cycle arrest which, in
turn, induce two independent apoptotic pathways:
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a rapid-onset, p53 independent pathway, and a
slow p53 dependent pathway (Woods ef al., 1995).
It is possible that there are two sites of action for
paclitaxel, leading to the induction of these two
separate pathways. The results reported here
suggest that Bcl-2 may represent a second molecu-
lar target for paclitaxel.

Materials and Methods

Library screening

Thirty micrograms of C7-biotinylated paclitaxel (mol-
ecular mass 1118 Da, unpublished synthesis), solubilized
in HPLC-grade dimethylsulfoxide and diluted into Tris-
buffered saline plus 0.1 % (v/v) Tween 20 (TBST.1), was
attached to a streptavidin-coated petri dish according to
standard procedures (Kay et al., 1996). A random 12
amino acid plII display library was obtained from New
England Biolabs (NEB PHD-12) and screened according
to recommended instructions with the following modifi-
cations. Phage were propagated in E. coli JM109 and
amplified subconfluent on 150 mm 2XYT agar plates
(approximately 10° phage particles per plate), followed
by extraction with TBST.1 and subsequent polyethylene
glycol 8000 concentration as described (Kay et al., 1996).

Sequence determination

Aliquots of either the parent library, or paclitaxel-
screened bacteriophage following one, two, or three
rounds of screening, were used to infect log phase JM109
cells grown in 2XYT broth. Individual virions were
amplified by infecting early-log phase JM109 cultures
with a single plaque, followed by a ten hour 37°C
growth. Double-stranded viral RF DNA was isolated
with Qiagen spin columns according to manufacturer’s
instructions. Single strand nucleic acid sequences were
determined by Commonwealth Biotechnology Inc., Rich-
mond, VA using an ABI PRISM 377 DNA sequencer.

Statistical analysis of peptides

Sequence complexity analyses of library peptides were
performed as follows. The incidence of all 20 amino acid
residues at each of the 12 positions within the 100 random
peptides was determined. For every peptide, the inci-
dence of each residue along the sequence was multiplied
sequentially, giving an estimate of the likelihood of that
particular sequence. No nearest neighbor effects were
seen at the level allowed by the sample size. Consensus
sequence determination was accomplished with a pro-
gram that performed a comparison of all possible pairs of
trimers, tetramers, etc. Proteins possessing a consensus
sequence were identified by performing a DELPHOS
sequence search of the OWL composite protein sequence
database. For analysis of the similarity between peptides
and selected protein sequences, the best match between
each dodecapeptide and the protein was determined by
an exhaustive search using a standard similarity matrix.
Matches in which there were three or fewer identities in a
continuous stretch of six amino acid residues were dis-
carded as insignificant. Similarity scores were compiled
as a function of distance along the protein chain and aver-
aged over a 7 amino acid window to remove short, ran-
dom matches. An analogous similarity function was
calculated for the randomly chosen sequences and sub-

tracted from the calculated similarity function to remove
library bias as a source of false similarity.

ELISA assays

Santa Cruz Biotechnology, Inc. was the source
of human Bcl-2 expressed as a fusion protein with
Schistosoma japonicum GST, anti-Bcl-2 antibody, and anti-
Bcl-X;, antibody. SIGMA Chemical Corp. was the source
of all secondary antibodies. Biotinylated dioxin was syn-
thesized by Stanford Research Institute International,
Menlo Park, CA. Biotinylated ligands were immobilized
to streptavidin-coated Immulon II ELISA plate (Dyna-
tech Corp.) wells. The wells were blocked by washing
with TBST.1 four times. Increasing amounts of either
human Bcl-2 fusion protein or human Bcl-X| were incu-
bated with saturating amounts of ligand for three hours
at room temperature. Monoclonal antibodies raised
against either human Bcl-2 or Bcl-X; epitopes were used
to detect the presence of bound protein, followed by an
alkaline phosphatase-conjugated secondary antibody.
Assays were developed with an ELISA Amplification
System Kit (Life Technologies) as per manufacturers
instructions, and analyzed at 490 nm on a Bio Tek Auto-
matic ELISA Plate Reader.

CD spectroscopy

The CD spectra were obtained in a 0.1 cm pathlength
cell using an Aviv 62 ds spectropolarimeter over a wave-
length range from 300 nm to 190 nm, at an interval of
0.2 nm. For each sample, five spectra and baselines were
collected and averaged, and their standard deviations
calculated (Mielke & Wallace, 1988) at all wavelengths
(plotted as error bars in Figure 4). Both the Bcl-2/GST
fusion protein and the GST sample contained approxi-
mately 0.2 mg/ml protein in 2.5 mM NaCl. Paclitaxel
(CalBiochem) was added to each as a 1:100 dilution of a
90 % (v/v) water/ethanol solution (1 mM paclitaxel); the
samples without paclitaxel had a 1:100 dilution of a
sample of 90 % water/ethanol solution (without paclitax-
el) added. The secondary structures were determined
using a normalized constrained least squares algorithm
(Wallace & Teeters, 1987); the NRMSD parameter was
calculated as a measure of the quality of the fit of the cal-
culated structure to the data.
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