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Abstract

The enzyme L-asparaginase is a crucial component in the
treatment of acute lymphoblastic leukemia (ALL). As all
asparaginases in clinical use are derived from microor-
ganisms, immunological reactions are the most important
adverse events associated with asparaginase treatment.
Two different methods, phage display and the SPOTs
method, were used for the determination of clinically rel-
evant epitopes. Comparison of the results showed that
essentially the same domains were identified by the two
methods, and thus ascertainment of relevant epitopes
can be assumed. Determination of the specificity of the
epitopes will be performed with serum from patients with
different modes of immunological reactions and from
individuals without evidence of an immune response after
asparaginase administration.
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Introduction

L-Asparaginase (EC 3.5.1.1), an enzyme hydrolyzing
asparagine to aspartic acid and ammonia, is included in
most treatment schedules for acute lymphoblastic leu-
kemia (ALL), the most common form of leukemia in chil-
dren. The leukemic blast cells that cause ALL do not
express sufficient amounts of asparagine synthase and
therefore require exogenous asparagine for growth.
When asparagine is depleted in the blood by asparagi-
nase administration, the protein synthesis of the blasts is
compromised, leading to the impairment of cellular
functions and eventually to apoptosis (Sobin and Kidd,
1965; Becker and Broome, 1967, 1969; Cooney and
Handschuhmacher, 1970). It is assumed, but not yet
established, that the enzyme is eliminated via the reti-
culoendothelial system (Broome, 1968a,b; Hall, 1970).

The efficiency of asparaginase treatment has been
proven in a large number of clinical trials. For instance,
two controlled randomized studies showed that patients
treated with asparaginase in addition to a standard che-
motherapeutic regimen had a much superior disease-free
survival compared to standard chemotherapy alone

(Sallan et al., 1983; Desai et al., 1997). This was con-
firmed unintentionally in a recent clinical trial of 700
patients, in which the different pharmacokinetics of the
asparaginases from E. coli (EcA) and Erwinia chrysanthe-
mi (ErA) had been neglected, which led to inferior results
for patients treated with the less active Erwinia enzyme
(Otten et al., 1996; Pacquement et al., 1997; Duval et al.,
2002).

At present, asparaginase II from E. coli is the only
asparaginase commercially available for ALL therapy. It
is applied either in its native state or in pegylated form,
i.e., conjugated with polyethylene glycol (PEG) for pro-
longation of its half-life and probably for reduction of
immunogenicity. As EcA is a bacterial protein, a major
limitation of asparaginase treatment involves immunolo-
gical reactions, which range from minor processes at the
injection site to sometimes fatal systemic reactions such
as anaphylaxis (Müller et al., 2001). In a variety of clinical
investigations it was found that the incidence of early-
type immunological reactions to EcA administration var-
ied between less than 5% and 75%. As anticipated, the
probability of the occurrence of hypersensitivity reactions
increases with the number of doses within one cycle and
has its peak at the re-start of asparaginase administration
after asparaginase-free intervals (Dellinger and Miale,
1976; Evans et al., 1982; Müller et al., 2000, 2001).

In addition to allergic reactions, another frequent com-
plication of asparaginase therapy is a rapid decline in
asparaginase activity in the blood without any clinical
symptoms, the so-called ‘silent inactivation’ (Asselin et
al., 1993; Kurtzberg et al., 1993; Ahlke et al., 1997; Müller
et al., 2000). As this phenomenon can reduce the half-
life of pegylated EcA in vivo from the usual 1–2 weeks to
less than 1 day, it will abolish the therapeutic effect with-
out being noticed. To avoid this, a ‘drug monitoring’ pro-
cedure is used, in which blood samples from patients are
analyzed for asparaginase activity for approximately
2 weeks after enzyme administration. Although it has
been claimed that pegylated asparaginases are less
immunogenic, clinical investigations showed that silent
inactivation of such preparations also occurs in a con-
siderable number of patients (Park et al., 1981; Yoshi-
moto et al., 1986; Müller et al., 2000).

It is reasonable to assume that both hypersensitivity
reactions and silent inactivation are mediated by anti-
asparaginase antibodies formed after the first asparagi-
nase administration (the so-called induction treatment).
The detection of such antibodies in the blood of patients
could be a way of predicting possible complications of
asparaginase treatment. Unfortunately, enzyme-linked
immunosorbent assays (ELISAs) with the native enzyme
as antigen failed to show a clear correlation between
antibody levels and the clinical picture (Woo et al., 1998;
Wang et al., 2003). Other researchers, using a similar
ELISA technique, found a correlation between high anti-
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Figure 1 Alignment of the E. coli asparaginase amino acid sequence with antigenic peptides identified by the SPOTs technique
(above) or phage display (below).
For further details see the text.

body titers and low serum activity in patients treated with
native asparaginase, but not in patients treated with the
identical pegylated enzyme, although in this group a rap-
id decline in serum activity was also observed in some
patients (Avramis et al., 2002). Based on these obser-
vations, several hundreds of volunteers who had never
been exposed to asparaginase were tested for anti-aspa-
raginase antibodies. The results were rather surprising,
since significant (in some cases rather high) antibody
titers were measured in the serum of nearly all of the
volunteers.

To develop more reliable methods to predict hypersen-
sitivity reactions and silent inactivation, we started a pro-
ject with the aim of developing an epitope-specific assay
of anti-asparaginase antibodies. To this end, we first
focused on the identification of major B-cell epitopes on
the surface of E. coli asparaginase II, which is at present
the only enzyme of therapeutic importance. Such infor-
mation should facilitate the development of a more spe-
cific assay whereby synthetic peptides can be used to
detect clinically relevant anti-EcA antibodies. Two inde-
pendent techniques were used for epitope mapping. The
first one involved screening against anti-EcA antibodies
of a phage-displayed random peptide library (‘phage dis-
play’), while the second one relied on the SPOTs tech-
nique, in which overlapping synthetic decapeptides
spanning the entire EcA sequence, synthesized as spots
on a cellulose membrane, served as antigens. Here we
show that most peptides identified by either method align

to epitopes on the surface of the EcA molecule. The posi-
tion of several ‘strong’ epitopes relative to the enzyme’s
active site offers an explanation as to why silent in-
activation is such a common pitfall in asparaginase
treatment.

Results

Antigenic peptides identified by phage display

As detailed in the materials and methods section, a com-
mercial library of random heptapeptides fused to the pIII
protein of phage M13 was screened against a polyclonal
rabbit anti-EcA serum. A total of 59 single colonies were
picked at random from the eluate of the third panning
round for DNA sequencing. In 48 cases (81%), the
phage-displayed peptides could be matched with partial
sequences of EcA in a satisfactory way. The criteria
applied were: (i) at least three exact matches; (ii) at least
six sequence similarities (i.e., polar or non-polar residues
in the same position); and (iii) no gaps allowed. In Figure
1, the corresponding peptide sequences are aligned with
the EcA sequence. In each case, identities are highlight-
ed by bold letters. In addition, the solvent accessibility
of each residue in the EcA tetramer was estimated from
PDB entry 3ECA using DSSP (Kabsch and Sander, 1983).
Residues with calculated accessibility (ACC) values of
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Figure 2 SPOTs membranes containing 159 overlapping deca-
peptides spanning the E. coli asparaginase sequence after anti-
body probing with chemiluminescent detection.

50–100 Å2 are single underlined and those with
ACC)100 Å2 are double underlined.

Interestingly, approximately two-thirds of all matching
peptides were identical with or closely related to the EcA
sequence SVFDTLA (residues 252–258), indicating that
the polyclonal antiserum used contained especially tight-
binding antibodies directed against this particular
sequence. Five peptides matched residues 53–59
(VVNIGSQ), three peptides were related to residues
201–207 (TPFDVSK), and two to residues 129–135
(LYAAINL). All others aligned to different sites.

Peptides identified by the SPOTs approach

The SPOTs technique allows the combinatorial synthesis
of peptides on a cellulose membrane support. In the
present study, we synthesized 159 overlapping decapep-
tides with an offset of two residues that span the entire
EcA sequence. The resulting membranes were screened
with the same polyclonal antiserum used for panning in
the phage display experiments. Typical results of the
SPOTs screening are illustrated by Figure 2, which shows
two membranes containing all 159 peptides after chem-
iluminescent visualization of bound antibodies. In this
particular experiment, many spots are saturated due to
the high sensitivity of the stain, so that quantitative infor-
mation is difficult to derive from these data. Therefore, in
consecutive series of reactive peptides those yielding the
most intense signal were identified from membranes
stained by the less sensitive non-chemiluminescent
method (data not shown).

The positions of the most reactive peptides in the pri-
mary structure of EcA are shown in Figure 1, which
allows comparison with the results of phage display.
Clearly, the majority of the peptides giving strong signals
on SPOTs membranes map to regions that were also

identified by phage display. Exceptions are the peptides
numbered 39, 46, 82, 142–144, and 158–159.

Discussion

B-Cell epitopes are defined as groups of amino acids
that are clustered together on the surface of a protein
and determine its antigenicity, as they are recognized by
antibodies and B-cell receptors. Whether peptides iden-
tified by scanning of combinatorial libraries always cor-
respond to native epitopes of the target protein is still a
matter of debate. Linear peptides that are recognized by
antibodies frequently correspond to flexible loops on the
protein surface. Why they cross-react with the corre-
sponding sequences embedded in the tertiary structure
of the protein is still not clear (Craig et al., 1998). It is
generally accepted, however, that epitopes identified by
peptide methods represent only a small fraction of the
total epitopes present, most of which are discontinuous,
i.e., composed of several parts of the peptide chain
grouped together on the surface. Thus, antibodies raised
against the native protein will recognize short linear pep-
tides only if they contain an important part of a dominant
native epitope (Van Regenmortel, 1996).

Our present data suggest that at least some of the
linear epitopes identified in EcA meet this criterion. First,
the same peptides were recognized regardless of wheth-
er they were immobilized on a SPOTs membrane via their
C-termini or fused to a phage surface protein. Second,
as suggested by the accessibility parameters included in
Figure 1, most of the peptides identified correspond to
partial sequences located at or close to the protein sur-
face. It should be noted, however, that the accessibility
data were calculated from the structure of the native tet-
ramer. It is now well established that dilute asparaginase
solutions also contain significant amounts of dimers in
which additional residues are accessible (Verma and
Röhm, unpublished data). SPOTs peptide 82, for
instance, is largely inaccessible in the tetramer but is sol-
vent-exposed in dimers. Conformational changes that
accompany substrate binding to EcA could also mark-
edly influence the accessibility of residues. During cata-
lysis the active sites of the bacterial asparaginases are
shielded from the solvent by mobile peptide loops that,
in EcA, are formed by residues 14–26 of each subunit.
In the absence of substrate, these ‘lids’ are open and
conformationally highly flexible. It is only the binding of
asparagine or the competitive inhibitor aspartate that
induces loop closure, thereby markedly stabilizing the
protein (Aung et al., 2000). Some epitopes may therefore
only exist in the free enzyme or in the enzyme substrate
complex.

In 1994 Moola and co-workers published the results of
a hexapeptide scan to detect epitopes in Erwinia chry-
santhemi asparaginase (ErA), a bacterial asparaginase
that was in clinical use until recently (Moola et al., 1994).
In that study, the only antigenic peptide consistently rec-
ognized by several antisera against the Erwinia enzyme
contained a sequence that corresponds to residues
285–289 (in ErA numbering). The dominant E. coli epi-
tope identified in the present study (SVFDTLA) did not
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Figure 3 Comparison of epitopes in the C-terminal domains of E. coli (EcA) and Erwinia chrysanthemi (ErA) asparaginase.
For further details see text.

Figure 4 Position of dominant epitopes close to the active site of EcA.
For further details see the text.

react with antibodies raised against ErA. This is not sur-
prising, as the respective regions in the two enzymes
show only low sequence similarity (see Figure 3). The
tandem of proline residues contained in the ErA epitope
PPDEE (P-285 and P-286), which were shown to be
essential for antibody binding, is replaced by other resi-
dues in EcA. Moreover, the E. coli enzyme contains an
extra loop in that region that is also highly antigenic. The
immunodominant EcA sequence 249–259, on the other
hand, is not conserved in the Erwinia enzyme. These
findings are consistent with previous observations that
EcA and ErA are only weakly cross-reactive (Hrushesky
et al., 1976). It is for this reason that ErA has frequently
been substituted for the E. coli enzyme when allergic
reactions against the latter developed in patients during
asparaginase treatment.

When the antigenic peptides identified in the present
study are mapped to the surface of the EcA tetramer,
spatial relationships become apparent that may explain
the phenomenon of silent inactivation encountered in
ALL therapy. While the EcA monomers are identical, the
native EcA tetramer is actually a dimer of dimers, in
which subunits A and C or B and D, respectively, form
‘close pairs’ (Swain et al., 1993). The four active sites are
each made up from the N-terminal domain of a given
subunit and the C-terminal domain of the other member
of the respective close pair. This is illustrated by Figure
4A, in which the A/C pair is depicted in shades of blue
and the B/D pair in red. Figure 4B shows in more detail
the active site of subunit D, recognizable by the bound
aspartate (Asp). The mobile loop (in its closed position)
is highlighted in blue. Three dominant epitopes surround

the active site, i.e., residues 53–58 of subunit D (corre-
sponding to SPOTs peptide 26, light red), amino acids
253–257 of subunit B (dark red, peptide 126), and resi-
dues 283–289, also from subunit B (pink, peptide 143).
The side chains of the most exposed residues in these
sequences (N55, D255, and K288) are shown as cpk
models. In the native EcA tetramer, sequences 53–58
and 283–289 form loops on the protein surface. Note
that two of these residues (S58 and E283) are in imme-
diate contact with bound substrates or inhibitors. Resi-
dues 253–257 are constituents of a long amphipathic
helix, in which the side chains of K251, D255, T259, and
K262 are exposed on the protein surface.

In Figure 4C the respective regions are mapped to the
solvent-accessible surface of the B/D-dimer. Clearly, all
of these epitopes are so close to the mobile loop that
antibody binding to any of them is likely to block loop
movement. As discussed above, this would abolish
catalysis, which crucially depends on the opening and
closing of the loop. We therefore suggest that antibodies
directed against some or all of the epitopes shown in
Figure 4 are responsible for the silent inactivation of EcA
observed in ALL patients. Furthermore, from Figure 4C it
appears that the epitopes on subunit B are contiguous.
Thus, they could be parts of one larger discontinuous
(conformative) epitope.

Of course, the relevance of the epitopes detected in
the present study will have to be confirmed and quanti-
tatively assessed by independent techniques. We have
already started mutagenesis experiments with the aim of
identifying residues that are crucial for antibody binding
to the individual sequences in the native protein. Fur-
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thermore, to identify extended discontinuous epitopes,
we will screen larger protein fragments against the avail-
able antibodies (Reineke et al., 1998). Finally, and most
importantly in the clinical context, we will have to define
the epitopes that are associated with the already men-
tioned serious side effects of asparginase treatment. This
will be performed by screening our peptide libraries
against antisera derived from healthy persons, as well as
from asparaginase-treated patients with or without
hypersensitivity reactions or silent inactivation. If such
correlations can be established, the data would provide
a reliable basis for simplified and more efficient monitor-
ing of asparginase therapy.

Materials and methods

Antibodies

For phage display, as well as SPOTs screening, the immuno-
globulin G (IgG) fraction of a commercially available rabbit anti-
E. coli-asparaginase antiserum was used (Rockland Inc.,
Gilbertsville, USA; code 200-4171, lots �1097 and �11587).

Phage display

For epitope screening the Ph.D.-7 Phage Display Peptide Library
Kit from New England Biolabs (Beverly, USA) was used. This kit
is based on a combinatorial library of random peptide 7-mers
fused to a minor coat protein (pIII) of the M13 phage. The library
has a complexity of approximately 2.8=109 independent clones,
representing the 207s1.28=109 possible 7-residue sequences.
Because M13 is a male-specific coliphage, for M13 propagation
the E. coli Fq strain ER2738 supplied with the kit was used. The
F-factor of ER2738 contains a mini-transposon that confers tet-
racycline resistance, and thus cells harboring the F-factor can
be selected by tetracycline-containing media. Infectivity is medi-
ated by binding of the M13 coat protein pIII to the F-pilus of the
recipient bacterium. Discrimination on culture plates between
library phage plaques and plaques caused by environmental fil-
amentous phage is permitted by the implemented lacZa gene,
as library phage plaques appear blue when plated on media
containing Xgal and isopropyl-b-D-thiogalactoside (IPTG).
Because the number of plaques increases linearly with the
amount of phage only when cells are in excess, phage stocks
of the panning rounds were titered by diluting prior to infection.
For estimation of phage titer in plaque forming units (pfu) per
10 ml, plates containing approximately 102 plaques were used.
Panning rounds were then performed with an input volume cor-
responding to approximately 2=1011 pfu.

For binding of 7-mers presented on pIII, 150 mg of the IgG
fraction from anti-E. coli asparaginase antibodies in 1.5 ml of
0.1 M NaHCO3 was immobilized on NUNC Maxisorp 4-44202
tubes. This was carried out in triplicate, i.e., three identical inves-
tigations were performed in parallel, and therefore all the steps
described below were carried out in three independent experi-
ments. After pouring off the coating solution, the tubes were
incubated with blocking buffer followed by washing steps. Bind-
ing of phage was then enabled for 30 min at room temperature,
discarding non-binding phages thereafter. After several washing
steps, bound phages were eluted and amplified in ER2738 the
following day. The cultures containing the phages amplified in
ER2738 were centrifuged and the upper 80% of the supernatant
was mixed with 1/6 volume of PEG/NaCl for phage precipitation
overnight. On the following day, after centrifugation the pellet
was resuspended in buffer and spun again to pellet residual
cells. The supernatant was supplemented again with 1/6 volume

of PEG/NaCl for re-precipitation. After centrifugation the pellet
was suspended in Tris-buffered saline with 0.02% NaN3 and
centrifuged to pellet any remaining insoluble matter. The super-
natant containing the amplified eluate was then used for the fol-
lowing panning round, which after titration was performed with
an input volume corresponding to approximately 2=1011 pfu.
The unamplified third-round elute was titered then as described,
and plaques from plates after amplification in ER2738 with
approximately 100 single colonies were used for sequencing. As
three independent experiments were performed in parallel, 10,
30, and 25 single colonies were picked for sequencing from the
different investigations. Overall, DNA from 59 single colonies
could be used for sequencing of the single-stranded phage
DNA, which was performed by MWG Biotech (Ebersberg, Ger-
many). Alignment of selected heptapeptide-pIII fusions was per-
formed against the sequence of the E. coli asparaginase (EC
3.5.1.1), which is the active component of the drug Asparagi-
nase medac�, the asparaginase most frequently used in the
treatment of acute lymphoblastic leukemia in Germany.

Peptide synthesis by SPOTs

For epitope mapping at the protein level, the SPOTs kit from
Sigma Genosys Biotechnologies (The Woodlands, TX, USA) was
applied. The method offers the possibility to synthesize up to 96
peptides simultaneously as small circular spots on a derivatized
cellulose sheet and subsequently assay them for immunological
reactivity. Synthesis is performed by Fmoc-L-amino acid esters
in different pipeting cycles according to the length of the pep-
tides. For epitope screening of the asparaginase protein, deca-
peptides with an offset of two amino acids spanning the whole
amino acid sequence of EcA were synthesized on two mem-
branes (159 spots).

For the coupling reaction, the Fmoc-amino acid esters had to
be dissolved in 1-methyl-2-pyrrolidinone (NMP), whereas the
washing steps were performed with N,N,-dimethylformamide
(DMF). Since both solvents can decompose to give free amines,
which may interfere with peptide synthesis, free amines were
removed with 4-Å molecular sieves prior to use. A check for free
amines was performed with a 1% bromophenol blue solution,
which turns from yellow to green/blue in the presence of free
amines. According to the manufacturer’s instructions, the cou-
pling step for each amino acid was repeated a second time
before the next amino acid was added. After each synthesis
cycle, the membrane was acetylated after washing with DMF to
block any free amino group. Activation of the N-terminus of the
last added amino acid was achieved using a 20% piperidine
solution prior to the next synthesis step. After binding of the final
amino acid, trifluoroacetic acid was applied for side-chain
deprotection. Probing of the peptide spots was performed
according to the manufacturer’s instructions.
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