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Abstract

Pro/Ala-rich sequences (PAS) are polypeptides that were developed as a biological alternative to poly-
ethylene glycol (PEG) to generate biopharmaceuticals with extended plasma half-life. Like PEG, PAS
polypeptides are conformationally disordered and show high solubility in water. Devoid of any charged
or prominent hydrophobic side chains, these biosynthetic polymers represent an extreme case of intrin-
sically disordered proteins. Despite lack of immunogenicity of PAS tags in numerous animal studies we
now succeeded in generating monoclonal antibodies (MAbs) against three different PAS versions. To this
end, mice were immunized with a PAS#1, P/A#1 or APSA 40mer peptide conjugated to keyhole limpet
hemocyanin as highly immunogenic carrier protein. In each case, one MAb with high binding activity
and specificity towards a particular PAS motif was obtained. The apparent affinity was strongly dependent
on the avidity effect and most pronounced for the bivalent MAb when interacting with a long PAS repeat.
X-ray structural analysis of four representative anti-PAS Fab fragments in complex with their cognate PAS
epitope peptides revealed interactions dominated by hydrogen bond networks involving the peptide back-
bone as well as multiple Van der Waals contacts arising from intimate shape complementarity. Surpris-
ingly, Ala, the L-amino acid with the smallest side chain, emerged as a crucial feature for epitope
recognition, contributing specific contacts at the center of the paratope in several anti-PAS complexes.
Apart from these insights into how antibodies can recognize feature-less peptides without secondary
structure, the MAbs characterized in this study offer valuable reagents for the preclinical and clinical
development of PASylated biologics.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Intrinsically disordered proteins (IDPs) or protein
domains are common in nature and play important
roles in mediating signal transduction and protein
trafficking, where the conformational flexibility of
IDPs allows interactions with multiple targets at
moderate affinity.1–3 IDPs are also abundant in
many pathogens and, thus, represent potential tar-
gets to combat infectious diseases.4 In contrast to
or(s). Published by Elsevier Ltd.This is an op
the specific interactions with structured proteins,
the biophysical properties of disordered peptides
or polypeptide segments often pose a challenge
for the immune system in the generation of cognate
antibodies, a feature that even seems to be
exploited by pathogens to evade an immune
response.5,6

Common antigens of the immune system are
mostly proteins or peptides whose surface
epitopes act as points of interaction for the
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specific recognition by antibodies. Epitopes are
generally divided into two categories, (i) linear
epitopes that are defined by their primary structure
and (ii) conformational or discontinuous epitopes,
where the key amino acids are separated in the
amino acid sequence but brought into close
proximity by the three-dimensional fold.7 It has long
been assumed that potent epitopes are predomi-
nantly discontinuous;7 in fact, more recent analyses
suggest that such conformational epitopes consti-
tute about 90% of all B-cell epitopes present in
native proteins.8

While intermolecular interactions involving
disordered proteins have been analysed in
detail,9–11 only a few studies have addressed the
structural aspects of complex formation between
flexible protein antigens and rigid binding partners
such as antibodies.12,13 Structural analyses of a
large dataset of protein antigens have shown that
residues in unstructured linear epitopes are more
likely involved in hydrogen bonds and salt bridges
than those in conformational epitopes. Further-
more, IDPs present smaller epitopes than folded
antigens whereas they appear to have more exten-
sive contacts per residue and a higher shape com-
plementarity with their cognate antibody.12 In
general, the interfaces formed by unstructured pep-
tides and their antibodies are dominated by hydro-
gen bonds, often involving the peptide backbone,
and they tend to bind in a more planar fashion if
compared to folded proteins; moreover, the peptide
interfaces are enriched in large hydrophobic side
chains, such as Phe, Leu, Trp, Tyr and Ile, which
serve as hot spot for binding.14

In the last decade, designed structurally
disordered polypeptides have gained attention in
the field of pharmaceutical biotechnology, where
they are used to extend the in vivo half-life of
protein fusion partners or drug conjugates as a
biodegradable alternative to poly-ethylene glycol
(PEG).15,16 In particular, long polypeptides compris-
ing the small, uncharged L-amino acids Pro, Ala
and/or Ser (PAS) show high solubility and macro-
molecular properties closely similar to the hydrophi-
lic and structurally disordered PEG.17 Indeed,
PASylation of pharmacologically active proteins or
peptides dramatically expands their hydrodynamic
volume and prolongs the in vivo half-life by effec-
tively retarding renal filtration.18

PAS polypeptides are devoid both of charged and
of bulky hydrophobic side chains, which normally
play a role for molecular recognition in the
immune response.19 On the other hand, their strong
hydrophilicity is explained by the exposure of the
polar peptide groups to the aqueous solvent in the
absence of secondary structure.17 In addition, their
random coil behaviour under physiological condi-
tions poses a huge entropic cost for the disorder-
to-order transition upon complex formation with
antibodies. In fact, in numerous in vivo imaging
studies with PASylated antibody fragments as well
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as in preclinical animal experiments involving
repeated administration of PASylated protein drugs
at high doses, neither unspecific binding to any
receptors nor a PAS-specific immune response
was evident.20–24

To investigate potential mechanisms how the
immune system may recognize structurally
disordered PAS (poly)peptides, which provide an
extreme model of natural IDPs with a virtually
feature-less amino acid sequence, we set out to
elicit antibodies against different PAS peptides
and elucidate the resulting antigen-antibody
complexes at the structural level.
Results

We have raised mouse monoclonal antibodies
(MAbs) against three different PAS polypeptides:
PAS#1, P/A#1 and APSA (Figure 1). To this end,
five animals per antigen were immunized with the
corresponding synthetic N-terminally protected
40mer peptide, which had been chemically
coupled via the unique C-terminal carboxylate
group to mariculture keyhole limpet hemocyanin
(KLH) as a highly immunogenic T-cell dependent
carrier antigen.25 In the case of PAS#1 and P/A#1
the 40mer covered exactly two copies of the
designed 20mer sequence repeat as published
before,16,17 whereas the “APSA” peptide comprised
10 copies of a short 4-residue motif and may be
considered as a simplified kind of Pro/Ala-rich
sequence. The PAS#1 and P/A#1 peptide immuno-
gens were designed to include at least one copy of
the junction between two adjacent 20mer sequence
repeats, which can also potentially contribute an
epitope in longer recombinant PAS polypeptides.
After four to six rounds of intensive immunization

as well as a final boost, each with 25–50 mg antigen,
spleen cells were isolated from the mouse with the
highest signal in a serum ELISA for each antigen
and fused with Sp2/0 myeloma cells to generate
hybridomas.26 Prescreening of 960 hybridoma cul-
ture supernatants obtained for each of these mice
in an enzyme-linked immunosorbent assay (ELISA)
against a suitable PAS fusion protein revealed
around 10% positive clones. Antibodies from the
top 40 hybridoma clones were subsequently char-
acterized in detail by ELISA, using recombinant
fusion proteins comprising the corresponding PAS
polypeptide (200–600 residues in conjunction with
a Fab fragment, IL-1Ra or GMCSF; for details,
see Materials and Methods), with the goal of (i)
screening for sequence-specific and context-
independent recognition of PAS-sequences and
(ii) potentially identifying antibodies that show
cross-reactivity between different PAS sequences.
To this end, IgG capture ELISAs with hybridoma
culture supernatants were performed, applying the
PAS fusion protein in a concentration-dependent
manner in order to determine the dissociation con-



Figure 1. Functional properties of anti-PAS MAbs. (A) Amino acid sequence of the basic repetitive 20mer units of
PAS#1 and P/A#1 polypeptides as well as a 20mer stretch comprising 5 copies of the APSA sequence motif. Epitope
sequences evident from the SPOT assay for the anti-PAS#1 and anti-P/A#1 (broken line) MAbs are underlined. The
corresponding synthetic peptides with blocked N-termini that were used for co-crystallization experiments are aligned
underneath (Pga: pyroglutamyl; Ac: acetyl). (B) Exemplary SPOT assay for the Fab 2.1. Consecutive 12-mer peptides
from the PAS#1 (upper row) and P/A#1 (lower row) repeat units, each shifted by one residue, where synthesized C-
terminally anchored on a hydrophilic membrane. The results of all SPOT assays are shown in Supplementary
Figure S5. (C) Detection of PASylated fusion proteins on western blots with the hybridoma culture supernatants of
clones 1.1 and 2.1. (D) Direct ELISA with the Fab 3.1 and APSA(200)-IL1Ra adsorbed to the microtiter plate, followed
by a secondary antibody. (E) SPR sensorgram for Fab 3.1 as analyte with biotinylated TrxA-APSA(200) as
immobilized ligand. Injection phases are labeled with black bars, together with the corresponding concentration of
injected analyte (black, raw signal trace; gray, curve fit).
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stants (KD). Hybridoma culture supernatants har-
bouring promising MAb candidates were further
characterized with regard to antigen affinity and
binding kinetics by real-time surface plasmon reso-
nance (SPR) spectroscopy. Exemplary ELISA and
SPR results are shown in the Supplementary Infor-
mation (Figures S1–S3).
Based on the KD values resulting from the ELISA

and SPR measurements (also considering the
absorption amplitudes in the concentration-
dependent ELISAs), 3–8 non-redundant clones
with distinct properties were selected from the
immunization with PAS#1(40)-KLH, P/A#1(40)-
KLH and APSA(40)-KLH, respectively. Of these,
the two most promising hybridoma clones for each
3

PAS antigen were selected for further analysis
using both their affinities to the target sequences
as well as signs of cross-reactivity with other PAS
sequences as criteria: MAbs 1.1 and 1.2 for
PAS#1, MAbs 2.1 and 2.2 for P/A#1, MAbs 3.1
and 3.2 for APSA. To verify applicability of these
MAbs for the detection of PASylated fusion
proteins, the corresponding hybridoma culture
supernatants were finally tested in western blotting
experiments wherein the specific detection of
PASylated fusion proteins was confirmed (Figures
1 and S4). Notably, no cross-reactivity with the
non-PASylated fusion partner, human serum
proteins or an E. coli whole cell protein extract
was observed.
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These MAbs were further tested for linear epitope
recognition using the Synthetic Peptides On
Transfer membranes (SPOT) technique.27 This
assay revealed the same predominant peptidemotif
“PASPAAP” for the anti-PAS#1 MAbs 1.1 and 1.2
whereas the peptide motifs “PAPAAP” and also
“PAPASP” were recognized by both anti-P/A#1
MAbs 2.1 and 2.2 (Figures 1(A) and S5). Due to
the simpler and highly repetitive nature of the APSA
target sequence, a SPOT substitution analysis was
performed for the two most promising MAbs
selected against this antigen. Therefore, a 10mer
peptide comprising the sequence AAPSAAPSAA
was systematically substituted at positions 3 to 8
by all 20 proteinogenic amino acids. This analysis
revealed the importance of the linear “PSAA(PS)”
epitope for recognition by both anti-APSA MAbs
3.1 and 3.2 (Figures 1(A) and S5). As result of the
SPOT epitope analysis, MAbs generated by immu-
nization with PAS#1(40)-KLH only recognize the
PAS#1 polypeptide sequence (MAb 1.1 and MAb
1.2), while both MAbs from the P/A#1(40)-KLH
immunization (MAb 2.1 and MAb 2.2) show cross-
reactivity with PAS#1 in addition to the P/A#1 epi-
tope. Tentatively, a generalized sequencemotif rec-
ognized by all MAbs, including those raised against
the APSA sequence, emerged as “(P/S)A(A/S)P”.
In the next step, the VH and VL sequences of the

six MAbs were determined from each hybridoma
mRNA (Figure 2). All sequences showed the
typical pattern of mouse immunoglobulin (Ig) V-
regions, and the complementarity-determining
regions (CDRs) were easily identifiable. Notable
features were (i) a very long CDR-L1 in all six
MAbs, with 4–6 residues inserted at the middle
according to the Kabat numbering scheme,28 (ii)
the very short CDR-H3 sequences of MAbs 3.1
and 3.2, with only three and five residues, respec-
tively, as well as (iii) an unpaired Cys residue in
the framework region (FR) 2 of MAb 3.2. For subse-
quent production of the recombinant Fab fragments
in E. coli, suitable coding regions were derived by
reverse-transcription of mRNA and cDNA amplifica-
tion via polymerase chain reaction (PCR), or
obtained as synthetic DNA fragments, and inserted
into a bacterial expression vector which encoded
already the first human IgG1 heavy chain and j light
chain constant regions.29,30 The chimeric Fab frag-
ments were produced in a functional state by
periplasmic secretion in E. coli both at the shake
flask and at the bench top fermenter scale and puri-
fied to homogeneity.
The recombinant Fabs were investigated in

quantitative ELISAs and real-time SPR
measurements in comparison with the
corresponding MAbs from the hybridoma culture
supernatants in order to precisely determine their
KD values towards the different PAS polypeptides
(Table 1). These measurements essentially
confirmed the findings from the preliminary
hybridoma screening study described above. In
4

each case, just one antibody with outstanding
affinity was identified for the different PAS
antigens as judged from a KD value in the lower
nM range measured in the ELISA for the
monovalent Fab: 23 nM versus PAS#1 (Fab 1.1),
2 nM versus P/A#1 (Fab 2.1) and 2 nM versus
APSA (Fab 3.1). Of note, compared with the
results for the hybridoma culture supernatants, the
affinities measured for the Fabs in the ELISA were
typically by 1–2 orders weaker. This was most
likely due to the avidity effect that arises when the
bivalent MAb interacts with a long PAS
polypeptide which harbours multiple copies of the
epitope – such as, for example, 30 copies of the
repetitive PAS#1 amino acid stretch in a 600-
residue PAS polypeptide. Remaining differences
between the values measured by SPR and ELISA
can be explained by the variations in the
experimental setup. Interestingly, both anti-P/A#1
Fabs showed cross-reactivity with the PAS#1
sequence as noted for their respective MAbs in
the SPOT assay described above, whereas the
anti-APSA Fab 3.2 and also the MAb 3.2 showed
weaker cross-reactivity with both PAS#1 and P/
A#1 polypeptides (Table 1).
Finally, the structural mechanism of antigen

recognition was analyzed for several of these anti-
PAS Fabs via X-ray crystallography. To this end,
co-crystallization experiments were performed
with the cognate synthetic peptides, whose
sequences were either based on the findings of
the SPOT epitope search as described above or,
in case of the simple APSA motif, comprised a 12-
residue stretch with three APSA repeats. To avoid
charges at the N-termini, which would be absent
in longer PAS (poly)peptides, these were blocked
with pyroglutamic acid (Pga) or by acetylation.
Diffraction quality crystals were directly obtained
for the Fab�peptide complexes 1.1, 2.2 and 3.1
(Table S1) whereas in the case of the Fab 1.2 a
recently published strategy employing an anti-
human kappa light chain VHH domain to facilitate
(co)-crystallization31 was successfully applied.
Analysis of these crystal structures (Figure 3)

showed that the different PAS peptides are bound
to all four Fabs in a more or less relaxed
conformation, covering a wide area of the antigen-
binding site with at least four of the six CDRs
involved. Due to the lack of pronounced
hydrophobic as well as polar side chains – except
for one Ser residue in the PAS#1 epitope peptide
and three Ser residues in the (APSA)3 peptide –
the interactions are predominantly mediated
through hydrogen bonds with the peptide main-
chain groups (Table S2) as well as Van der Waals
contacts (Table S3). As expected, salt bridges are
completely absent. In the structures of the Fabs
1.2 and 3.1, some of these hydrogen bond
interactions are mediated by water molecules.
Surface representations illustrating electrostatic
and hydrophobic properties reveal hydrophobic



Figure 2. Amino acid sequence alignment for the VH and VL domains of the Avi-PA(S) MAbs described in this study
(prior to the introduction of flanking restriction sites for subcloning) using ANTICALIgN software.74 CDRs are labelled,
and conserved amino acid positions are shown as “.” whereas gaps are indicated by “-“. For better comparison,
sequences in this alignment are numbered according to Kabat28 whereas in the text and the other Figures, like in the
PDB coordinate sets, sequential numbering has been used. Contact residues in the paratopes are coloured blue or, if
germline-encoded, red.

Table 1 Affinities of the MAbs and corresponding Fabs towards their cognate PAS (poly)peptides measured by ELISA
and SPR.

Antigen

PAS#1 P/A#1 APSA

Avi-PA(S) MAb 1.1 1.2 2.1 2.2 3.1 3.2

Format Assay Target

MAb SPR PAS#1(200)-IL1Ra 1.0 ± 0.1 nM 44 ± 1 nM 1.7 ± 0.1 nM 22 ± 1 nM n.q. 80 ± 3 nM

MAb ELISA hu4D5-PAS#1(200) 37 ± 10 pM 162 ± 11 pM 113 ± 11 pM n.q. n.q. 294 ± 92 pM

Fab SPR PAS#1(200)-IL1Ra 8.8 ± 0.4 mM 3.7 ± 0.2 mM 4.4 ± 0.4 mM n.d. n.d. n.q.

Fab ELISA PAS#1(600)-Leptin 23 ± 5 nM 123 ± 20 nM 2.2 ± 0.1 nM n.q. n.q. 311 ± 16 nM

MAb SPR P/A#1(200)-IL1Ra n.q. n.q. 429 ± 23 pM 1.1 ± 0.1 nM n.q. 20 ± 1 nM

MAb ELISA hu4D5-P/A#1(200) n.q. n.q. 170 ± 31 pM 69 ± 9 pM n.q. 400 ± 100 pM

Fab SPR P/A#1(200)-IL1Ra n.d. n.d. 648 ± 29 nM 7.0 ± 0.2 mM n.d. 446 ± 34 nM

Fab ELISA P/A#1(600) n.q. n.q. 2.0 ± 0.2 nM 8 ± 1 nM n.q. 48 ± 4 nM

MAb SPR APSA(200)-IL1Ra n.q. n.q. n.q. n.q. 19 ± 1 pM 108 ± 2 pM

MAb ELISA APSA(200)-IL1Ra n.q. n.q. n.q. n.q. 118 ± 2 pM 251 ± 5 pM

Fab SPR APSA(200)-TrxA n.d. n.d. n.d. n.d. 2.5 ± 0.1 nM 137 ± 8 nM

Fab ELISA APSA(200)-IL1Ra n.d. n.d. n.d. n.d. 1.9 ± 0. 1 nM 1.6 ± 0.1 nM

n.q.: not quantifiable; n.d.: not determined.
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areas with slightly negative potential for all
paratopes, except for one cavity with slightly
positive potential in the structure of the Fab 3.1
(Figure S6). Interestingly, in each case at least
one Ala residue of the PAS epitope peptide is
5

involved in relevant interactions with the anti-PAS
Fab.
In the crystal structure of the Fab 1.1 in complex

with the PAS#1 epitope peptide, the peptide
ligand extends across a large area of the



Figure 3. Crystal structures of the Fabs 1.1, 1.2, 2.2 and 3.1 in complex with PAS peptides. (A) Cartoon
representation of the full Fab (light chain: blue; heavy chain: pink), each with its bound epitope peptide (green).
Disulphide bonds are depicted as ball-and-sticks with sulphur atoms coloured yellow. The anti-human j light chain
VHH domain that served as crystallization helper for the Fab 1.2 is shown in grey. (B) Top view on the antigen-binding
sites, colouring as in (A), and Fv regions displayed with translucent surfaces.
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paratope, engaging 579�A2 of its accessible surface
area (ASA). The peptide forms a turn with its
residues SerP5–AlaP8 at the center of the paratope
which, together with the N-terminal residues
AlaP2–AlaP4, is responsible for the majority of
contacts. In contrast, the three C-terminal amino
acids point away from the antigen-binding site into
the solvent and are only sparsely involved in the
complex. The peptide backbone forms three
hydrogen bonds with the Fab residues TyrL36

(CDR-L1), which is bound to ProP3, and ArgH103

(CDR-H3), which is bound to both SerP5 and
ProP9 (Table S2). In addition, there is a hydrogen
bond from the hydroxyl group of the only polar
side chain in the epitope peptide, SerP5, to the
carbonyl oxygen of SerL95 in CDR-L3. Apart from
that, the paratope exhibits distinct hydrophobic
surface patches to accommodate the non-polar
atomic groups of the peptide. For example, TyrL34

has its aromatic ring positioned next to AlaP2 and,
together with LeuL54, provides a suitable
hydrophobic environment for the methyl side
chain. Another Ala residue of the PAS peptide,
AlaP7, plays a central role for the complex
formation: its small side chain points right into a
hole with slightly negative potential in the antigen-
binding site which is shaped by the residues
6

SerL95, ArgL96, GluL97, LeuL98 and also LeuL100 in
CDR-L3 and TyrH105 in CDR-H3 (Figure 4(A) and
Table S3). This hole and the methyl side chain
show perfect shape complementarity, allowing
dense interaction between the Fab and the PAS#1
epitope peptide (Table S4).
In the structure of the Fab 1.2 in complex with the

same peptide, the PAS#1 epitope is bound in a
groove formed by the light chain CDRs on one
side and CDR-H3 on the other (Figure 4(B)),
thereby involving a peptide ASA of 652 �A2. Again,
its N-terminal residues are well accommodated
and provide the majority of interactions with the
Fab (Table S3). In particular, AlaP2 is tightly
nestled within the groove, with >90% of its ASA
buried (Table S4) by the side chains of TyrL34,
TyrL36 and TyrL54 from the antibody light chain,
which form a hydrophobic cage around this
residue (Figure 4(D)). Residues in CDR-H3
mediate five of in total seven hydrogen bonds to
the peptide main chain. The three N-terminal
residues of the peptide are engaged in a hydrogen
bond network with the main chain of CDR-H3 that
resembles a short antiparallel b-sheet (Figure 4
(F)). Similar to the Fab 1.1 in complex with the
PAS#1 peptide, the Fab 1.2 targets the only polar
side chain, SerP5, this time by forming a hydrogen



Figure 4. Structural details of PAS peptide recognition. (A-C) Electrostatic surface representations of anti-PAS MAb
binding sites with negative potential coloured red (-5 kBT/e) and positive potential coloured blue (5 kBT/e). (A)
Paratope of Fab 1.1 with AlaP7 pointing right into a central hole. (B) Paratope of Fab 1.2 with the N-terminal residues
of the PAS epitope peptide nestled in the groove formed by the light chain CDRs and CDR-H3. (C) Binding pocket of
Fab 2.2 burying AlaP5 at the centre of the epitope. (D-F) Close-up view on interactions between Fabs and the bound
PAS peptides. Relevant distances are indicated as grey dashed lines with values given in�A. Cages of Tyr side chains
are formed around part of the PAS peptides by the Fab 1.2 (D) and Fab 2.2 (E). (F) Backbone hydrogen bond network
between the Fab 1.2 and the bound PAS#1 epitope peptide, including the N-terminal Pga group. (G) Accommodation
of the (APSA)3-peptide within the paratope of Fab 3.1 and (H) stacking interactions between TyrH27, ProP3, TrpH99 and
ProP7 (black dashed lines) as well as the bifurcated hydrogen bonding by ArgL51 (orange dashed lines) in Fab 3.1. The
2FO-FC electron density map is displayed at a contour level of 1r (D, F and G).
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bond with the main chain carbonyl oxygen of TrpL96

(CDR-L3). Notably, the N-terminal Pga group of the
peptide contributes to complex formation with three
hydrogen bonds to TyrL54 (CDR-L2), AspH107 and
AlaH109 (the latter residues in CDR-H3). These
hydrogen bonds would not be possible in a
complex with a longer PAS#1 (poly)peptide where
the position of the Pga residue would be occupied
by Pro. While the Pro residue itself could perfectly
7

fit at this position within the paratope, its further N-
terminal extension as part of a polypeptide would
lead to a steric clash.
The antigen-binding site of the Fab 2.2 with the

bound P/A#1 epitope peptide forms a pronounced
pocket to accommodate the central region of the
peptide ligand with an ASA of 521 �A2 buried, a
value in a similar range as the peptide complexes
described above. The three N-terminal peptide
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residues form contacts with light chain CDRs only,
while the C-terminal part is predominantly bound
by the heavy chain CDRs. The main chain peptide
groups give rise to five hydrogen bonds with
residues located in CDRs H2, H3 and L3
(Table S2). TyrL98 deserves special mention in
this context as it acts as a hydrogen bond donor
with its side chain hydroxyl group (to the oxygen
atom of the N-terminal acetyl group of the P/A#1
peptide) and as a hydrogen bond acceptor with its
main chain carbonyl oxygen (from the amide
hydrogen of AlaP3). On the side of the peptide,
two Pro residues play an important role for the
interaction with the Fab: ProP2 is bound in a
hydrophobic cage (Figure 4(E)) formed by three
Tyr residues, TyrL31 and TyrL38 in CDR-L1 as well
as TyrL98 in CDR-L3, whereas ProP7 is
sandwiched between AspH104 (CDR-H3) and
TyrH60 (CDR-H2). Overall, the shape of the
combining site allows tight interactions with six
residues of the epitope peptide, positioning
residue AlaP5 at its centre, whose side chain
becomes entirely buried upon complex formation
(Figure 4(C) and Table S4). Furthermore, the
carbonyl oxygen of AlaP5 is involved in two
hydrogen bonds with AsnH52 and TrpH54, both
within CDR-H2, which emphasizes the role of this
central Ala residue as a hot spot for antibody
interactions with the P/A#1 epitope.
In contrast, the structure of the Fab 3.1 in complex

with the (APSA)3 peptide reveals a furrowed
paratope, with the epitope peptide bound in a
curled fashion between VH and VL, involving
residues from all three APSA repeats. This
peculiar mode of interaction permits tight complex
formation, involving 94% of all peptide atoms and
burying 1009�A2 of the peptide ASA, which is by far
the largest value amongst the four Fab complexes
investigated here. This is achieved by an
exceptionally short CDR-H3 (Figure 5(A))
comprising only three residues. As a consequence,
a small hydrophobic pocket is formed between
CDR-H1 and CDR-H3, which perfectly
accommodates residue ProP3 of the peptide, thus
providing a similar hydrophobic environment as the
Tyr cage formed by the CDRs L1 and L3 in the
structure of the Fab 2.2 in complex with the P/A#1
peptide described above. Furthermore, this allows
the N-terminal half of the peptide to curl around the
exposed hydrophobic side chain of TrpH99

(Figures 4(G) and (H)), which emerges as the key
residue in the paratope by mediating 24% of all
atom contacts with the peptide (Table S3). In
addition, TrpH99 is involved in interactions with
ProP3 and ProP7 where, if including the side chain
of TyrH27 on the other side of ProP3, in total four
carbon rings are stacked in one line (Figure 4(G)
and (H)). Similar to the other three Fab structures,
six hydrogen bonds originating from the main chain
peptide groups – including a bifurcated hydrogen
bond between the AlaP6 amide and the ArgL51
8

guanidinium group (Figure 4(H)) – as well as two
from Ser hydroxyl side chains stabilize the
complex. Finally, there are local hydrophobic
contacts with several peptide Pro and Ala side
chains. Unlike the Fab structures 1.1 and 2.2,
there is no pronounced pocket for a single Ala side
chain in the paratope; yet, several Ala residues in
the (APSA)3 epitope play important roles in
mediating hydrogen bonds and Van-der-Waals
interactions (Tables S2 and S3).
To elucidate potential conformational similarities

between the bound PAS#1 peptides in the
complexes with the Fabs 1.1 and 1.2, a
superposition between their structures was
performed (Figure 5(B)). Interestingly, the four
residues SerP5 to AlaP8 showed a good match of
their Ca positions, with a root mean square
deviation (RMSD) of just 0.15 �A. Secondary
structure analysis with STRIDE32 identified a type
I b-turn for this four-residue stretch. Apart from the
intramolecular hydrogen bond between the SerP5

carbonyl oxygen and the AlaP8 amide hydrogen, this
turn is stabilized by a hydrogen bond between the
SerP5 hydroxyl oxygen and the AlaP7 amide hydro-
gen (Figure 5(B)). This type of b-turn is classified
as SPXX turn and occurs in gene regulatory pro-
teins where it acts as DNA-binding motif.33 How-
ever, despite their mutual similarity in the two Fab
complexes, these turns are bound in different orien-
tations: in the complex with the Fab 1.1 this peptide
moiety nestles into the binding pocket of the para-
tope, whereas it is exposed to the solvent in the
complex with the Fab 1.2 (Figure 5(C) and (D)).
Whether this turn represents a local low energy con-
formation only in the complex state or may also pre-
vail in a free PAS (poly)peptide in solution remains
elusive. However, one would expect a much higher
antibody affinity, at least for the Fab, in case of a
preformed rigid epitope conformation. On the other
hand, the experimentally observed strongly
expanded hydrodynamic volume of PAS polypep-
tides in solution17 suggests high conformational
flexibility along the entire amino acid chain. Further-
more, no defined secondary structure elements
were detectable for the P/A#1 epitope peptide in
the complex with the Fab 2.2 or for the (APSA)3
peptide in complex with the Fab 3.1.
Discussion

In this study, we generated MAbs that specifically
recognize linear epitopes in structurally disordered
PAS (poly)peptides with three different
sequences. Such MAbs, or their recombinant
versions and fragments, offer valuable
bioanalytical and diagnostic tools for the
biochemical research as well as
biopharmaceutical development of PASylated
drug candidates,18,23,34 including bioassays for clin-
ical studies.



Figure 5. Structural details of the anti-PAS Fab�peptide complexes. (A) Superposition of the CDR-H3 hairpin loops
of anti-PAS Fabs 1.1 (light pink), 1.2 (blue), 2.2 (green) and 3.1 (red), illustrating the extremely short CDR-H3 of Fab
3.1. (B) Superposition of the PAS#1 epitope peptide which adopts a type I b-turn in the complexes with both Fabs 1.1
(shades of orange) and 1.2 (shades of green). The peptides were aligned via the Ca atoms of residues SerP5 to AlaP8

(RMSD = 0.15�A). Intramolecular hydrogen bonds are shown as black dashed lines. (C and D) Differing orientations of
the bound PAS#1 epitope peptide in the complexes with Fab 1.1 (C) and Fab 1.2 (D).
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Despite elevated effort to raise these MAbs,
involving relatively high antigen doses of PAS
peptide conjugates with a strongly immunogenic
carrier protein, extended boosting schemes and
immunization of 5 animals per antigen, only a few
independent hybridoma clones secreting IgG
antibodies with decent binding activity were
identified. Notably, low affinities in the nM range
were only measurable for the MAbs with long PAS
chains exhibiting multiple copies of the epitope
sequence, obviously owing to the avidity effect.
When the corresponding monovalent Fab
fragments were tested, the dissociation constants
were much higher, up to the mM range (see
Table 1). Taken together, these findings indicate
that structurally disordered PAS polypeptides
represent poor immunogens and, if formed during
an immune response, cognate IgG antibodies
show poor to moderate affinities at best. This is in
line with numerous animal studies that have been
conducted with PASylated proteins so far,
including repeated dosing in monkeys, where no
immune response against the PAS moiety was
evident.20,21,24,35

Nevertheless, the small set of viable MAbs that
emerged from the present endeavour allowed
functional studies as well as structural
investigation of the corresponding recombinant
Fab fragments. In general, antigen affinity was
higher for the P/A#1 and APSA sequences than
for PAS#1. One simple explanation may be twice
the number of linear epitopes within the P/A#1
sequence repeat seen for the MAbs 2.1 and 2.2
(cf. Figure 1(A)) and even higher epitope density
in the APSA sequence due to the short repetitive
four-residue motif. Furthermore, the presence of
Ser residues in the PAS#1 sequence16 makes this
prototypic PAS biopolymer slightly more hydrophilic
than the P/A#1 polypeptide.17 The latter sequence
carries no polar side chains at all, whereas its
favourable interaction with the aqueous solvent is
dominated by the many hydrogen bond donors
and acceptors in the polypeptide backbone that
get fully exposed due to the absence of detectable
secondary structure.
Our crystallographic studies of in total four

different anti-PAS Fabs shed light on the
mechanisms of molecular recognition of such low-
complexity IDP sequences. Interestingly, the
relative orientation of each epitope peptide within
the antigen-binding site varies among these Fab
complexes. The PAS#1 and (APSA)3 peptides are
oriented along the interface between VH and VL in
the Fabs 1.1, 1.2 and 3.1, whereas the P/A#1
peptide in complex with the Fab 2.2 is bound
across the VL/VH interface (see Figure 3(B)).
The loss of conformational entropy upon complex

formation generally lowers the free energy of
binding between conformationally disordered
peptides and folded proteins, including antibodies.
A comprehensive structural analysis using a
10
database of high-resolution structures of peptide-
protein complexes revealed that peptides are
often bound such that changes in the three-
dimensional structure of the binding protein are
minimized, while on the other hand the enthalpy
gain through Van der Waals packing and
hydrogen bonding is maximized.14 Indeed, the
structure of the Fab 2.2 in complex with the P/A#1
epitope peptide illustrates a bindingmechanism that
was described to be typical for disordered anti-
gens:12 the peptide binds deeply within a concave
paratope and buries a large proportion of its resi-
dues (75% of the ASA of the six central epitope resi-
dues on average; cf. Table S4). This notion is
further supported by the structure of the Fab 3.1 in
complex with the (APSA)3 peptide, with 68% of
the total peptide ASA buried in a distinct furrow of
the paratope.
Comparison of the amino acid sequences of the

variable domains of the different anti-PAS MAbs
(see Figure 2) shows that there is high sequence
similarity between MAbs raised against the same
antigen: MAbs 1.1 and 1.2 with 88% identity for
VL, MAbs 2.1 and 2.2 with 87% amino acid
identity for VH and 94% for VL, and MAbs 3.1 and
3.2 with 89% identity for VH as well as VL. This
indicates the use of related germline genes, which
were identified in an IMGT36 database search
(Table S5), revealing the same light and heavy
chain V-gene families for MAbs 2.1 and 2.2 as well
as 3.1 and 3.2, respectively. In contrast, the VH

sequences of MAbs 1.1 and 1.2 show a lower
sequence identity of 53%, in agreement with differ-
ent germline V-genes, IGHV2-6-7 and IGHV5-6-3,
respectively. On the other hand, the fact that certain
amino acid positions are functionally conserved
between related MAbs is nicely illustrated for the
light chain CDR residues TyrL34 and TyrL36 of MAbs
1.1 and 1.2. In both crystallized complexes, TyrL34

forms a hydrophobic contact with the peptide resi-
due AlaP2 while TyrL36 is engaged in a hydrogen
bond with the carbonyl oxygen of ProP3. Among
the four crystallized Fabs, in total 66 contact resi-
dues were identified in the paratopes (Table S3)
of which only 13 are not derived from germline
sequences (Figure 2). Interestingly, all Trp contact
residues are germline encoded (V or D). Also, all
contact residues of Fab 1.2 correspond to germline
sequences. Overall, this suggests a limitation in the
number of ways how antibodies can recognize the
feature-less PAS sequences, which may provide a
structural explanation for their poor
immunogenicity.
In all crystallized complexes of the anti-PAS Fab

fragments, a high abundance of Tyr residues in
the paratope is evident. These residues are
responsible for the majority of hydrophobic
contacts with the bound peptides (Table S3), thus
creating surfaces well suited to bind antigens poor
in charge or polar side chains. In fact, 62%, 49%,
43% and 23% of all contacts �4.0 �A are mediated
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by Tyr in the MAbs 2.2, 1.2, 1.1 and 3.1,
respectively. Interestingly, the Fab 2.2 revealed
the highest Tyr content and also showed a
comparably high affinity. This observation is in line
with previous analyses suggesting that a high
prevalence of Tyr in antibody paratopes generally
contributes to enhanced antigen specificity and
affinity.19,37–39 Notably, a high proportion of Trp
and Tyr was also reported for two murine anti-
PEG antibodies whose crystal structures were
recently published.40,41 However, in both cases a
peculiar ternary association mode was observed,
involving two Fabs that bind face to face to the same
region of one flexible PEG molecule.
Furthermore, in one of these studies the paratope

seemed to give rise to a kind of dynamic ring
structure which can capture PEG by wrapping
around an exposed Trp side chain.41 Hence, the
structural mechanisms of binding a conformation-
ally disordered polymer chain by antibodies share
only remote resemblance between PEG and PAS
antigens. A sequence alignment between the anti-
PAS MAbs and the published anti-PEG antibodies
3.3, 2B5 and 6-340,41 did not reveal any particular
similarities; neither could we identify a preference
for germline genes. The only noticeable finding
was a structurally equivalent position for TrpH99

(Kabat28 position H95) in the anti-PAS Fab 3.1
when compared with the exposed Trp side chain
at Kabat position H96 in the anti-PEG Fab 6-3 men-
tioned above (Figure S7), whichmight be caused by
the short CDR-H3 in both antibodies (with three and
five residues, respectively). Advances in the under-
standing of how antibodies can bind highly dynamic
polymers such as PEG or PAS is of interest not only
in the development of biopharmaceuticals with
extended half-life but also in the context of
COVID-19 vaccination. The two approved COVID-
19 mRNA vaccines from Pfizer/BioNTech and Mod-
erna both rely on PEGylated nanoparticles and clin-
ical data have raised suspicions that the PEG
moiety may be responsible for cases of anaphylac-
tic shock in vaccine recipients, possibly after sensi-
tization by PEG from cosmetics.42,43

Up to now, Ala, the amino acid with the smallest
side chain – apart from the achiral Gly, which has
no side chain at all – has been regarded to play a
negligible role in protein–protein or -peptide
recognition. In fact, the strategy of alanine-
scanning mutagenesis44 has found wide application
to dissect critical residues for receptor-ligand or
antibody-antigen binding,45 assuming a quasi inert
role of the methyl side chain for molecular interac-
tions. Astonishingly, our studies have revealed for
the first time that Ala actually can adopt a central
role in epitope recognition by antibodies, as exem-
plified in particular with the crystal structures of
the Fabs 1.1 and 2.2 in complex with a PAS#1
and a P/A#1 peptide, respectively. Fully buried in
the binding pocket, and with its carbonyl oxygen
involved in two hydrogen bonds, AlaP5 acts in fact
11
as a kind of “hot spot” residue46 at the centre of
the antibody-peptide interface of the complex
between Fab 2.2 and the P/A#1 epitope peptide
(cf. Figure 4(C)). Even more strikingly, the structure
of the Fab 1.1 reveals a pronounced hole in the mid-
dle of the antigen-binding site which is perfectly
molded to accommodate the methyl group of AlaP7

within the PAS#1 epitope, resulting in high shape
complementarity and a densely packed interface
(cf. Figure 4(A)). A prominent role for Ala in molec-
ular recognition is also reflected by the structure of
the Fab 3.1 in complex with the (APSA)3 peptide,
where the three epitope residues AlaP6, AlaP9 and
AlaP10 are densely involved in interface formation
and hydrogen bonding (Tables S2 and S4). Indeed,
the SPOT substitution analysis experimentally sup-
ports the importance of these Ala residues, as bind-
ing decreased significantly when Ala was replaced
by any other amino acid, even including Gly
(Figure S5).
Our data offer insight into the mechanism of

molecular recognition of structurally disordered
peptide epitopes by antibodies. With no salt
bridges and no pronounced hydrophobic side
chain interactions arising from the PAS epitope in
all of the assessed Fab structures, complex
formation is mainly driven by hydrogen bonds
involving the peptide backbone (Table S2) as well
as tight Van der Waals contacts (Table S3,
Figure 4(D) and (E)). It appears that due to the
feature-less nature of the PAS peptides, the few
atom groups in the antigen that are capable of
polar interactions need to be capitalized by the
antibody efficiently. The fact that at least four of
the six CDRs are involved in the peptide-antibody
interactions in all Fab complexes highlights the
importance of an extended interface to more or
less intimately bind the structurally flexible
epitope. This is also nicely demonstrated by the
structure of the Fab 1.2, where a short segment of
the backbone hydrogen bond network with the
PAS#1 peptide resembles an antiparallel b-sheet.
Moreover, in both Fab complexes with the PAS#1
epitope peptide, comprising one prominent Ser
residue, the antibody engages the only available
polar side chain for formation of hydrogen bonds.
The same is the case in the structure of the Fab
3.1, where two of the three Ser side chains are
involved in hydrogen bonding. Notably, however,
the MAbs 1.1 and 1.2 do not much functionally
benefit from this kind of interaction if considering
their significantly lower affinity compared with the
anti-P/A#1 MAbs (see Table 1), which is in line
with the expected limited energy gain of hydrogen
bonds in a competing aqueous environment.47,48

In conclusion, by solving the complex structures
of MAbs directed against different PAS sequences
with their respective peptide antigens, our work
sheds light onto how antibodies can bind to the
seemingly inert PAS polypeptides with high
specificity. These reagents, dubbed Avi-PA(S)TM
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MAbs, offer valuable tools for biomedical research
as well as clinical application of PASylated
proteins and peptides exerting pharmacological
activity.
Materials & Methods

Preparation of PAS peptide conjugates for
immunization

Three different peptides were obtained by solid
phase synthesis (Peptide Specialty Laboratories –
PSL, Heidelberg, Germany and Almac Sciences,
Edinburgh, Scotland): Pga-PAS#1(40)-Ahx (Pga-A
SPAAPAPASPAAPAPSAPAASPAAPAPASPAA
PAPSAPA-Ahx); Pga-P/A#1(40)-Ahx (Pga-AAPAA
PAPAAPAAPAPAAPAAAPAAPAPAAPAAPA
PAAPA-Ahx); Pga-APSA(40)-Ahx (Pga-APSAAP
SAAPSAAPSAAPSAAPSAAPSAAPSAAP
SAAPSA-Ahx). As all peptides contained only
chemically inert side chains and had a blocked N-
terminus (Pga: pyroglutamyl), their unique C-
terminal carboxylate groups (at the end of an
aminohexanoic acid spacer, Ahx) were selectively
activated and used for directed chemical
conjugation with the e-amino groups of Lys side
chains of KLH, which was employed as a highly
immunogenic carrier protein. To this end, 50 mg of
each peptide was dissolved in 1450 ml
dimethylsulfoxide (DMSO) and activated with a
10fold molar amount of each 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU; Iris Biotech, Marktredwitz, Germany) and
N,N-diisopropylethylamine (DIPEA; Sigma-Aldrich,
Taufkirchen, Germany). 10 mg KLH (Thermo
Fisher Scientific, Munich, Germany) was dissolved
in water, dialyzed against PBS (4 mM KH2PO4,
16 mM Na2HPO4, 115 mM NaCl), adjusted to a
concentration of 2.3 mg/ml in a volume of 4.35 ml
and mixed with the activated peptide solution.
After incubation on ice for 30 min, the solution
was dialyzed against 25 mM Na-borate pH 9.0
and the conjugate was purified by anion exchange
chromatography (AEX) on a Source 15Q column
(GE Healthcare, Munich, Germany) equilibrated
with the same buffer. The conjugate was eluted in
a linear concentration gradient of 0–500 mM NaCl
in running buffer (monitored at 280 nm). Eluate
fractions of the main peak were pooled, dialyzed
against PBS, concentrated to 2 mg/ml, sterile-
filtered through a 0.22 mm Millex-GV PVDF filter
(Merck, Darmstadt, Germany) and flash-frozen in
liquid nitrogen.
Immunization of mice and generation of
hybridoma cells

Using the PAS peptide-KLH conjugates
described above as antigens, BALB/c mice were
immunized and hybridomas were prepared
according to standard procedures (ProMab
Biotechnologies, Richmond, CA). For each
12
antigen, five mice were immunized
subcutaneously with 50 mg antigen together with
Freund´s complete adjuvant (CFA). Three weeks
after priming, three booster injections (five for
APSA(40)-KLH), each with 25 mg antigen and
Freund´s incomplete adjuvant, were applied at
intervals of two weeks. A final boost with 50 mg of
antigen without adjuvant was administered
intraperitoneally two weeks after the last boost.
Spleen cells were harvested from animals and
fused with Sp2/0 myeloma cells for hybridoma
clone generation.49

Characterization of antibodies from hybridoma
cell culture supernatants via SPR and ELISA

IgG isotypes were determined by ProMab
Biotechnologies using the mouse MoAb ID KIT
(Zymed Laboratories, San Diego, CA). Promising
hybridoma clones were cultivated in DMEM
(Biochrom, Berlin, Germany) containing 10% v/v
FCS (Ultra low IgG One Shot; Life Technologies,
Carlsbad, CA), 6 mM L-alanyl-L-glutamine
(Biochrom), 1:100 penicillin/streptomycin
(Biochrom), further supplemented with 10% v/v
Hybridoma Premium Medium (ProMab
Biotechnologies), at 37 �C and under 5% CO2

atmosphere. After initial screen by ELISA (see
text), promising secreted anti-PAS MAbs in the
hybridoma culture supernatants were
characterized by real-time SPR spectroscopy and
ELISA.
SPR measurements were performed at 25 �C

either on a Biacore X100 or on a Biacore T200
instrument (GE Healthcare) using a Mouse
Antibody Capture Kit and CM3 sensor chips (GE
Healthcare). Hybridoma culture supernatants were
diluted 1:5 in HBS-ET buffer (0.01 M HEPES/
NaOH pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005%
v/v Tween20), and a 30 ml MAb sample was
injected at a flow rate of 10 ml/min. A
concentration series of the following test antigens,
as appropriate, was then injected onto the sensor
ship at a flow rate of 30 ml/min using single cycle
kinetics:50 PAS#1(200)-IL1Ra, P/A#1(200)-IL1Ra,
P/A#1(600)-GMCSF, APSA(200)-IL1Ra and
hu4D5-P/A#1(200).16,17 The sensor chip was
regenerated with 10 mM Gly/HCl pH 1.7 for 100 s.
Data were analyzed using the Biacore X100 evalu-
ation software ver. 2.0.1 (GE Healthcare) with a
bivalent analyte fit after subtraction of signals from
both a reference channel and a blank baseline mea-
sured with HBS-ET buffer.
Characterization of MAbs by ELISA was

performed using NUNC Maxisorp F 96-well plates
(Thermo Fisher Scientific) coated with 50 ml of a
5 mg/ml solution of anti-mouse IgG Fc-specific
goat antibody (Sigma-Aldrich) in PBS for 1 h,
followed by twice washing with PBS and blocking
with 3% w/v bovine serum albumin (BSA) in PBS/
T (PBS containing 0.1% v/v Tween 20) for 1 h.
After washing with PBS/T, the wells were
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incubated for 1 h with 50 ml of each hybridoma
culture supernatant diluted 1:100 in PBS/T and
washed again. Then, 50 ml solutions of the
following PASylated proteins (each 8 nM) were
applied in 1:2 dilution series with PBS/T and
incubated for 1 h: hu4D5-PAS#1(200), hu4D5-P/
A#1(200) or APSA(200)-IL1Ra, the latter labeled
with DIG-NHS (Santa Cruz Biotechnology, Dallas,
TX) according to the manufacturer’s instructions.
After washing with PBS/T, 50 ml of a 1:1000
dilution of anti-human kappa light chain antibody
alkaline phosphatase conjugate (Sigma-Aldrich) or
anti-DIG-Fab alkaline phosphatase conjugate
(Roche Diagnostics, Mannheim, Germany),
respectively, was applied to each well and
incubated for 1 h. After final washing with PBS,
50 ml of 0.5 mg/ml p-nitrophenyl phosphate
(Merck) in AP buffer (100 mM Tris/HCl pH 8.8,
100 mM NaCl, 5 mM MgCl2) was added and
signal development was recorded at 405 nm for
15 min at 1 min intervals using a Synergy 2
photometer (BioTek Instruments, Bad
Friedrichshall, Germany). The concentration-
dependent signals (DA/Dt) were evaluated using
the Voss&Skerra equation.51
Cloning of V-genes from hybridomas

Hybridoma cells were mechanically lysed and
total RNA was extracted using the RNeasy Mini
Kit (Qiagen, Hilden, Germany), followed by cDNA
synthesis using the First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific) with an oligo(dT)18
primer. Ig V-gene regions were PCR-amplified
from this cDNA with Q5 DNA polymerase (New
England Biolabs, Frankfurt/M. Germany) using a
set of 63 forward primers covering all mouse
germline VL/VH gene segments52 together with the
reverse primers RMK (50-GAC CTC CAC GGA
GTC AGC-30) for the light chain and RMG (50-
AGG TCG CCA CAC GTG TGG-30) for the heavy
chain.53 Forward primers were initially applied in
pools of 5–15 different oligodeoxynucleotides, in
order to reduce the required number of PCRs, and
then individually, after an amplification product
was identified, to generate a homogenous PCR
product. DNA fragments with suitable size were iso-
lated after separation by agarose gel electrophore-
sis using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI) and subjected to
double-stranded DNA sequencing using the Mix2-
Seq Kit (Eurofins Genomics, Ebersberg, Germany).
Construction of bacterial expression plasmids
for Fab fragments

For cloning of the V-genes on the bacterial
expression vector pASK88,29 the products from
the V-gene amplification described above were
PCR-amplified with primer pairs that were designed
to introduce suitable flanking restriction sites
according to a published procedure.53,54 The result-
13
ing PCR products were cut with the corresponding
restriction enzymes, isolated by agarose gel elec-
trophoresis, and the VH and VL genes were inserted
into the appropriately digested pASK88 in two con-
secutive ligations. The coding regions for the MAbs
1.2, 2.1 and 3.1 were obtained by gene synthesis
with optimized E. coli codon usage and suitable
flanking restriction sites (Thermo Fisher Scientific)
based on V-gene sequences determined by Pro-
Mab Biotechnologies.
E. coli production and purification of Fab
fragments

pASK88 derivatives harbouring the
corresponding V-genes were used to express the
chimeric Fab fragments (i.e., murine variable
domains from the hybridomas fused to human
constant domains) either in 2 l shake flask
cultures using E. coli strain JM8355 or via 8 l bench
top fermentation using the strain KS27256 following
published procedures.29,30 The recombinant pro-
teins were purified from the periplasmic cell extract
via immobilized metal ion affinity chromatography
(IMAC), followed by cation exchange chromatogra-
phy (CEX) on a Resource S 6ml column and by size
exclusion chromatography (SEC) on a HiLoad
16/60 Superdex75 prep grade column (both from
GE Healthcare). Protein concentrations were deter-
mined by measuring the absorbance at 280 nm
using calculated extinction coefficients57 of
77405 M�1 cm�1, 66405 M�1 cm�1, 88405 M�1

cm�1, 89895 M�1 cm�1, 69955 M�1 cm�1 or
57465 M�1 cm�1 for the chimeric Fab fragments
1.1, 1.2, 2.1, 2.2, 3.1 or 3.2, respectively. Protein
integrity and purity were checked by SDS-PAGE58

and by electrospray ionization mass spectrometry
(ESI-MS) using a maXis Q-TOF instrument (Bruker
Daltonics, Bremen, Germany) in the positive ion
mode.
E. coli production and purification of the anti-
human kappa light chain VHH domain

A previous study had shown that an anti-human
kappa VHH domain may facilitate the (co)-
crystallization of Fab fragments containing a
human j light chain.31 Since the sequence informa-
tion for the anti-hujVHH domain crystallized in com-
plex with a Fab was missing in the PDB coordinate
set 6ANA31 the polypeptide chain SEQ ID NO: 1
from a patent publication59 was fitted into the well-
defined electron density calculated from the depos-
ited structure factors using Coot.60 The correspond-
ing coding region was generated by gene synthesis
(Eurofins Genomics) and cloned via XbaI and Hin-
dIII on the generic expression vector pASK7561 in
frame with a C-terminal His6-tag. The VHH domain
was produced in shake flask culture using the
E. coli strain Origami B62 grown at 30 �C in LB
medium49 supplemented with 100 mg/l ampicillin.
Gene expression was induced at OD550 = 0.5 for
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3 h by adding anhydrotetracycline (Acros Organics,
Geel, Belgium) to a final concentration of 0.2 mg/ml.
After centrifugation, the bacterial pellet was resus-
pended in IMAC buffer (50 mM Tris/HCl pH 8,
300 mM NaCl), which was supplemented with
10 mM 2,2-dithiodipyridine (Sigma-Aldrich) to pro-
mote quantitative formation of the intramolecular
disulphide bond, and the bacteria were lysed using
a French pressure cell (SLM Aminco, Urbana, IL).
The whole cell lysate was clarified by centrifugation
and the supernatant was subjected to IMAC using a
5 ml HisTrap HP column (GE Healthcare). The
recombinant protein was eluted using a concentra-
tion gradient of 0–300 mM imidazole/HCl in IMAC
running buffer. Eluted protein fractions were identi-
fied by SDS-PAGE, pooled and dialyzed twice
against CEX buffer (50 mM Na-acetate pH 5.5,
20mMNaCl). The protein solution was then applied
to a 6 ml Resource S column (GE Healthcare) and
the anti-huj VHH domain was eluted in a linear con-
centration gradient of 0–250 mM NaCl in CEX buf-
fer. Finally, fractions containing the protein were
concentrated and applied to a HiLoad 16/60 Super-
dex75 prep grade column (GE Healthcare) pre-
equilibrated with IMAC buffer. Protein purity was
checked by SDS-PAGE and ESI-MS as above
using a calculated extinction coefficient of
23045 M�1 cm�1.

Antigen affinity measurements by ELISA and
SPR

A NUNC Maxisorp F 96-well plate was coated
with 50 ml of 10 mg/ml P/A#1(600) polypeptide17 in
PBS for the Fabs 2.1 and 2.2, with 50 ml of 10 mg/
ml PAS#1(600)-Leptin63 in PBS for the Fabs 1.1
and 1.2, or with 50 ml of 10 mg/ml APSA(200)-
IL1Ra17 for the Fabs 3.1 and 3.2 and incubated at
4 �C overnight. After washing with PBS/T, the wells
were blocked with 3% w/v BSA (NeoFROXX, Ein-
hausen, Germany) in PBS/T for 1 h, followed by
3x washing and 1 h incubation with 50 ml of an
appropriate dilution series of each purified Fab frag-
ment in PBS/T. The wells were washed again with
PBS/T, followed by incubation with 50 ml of a
1:1000 dilution of anti-human kappa light chain goat
antibody conjugated to alkaline phosphatase
(Sigma-Aldrich) in PBS/T for 1 h. After final washing
twice each with PBS/T and PBS, signals were
developed with p-nitrophenyl phosphate and mea-
sured and evaluated as described above.
SPR measurements with the purified Fab

fragments were performed on a Biacore X100
instrument (GE Healthcare) at 25 �C. PAS#1
(200)-IL1Ra, P/A#1(200)-IL1Ra or thioredoxin A
(TrxA)-APSA(200) were biotinylated with a 20-fold
molar amount of succinimidyl-6-(biotinamido)
hexanoate (Sigma Aldrich) and individually
immobilized as ligands on a biotin CAPture chip
(GE Healthcare) according to the manufacturer´s
protocol. Prior to immobilisation of the ligand
protein, the sensorchip was regenerated with two
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consecutive injections of 30% v/v acetonitrile,
0.25 M NaOH for 120 s as well as 6 M guanidine/
HCl, 0.25 M NaOH for 120 s. Subsequently, a
concentration series of the recombinant Fab
fragment was injected as analyte onto the
sensorchip at a flow rate of 30 ml/min using single
cycle kinetics. After subtraction of signals from
both a reference channel and a blank baseline
measured with HBS-ET buffer, data were fitted
using the Biacore X100 evaluation software ver.
2.0.1 (GE Healthcare) using a 1:1 binding model.
The equilibrium dissociation constant was
calculated as KD = koff / kon, whereby its statistical
error was calculated from the standard deviations
of the individual kinetic constants as described.64
SPOT synthesis of immobilized peptide arrays
and epitope mapping

Arrays of 20 overlapping 12mer peptides covering
the entire amino acid sequence of the PAS#1 or P/
A#1 amino acid sequence repeat, or of a 10mer
peptide comprising the sequence AAPSAAPSAA,
including substitution by all 20 proteinogenic
amino acids at positions 3 to 8, were synthesized
on a hydrophilic membrane using a MultiPep
SPOT synthesizer (Intavis, Köln, Germany)
according to a standard protocol.27 Detection of
antibody binding activity on the membranes was
performed using a published procedure65 after incu-
bation with either the purified Fab fragment (applied
at 1 mg/ml in MBS; 137 mM NaCl, 2.7 mM KCl,
50 mM Tris/HCl pH 8, 0.05% v/v Tween-20, 1%
w/v sucrose) or the hybridoma culture supernatant
containing the secreted MAb (diluted 1:5000 in
MBS), followed by an anti-human kappa light chain
antibody alkaline phosphatase conjugate (Sigma-
Aldrich) or anti-mouse IgG Fc-specific goat anti-
body alkaline phosphatase conjugate (Sigma-
Aldrich), respectively. After chromogenic reaction,
the spot intensities were quantified with CLIQS
ver. 1.2.044 software (TotalLab, Newcastle-upon-
Tyne, UK).
Detection of PASylated proteins by western
blotting

To test hybridoma culture supernatants for
detection of PASylated proteins on western blots,
a set of different PASylated proteins, PAS#1(200)-
IL1Ra, P/A#1(200)-IL1Ra and APSA(200)-IL1Ra,
was subjected to SDS-PAGE, followed by semi-
dry electrotransfer onto a nitrocellulose
membrane. An E. coli BL21 whole cell lysate and
human serum (PL), pooled (SEQENS IVD / H2B,
Limoges, France), which was diluted 1:200 in
water and spiked with 1 mg IL-1Ra (Anakinra/
Kineret�; Swedish Orphan Biovitrum, Stockholm,
Sweden), were applied in parallel as controls.
After washing with PBS/T, the membrane was
incubated with a 1:2000 dilution in PBS/T of the
hybridoma culture supernatants or a 1:200.000
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dilution of the purified MAb 2.1. Bound MAbs were
detected using a 1:50.000 dilution of an anti-
mouse IgG Fc-specific goat antibody conjugated
with alkaline phosphatase in PBS/T followed by
chromogenic reaction as above.

Co-crystallization of Fab fragments with PAS
peptides, X-ray data collection and model
building

The purified recombinant Fab fragments 1.1, 2.2
and 3.1 were directly co-crystallized with their
cognate PAS epitope peptides, whereas in the
case of Fab 1.2 a complex with an anti-huj VHH
domain was prepared. To this end, the purified
Fab was incubated for 1 h at 4 �C with a three-fold
molar amount of the purified VHH domain from
above. The protein mixture was subjected to SEC
on a HiLoad 16/60 Superdex75 prep grade
column using 10 mM HEPES/NaOH pH 6.5,
70 mM NaCl as running buffer, and the Fab�VHH
complex was separated from excess VHH domain
and isolated in one peak.
The different Fab solutions were concentrated

using Amicon Ultracel centrifugal filter units
(MWCO 10 kDa; Millipore, Billerica, MA) as
follows: Fab 1.1 at 8.4 mg/ml and Fab 1.2 in
complex with VHH at 13.7 mg/ml, both in 10 mM
HEPES/NaOH pH 6.5, 70 mM NaCl; Fab 2.2 at
9.6 mg/ml in 20 mM HEPES/NaOH pH 6.5,
80 mM NaCl; Fab 3.1 at 9.2 mg/ml in 10 mM
HEPES, pH 6.5, 100 mM NaCl. Each
concentrated protein solution was mixed with the
appropriate synthetic peptide from a > 50 mM
stock solution in water (see Table S1) at a molar
ratio of 1:3 (Fab:peptide) and incubated for 1 h at
4 �C. Subsequently, protein crystallization screens
were performed via the sitting drop vapour
diffusion method with equal volumes of protein
and reservoir solutions, leading to a total drop
volume in the range of 300–1000 nl, using an in-
house precipitant screen. For refinement of
promising crystallization conditions, further
screens were set up using the hanging drop
vapour diffusion method with a reservoir volume of
1 ml and droplets composed of 1 ml protein and
1 ml reservoir solutions. Crystals appeared within
one week at 20 �C under the conditions listed in
Table S1. Protein crystals were harvested,
transferred into the precipitant buffer
supplemented with 20% v/v ethylene glycol for
Fab 1.1 and Fab 1.2, 20% w/v PEG200 for Fab
2.2 and 20% v/v glycerol for Fab 3.1, and
immediately frozen in liquid nitrogen.
For each crystal of the Fabs 1.1, 1.2 and 2.2, a

single-wavelength synchrotron X-ray cryo-
diffraction data set was collected at BESSY
beamline 14.2 operated by the Helmholtz-Zentrum
Berlin, Germany.66 In case of the Fab 3.1, the pro-
tein crystallography beamline X06SA-PXI at the
Swiss Light Source (SLS), Villigen-PSI, Switzer-
land, was used. The diffraction data (Table S1)
15
were reduced and scaled with the XDS program
package,67 and molecular replacement was carried
out with Phaser68 using the constant and variable
domains of the functionally unrelated anti-human
RSV Fab 101F (PDB ID: 3QQ9), which shares sim-
ilarity in the amino acid sequence, as search mod-
els to first solve the structure of the Fab 2.2 in
complex with the P/A#1 epitope peptide. The struc-
tures of Fab 1.1 and Fab 1.2, both with the bound
PAS#1 epitope peptide, were subsequently solved
by molecular replacement with the refined crystal
structure of the Fab 2.2 as search model, addition-
ally including coordinates for the anti-huj VHH
domain (PDB ID: 6ANA) in the latter case. Finally,
the structure of Fab 3.1 in complex with the (APSA)3
peptide was solved bymolecular replacement using
the refined structure of Fab 1.2 as search model.
The initial protein models were manually adjusted

with Coot60 and iteratively refined with Refmac5.69

The PAS#1, P/A#1 and (APSA)3 epitope peptides
and water molecules were manually built into
emerging electron densities in the course of the
refinement process. The final structural models,
showing Rfree values of 23–27% (Table S1), were
validated using the MolProbity server.70 Crystal
contact sites as well as accessible and buried sur-
face areas (ASA and BSA, respectively; calculated
with the light and heavy chains renumbered as a
continuous amino acid chain in the input file to
ensure proper calculation) were analysed with
PISA.71 Molecular graphics were prepared with
PyMOL (Schrödinger, Cambridge, MA) using the
APBS module72 for calculation of electrostatics.
Atomic distances were calculated with
CONTACT.73

Polypeptides were denoted L for each Ig light
chain, H for each heavy chain and P for each
bound PAS peptide whereas the anti-human
kappa VHH domain was assigned the chain
identifier X. In case of the Fab 1.1 with two
Fab�peptide complexes in the asymmetric unit the
one with the higher average crystallographic B-
factor was assigned chain identifiers A, B and Q,
respectively. The atom coordinates and structure
factors of the four refined crystal structures have
been deposited at the Protein Data Bank (PDB),
Research Collaboratory for Structural
Bioinformatics (Rutgers University, New
Brunswick, NJ), under accession codes 7O30
(Fab 1.1), 7O31 (Fab 1.2), 7O2Z (Fab 2.2) and
7O33 (Fab 3.1).
Accession numbers

PDB: 7O30, 7O31, 7O2Z, 7O33.
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S., Gille, H., Hülsmeyer, M., et al., (2009). An engineered
18
lipocalin specific for CTLA-4 reveals a combining site with

structural and conformational features similar to

antibodies. Proc. Natl. Acad. Sci. USA, 106, 8198–8203.

65. Zander, H., Reineke, U., Schneider-Mergener, J., Skerra,

A., (2007). Epitope mapping of the neuronal growth

inhibitor Nogo-A for the Nogo receptor and the cognate

monoclonal antibody IN-1 by means of the SPOT

technique. J. Mol. Recognit., 20, 185–196.

[66]. Gerlach, M., Mueller, U., Weiss, M.S., (2016). The MX

beamlines BL14.1-3 at BESSY II. J. Large-Scale Res.

Fac., 2, A47

67. Kabsch, W., (2010). XDS. Acta Crystallogr. D Biol.

Crystallogr., 66, 125–132.

68. McCoy, A.J., Grosse-Kunstleve, R.W., Adams, P.D., Winn,

M.D., Storoni, L.C., Read, R.J., (2007). Phaser

crystallographic software. J. Appl. Crystallogr., 40, 658–

674.

69. Murshudov, G.N., Skubak, P., Lebedev, A.A., Pannu, N.S.,

Steiner, R.A., Nicholls, R.A., et al., (2011). REFMAC5 for

the refinement of macromolecular crystal structures. Acta

Crystallogr. D Biol. Crystallogr., 67, 355–367.

70. Williams, C.J., Headd, J.J., Moriarty, N.W., Prisant, M.G.,

Videau, L.L., Deis, L.N., et al., (2018). MolProbity: More

and better reference data for improved all-atom structure

validation. Protein Sci., 27, 293–315.

71. Krissinel, E., Henrick, K., (2007). Inference of

macromolecular assemblies from crystalline state. J. Mol.

Biol., 372, 774–797.

[72]. Baker, N.A., Sept, D., Joseph, S., Holst, M.J.,

McCammon, J.A., (2001). Electrostatics of

nanosystems: Application to microtubules and the

ribosome. Proc. Natl. Acad. Sci. USA, 98, 10037–10041.

73. Winn, M.D., Ballard, C.C., Cowtan, K.D., Dodson, E.J.,

Emsley, P., Evans, P.R., et al., (2011). Overview of the

CCP4 suite and current developments. Acta Crystallogr. D

Biol. Crystallogr., 67, 235–242.

[74]. Jarasch, A., Skerra, A., (2017). Aligning, analyzing, and

visualizing sequences for antibody engineering:

Automated recognition of immunoglobulin variable

region features. Proteins, 85, 65–71.

http://refhub.elsevier.com/S0022-2836(21)00337-5/h0270
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0270
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0270
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0270
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0270
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0275
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0275
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0275
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0275
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0280
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0280
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0280
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0280
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0280
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0285
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0285
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0285
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0285
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0290
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0290
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0290
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0290
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0295
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0295
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0300
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0300
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0300
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0305
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0305
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0305
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0310
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0310
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0310
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0310
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0315
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0315
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0315
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0315
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0320
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0320
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0320
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0320
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0320
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0325
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0325
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0325
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0325
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0325
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0330
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0330
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0330
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0335
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0335
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0340
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0340
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0340
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0340
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0345
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0345
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0345
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0345
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0350
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0350
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0350
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0350
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0355
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0355
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0355
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0360
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0360
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0360
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0360
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0365
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0365
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0365
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0365
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0370
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0370
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0370
http://refhub.elsevier.com/S0022-2836(21)00337-5/h0370

	Molecular recognition of structurally �disordered Pro/Ala-rich sequences �(PAS) by antibodies involves an Ala �residue at the hot spot of the epitope
	Introduction
	Results
	Discussion
	Materials & Methods
	Preparation of PAS peptide conjugates for immunization
	Immunization of mice and generation of hybridoma cells
	Characterization of antibodies from hybridoma cell culture supernatants via SPR and ELISA
	Cloning of V-genes from hybridomas
	Construction of bacterial expression plasmids for Fab fragments
	E.&blank;coli production and purification of Fab fragments
	E.&blank;coli production and purification of the anti-human kappa light chain VHH domain
	Antigen affinity measurements by ELISA and SPR
	SPOT synthesis of immobilized peptide arrays and epitope mapping
	Detection of PASylated proteins by western blotting
	Co-crystallization of Fab fragments with PAS peptides, X-ray data collection and model building
	Accession numbers

	CRediT authorship contribution statement
	ack19
	Acknowledgement
	Declaration of Competing Interest
	Appendix A Supplementary material
	References


