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ABSTRACT
Antibody single-chain variable fragments (scFvs) are used in a variety of applications, such as for research,
diagnosis and therapy. Essential for these applications is the extraordinary specificity, selectivity and affinity of
antibody paratopes, which can also be used for efficient protein purification. However, this use is hampered by
the high affinity for the protein to be purified because harsh elution conditions, which may impair folding,
integrity or viability of the eluted biomaterials, are typically required. In this study, we developed a strategy to
obtain structural elements that provide allosteric modulation of the affinities of different antibody scFvs for their
antigen. To identify suitable allosteric modules, a complete set of cyclic permutations of calmodulin variants was
generated and tested formodulation of the affinity when substituting the linker between VH and VL. Modulation
of affinity induced by addition of different calmodulin-binding peptides at physiologic conditions was
demonstrated for 5 of 6 tested scFvs of different specificities and antigens ranging from cell surface proteins to
haptens. In addition, a variety of different modulator peptides were tested. Different structural solutions were
found in respect of the optimal calmodulin permutation, the optimal peptide and the allosteric effect for scFvs
binding to different antigen structures. Significantly, effective linker modules were identified for scFvs with both
VH-VL and VL-VH architecture. The results suggest that this approach may offer a rapid, paratope-independent
strategy to provide allosteric regulation of affinity formany other antibody scFvs.
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Introduction

In immunoglobulin single-chain variable fragments (scFvs), the
antibody variable domains of the light (VL) and heavy (VH) chain
are connected to a single polypeptide. A similar single chain archi-
tecture has also been applied for the structurally similar T-cell
receptors,1 as well as Fab fragments.2 Both chains are typically con-
nected by an unstructured linker that is flexible and does not show
any tendency to interfere with folding of the individual immuno-
globulin domains.,3,4 In many cases, these linkers contain assem-
blies or variations of (Gly4Ser) repeats, the use of which was
inspired by the linkers connecting the domains of filamentous bac-
teriophage minor coat protein III.5 Antibody scFvs are widely used
in a variety of applications in research,6 diagnosis and therapy. For
example, immunotoxins, which are in clinical testing for cancer
therapy, are typically based on an scFv fused to a bacterial toxin to
mediate targeted killing.8 Bispecific antibodies comprising 2 differ-
ent scFv (e.g., bispecific T-cell engagers) can activate and redirect
cytotoxic T cells; one of these, blinatumomab (Blincyto�), is
approved for the treatment of cancer.9,10 Chimeric antigen receptor
(CAR)-T-cell therapy also relies on scFvs specific for malignant
cells.11,12

Essential for all of these applications is the extraordinary
specificity, selectivity and affinity of antibody paratopes. These

properties would also be very useful for the purification of bio-
materials, in particular proteins, vaccines or cells. However, the
usually very high affinity of antibodies requires harsh elution
conditions, which typically impairs folding, integrity or viability
of the eluted materials.13 Therefore, antibodies that retain their
excellent specificity while being adjustable in respect of their
affinity would be advantageous for protein purification,14 cell
separation and cell analysis.15 Even the introduction of an affin-
ity-adjustable antibody for therapy may be envisioned, for
example as an additional safety mechanism in CAR-T-cell ther-
apy.16 For the latter applications, it is essential that the dissocia-
tion of the antibody from the target occurs under physiologic
conditions without significant pH or salt concentration changes
or the use of denaturing reagents or any other reagents impair-
ing folding, integrity or viability.

Initial studies have already demonstrated the generation of anti-
bodies with changeable affinity. However, most of the used strate-
gies depend on introduction of a second binding site in or very
near to the paratope, which directly affects the binding of the anti-
gen to its binding site by steric hindrance or electrostatic repulsion.
Fabs that recognized their antigen only in the presence of calcium
could be isolated from a human phage library by appropriate selec-
tion strategies.17 Single domain VHH antibodies responding to
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changes in pHwere successfully generated by introduction of ioniz-
able histidines in a scanning library approach.18 Despite the fact
that histidine “hot-spots” were identified in the paratope of the
antibody used in this study, the adaptation of this approach to any
antibodywith a different paratope structure certainly would require
substantial engineering. An approach that works independently
from the individual paratope structure would bemuchmore favor-
able. Along these lines, it has been proposed that a change to the
paratope structure, and thus the antigen binding properties, may
be induced by an allosteric effect originating in a conformational
change within the linker between VH and VL.19 ScFv linker pepti-
des do not contribute to antigen binding and are typically confor-
mationally flexible as they are designed to be compatible with
pairing of a large diversity of VH and VL combinations. If
exchanged by a structurally defined entity that can undergo
induced conformational changes at physiologic conditions, it may
be possible to develop a version that can serve as an allosteric regu-
lator for different VH and VL pairs. Such linkers would greatly

facilitate the development of affinity-adjustable antibodies, as
tedious individual engineering of every paratope with a different
specificity could be avoided. In contrast, scFv linkers can be
exchanged by a simple cloning step using restriction sites identical,
for example in all scFv derived from a phage display library. Initial
successful applications of this linker-based approach have been
described: the replacement of a (G4S)3-linker with elastin-like poly-
peptides resulted in scFvs changing their affinities in response to
alterations in temperature.20 The introduction of calmodulin and
M13 peptide as a linker led to an scFv with calcium-dependent
affinity changes.14 However, the described solutions were tested
only for one antibody. It has not yet been shown that a particular
linker module system can serve as a “switch” in very different scFvs
with different paratopes that bind to different classes of antigens.

Calmodulin (CaM) undergoes large conformational changes
depending on the presence of calcium and calmodulin-binding
peptides21 (CBP) (Fig. 1a). In a calcium- and peptide-unbound
form, it adopts a closed conformation (PDB ID: 1CFD).22 The

Figure 1. Engineering and identification of switchable scFv-CaM variants. (a) Conformation changes of Calmodulin. In a calcium- and peptide-unbound form, calmodulin
adopts a closed conformation (PDB ID: 1CFD).22 The distance between the N- and C-terminus is at its highest in the calcium-bound, open form (PDB ID: 1CLL),23 whereas
the termini approach each other when binding a calmodulin-binding peptide like M13 (PDB ID: 2BBM).24 (b) Hypothetical mechanism of the Calmodulin-M13 peptide-
based switchable scFv-system. Upon conformational change of calmodulin when binding M13 peptide, the paratope conformation of the scFv could be altered by a
change in the geometry of VH/VL arrangement.
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distance between the N- and C-terminus is at its highest in the
calcium-bound, open form (PDB ID: 1CLL),23 whereas the ter-
mini approach each other when calmodulin binds to a ligand,
or a suitable fragment thereof, like peptide M13 (PDB ID:
2BBM).24 Calmodulin and its peptide binding partner M13
have been used as an input domain for the design of various
calcium sensors. A F€orster resonance energy transfer (FRET)-
based system was established by insertion of calmodulin and
M13 peptide between 2 different green fluorescent protein-
based proteins and calcium-dependent change in FRET was
observed.25 Another fluorescent indicator for calcium is based
on a circularly permuted green fluorescent protein to which
calmodulin and M13 peptide is fused. The fluorescent proper-
ties of the fusion protein changed reversibly with the amount
of calcium.26 Recently developed switchable enzymes take
advantage of proteins that change their conformation in
response to a stimulus such as calmodulin. A peptide-depen-
dent TEM-1 b-lactamase was constructed, which showed up to
120-times higher catalytic activity in a calmodulin-binding pep-
tide bound state. This was achieved by insertion of calmodulin
into the sequence encoding for the enzyme.21 Furthermore, an
allosteric TEM-1 b-lactamase could be generated by insertion
of circularly permuted variants of the encoding gene into the E.
coli maltose-binding protein gene. A variant was identified that
showed a compromised b-lactam hydrolysis activity in absence
of maltose, whereas it increased up to 25-fold in the presence of
this disaccharide.27,28

In this study, we developed a strategy to rapidly identify
linker-based allosteric actuators to modulate the affinity of dif-
ferent scFvs for their antigen by substitution of the linker
between VH and VL with permuted calmodulin variants
(Fig. 1b). A modulation of affinity induced by addition of dif-
ferent calmodulin-binding peptides was demonstrated for 5 of
6 tested antibody scFvs of different specificities and different
architecture, suggesting that our approach may be transferable
to many other antibodies.

Results

Identification of switchable anti-lysozyme scFv containing
permutated calmodulin-linkers

To enable identification of the optimal orientation of the cal-
modulin molecule between the 2 antigen-binding regions of an
antibody that allows modulation of the binding affinity
(Fig. 1b), a gene library of 152 different variants representing
all possible insertion points throughout a circularized calmodu-
lin molecule was generated. First, a cyclic DNA encoding cal-
modulin was prepared (Fig. 2). This ring served as a template
for 152 different sets of oligonucleotide PCR primers. The
resulting linear PCR products encode circularized calmodulin
with artificially new amino- and carboxy-termini at all other
possible amino acid positions. Of the resulting 152 different
PCR products, 145 resulted in the production of functional
scFvs when used as a linker in the lysozyme binding scFv (D1.3
scFv).

Calmodulin conformation has been shown to change when
binding to the calmodulin-binding peptide M13 (residues 577–
602 of skeletal muscle myosin light chain kinase).24 To test the

influence of M13 peptide on the calmodulin-scFv fusion pro-
teins, all constructs were produced in E. coli using a pOPE vec-
tor29 in microtiter plate format. ScFv-containing periplasmic
extracts were analyzed for antigen binding by ELISA in 2 set-
ups: with and without M13 peptide. Five mM Calcium was
present in all setups. Nearly all constructs showed a lower bind-
ing signal in the presence of M13 peptide (Fig. 3a), while no
signal changes were observed for the wildtype control ([G4S]3-
linker). The largest differences in signal intensities were
observed around 3 regions of the calmodulin chain: close to the
N-terminus or the C-terminus, and around amino acid 80
(Fig. 3b). The 2 fusions from each of these 3 permutation
regions with the largest binding difference (named N-perm-
1C2, M-perm-1C2, and C-perm-1C2, respectively), as well as
the non-permutated CaM variant (i.e., fused by its naive N/C-
termini), were used for further analysis.

These results confirmed that calmodulin inserted in the
linker position between the V domains of antibody D1.3 can
induce an M13 peptide-dependent influence on antigen
binding.

M13 peptides can induce antigen release from
anti-lysozyme scFv D1.3

The calmodulin-mediated affinity change observed in the initial
screening was achieved after preincubation with the modulator
M13. Next, we designed a release ELISA to test whether M13
peptide binding to the calmodulin linkers can also induce the
dissociation of an already established antibody-antigen com-
plex. ScFv-variants were produced in 0.5 L scale and were sub-
sequently purified via affinity chromatography. Expression
yields of the different scFv-variants are shown in Table S1.
After an initial binding phase of D1.3 scFv variants on antigen
in calcium-containing buffer, M13 peptide was added (Fig. 4,
Release), with buffer containing calcium alone used for control.
In parallel, the same scFvs were analyzed by the preincubation
approach described above on the same plate for calibration
(Fig. 4, Preincubation). The drop of affinity in the presence of
peptide in the release-setup was comparable to the drop
observed in the preincubation approach. The highest decrease
in signal was observed for the variants with CaM-linkers per-
mutated C-terminally (C-perm-1, C-perm-2) and the M-perm-
1 variant.

Taken together, these results indicated that a specific release
of scFv-CaM-fusion from its antigen was achieved for the D1.3
scFv by adding M13 peptide, indicating a decrease in binding
affinity. The use of permutated CaM-variants was advantageous
compared with the wildtype (i.e., not permutated) CaM-linker.

M13 peptides modulate antigen binding of anti-lysozyme
scFv-CaM-fusions in a concentration-dependent manner

To evaluate whether the affinity modulation of the D1.3 scFv-
CaM-variants is specific, the binding of a defined amount of
D1.3 scFv (0.1 mM) to its antigen as a function of increasing
concentrations of M13 peptide in the presence of calcium was
determined. Control titrations were performed in EDTA-con-
taining buffer to assess any calcium-independent effect of M13
peptide. Nearly all analyzed scFv-CaM-variants showed a
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calcium-dependent decrease in antigen binding with increasing
M13 peptide-concentration. At a concentration of 0.1 mM M13
peptide at a molar ratio of 1:1, no further loss of binding signal
was observed (Fig. 5, black lines with empty diamonds). Only
the M-perm-2 variant did not show this tendency (Fig. 5d) and
behaved similar to the wildtype control (Fig. 5a). The C-termi-
nally permutated (Fig. 5gCh) and the M-perm-1 variant
(Fig. 5c) provided the strongest dissociation, corroborating the
results shown in Fig. 4. In the EDTA-controls, increasing M13
peptide concentrations did not have an influence on the absor-
bance measured (Fig. 5, gray lines with filled squares). How-
ever, overall antigen/scFv-CaM binding was clearly affected by
the presence of EDTA, as binding signals obtained in the
EDTA-setup were much lower than the corresponding ones
with calcium.

In summary, 6 of 7 tested linker variants provided M13 pep-
tide-dependent antigen binding, with a maximum loss of

binding typically obtained at a 1:1 molar ratio of M13 peptide
to scFv.

CaM-linker variants provide affinity modulation in other
scFv-antibodies

To investigate whether the linkers that modulated the affinity of
scFv D1.3 can be used to change affinities of other scFvs, they
were cloned into other antibody scFvs providing 5 different
specificities, and with different architecture. The specificities
were chosen according to their utility in future cell staining and
separation applications, as well as their diversity in respect to
antigen structures. Three scFvs were directed against different
human clusters of differentiation (CD14, CD20, CD4) and 2
against small haptens: biotin and the fluorescent dye fluores-
cein isothiocyanate (FITC). While the overwhelming number
of described scFv have an architecture with the VH at the N-

Figure 2. Cloning of circularly permutated Calmodulin variants. (1) Excision of gene encoding for calmodulin (CaM) with BamHI from transfer vector pJ201-CaM. (2) Circu-
larisation of linear gene with T4 DNA Ligase and amplification of permutated variants by PCR with appropriate oligonucleotide pairs. (3) Restriction of amplified CaM-var-
iants with NheI and EcoRV and subsequent cloning into target vector (4) encoding for scFv. Abbreviations, P-rev: reverse-oligonucleotide with EcoRV-overhang; P-fwd:
forward-oligonucleotide with NheI-overhang. Ptac: tac-promoter; PelB: signal peptide (PhoA was used in case of anti-CD20 scFv); V1/ V2: heavy or light chain variable
domain (V1 D VH and V2 D VL in anti-CD4, anti-CD14 and anti-biotin scFv; V1 D VL and V2 D VH in anti-CD20 and anti-FITC scFv); NheI/EcoRV: restriction sites; 2xHis6: his-
tidine-tag; rrnB T1: transcription terminator; ColE1 ori: origin of replication; laqIq: laqIq-promoter; kan: kanamycin resistance; CD: cluster of differentiation; FITC: fluorescein
isothiocyanate.
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terminus, there are also many functional constructs described
with VL-VH arrangement. As it was not obvious from existing
data whether a VL-VH or VH-VL arrangement would be better
for allowing the allosteric switch by conformation change in
the linker connecting the 2 domains, we tried both arrange-
ments. The antigen-binding regions of anti-CD14, anti-CD4
and anti-biotin scFv were assembled as VH-linker-VL, while
the anti-CD20 and anti-FITC scFv were arranged as VL-linker-
VH constructs.

To identify M13 peptide-dependent scFv-CaM-variants for
these different specificities and architectures, human peripheral
blood mononuclear cells (PBMC) were stained using E. coli
periplasmic extracts and subsequently analyzed by flow cytom-
etry. This strategy allowed for rapid analysis of a large number
of variants by a functional assay that already closely resembles
a possible final application. To be able to include the anti-hap-
ten scFv-variants in that assay, the cells were prestained with
appropriate IgG-conjugates (anti-CD14-biotin or anti-CD14-
FITC). Bound scFvs were detected with anti-His-antibodies.
Incubation protocols for flow cytometric analysis were compa-
rable to the preincubation ELISA, using buffers with or without
M13 peptide. The highest M13 peptide-dependent decrease in
fluorescence intensity was obtained for all anti-CD14 scFv-

Figure 3. (a) Identification of switchable anti-lysozyme (D1.3) scFv-CaM-variants by competitive ELISA. The amount of bound D1.3 scFv-variants in 2 different buffer set-
ups (with/without M13 peptide) was compared. The ratio of A450-values obtained for the different setups is displayed in the figure, where a ratio > 1 indicates an M13
dependent signal decrease. Most promising variants are indicated by asterisks and named according to their permutation site (M-perm-1/2: permutated in the middle of
the former calmodulin gene; N/C-perm-1/2: permutated N/C-terminally). The respective amino acid of the permutation site is indicated below the corresponding bar. (b)
Location of the ligation points of permutated Calmodulins providing the most effective modulation of anti-lysozyme scFv-CaM. Model based on PDB ID: 2BBM. Best inser-
tion points are indicated by yellow labeling of the side chains at the respective positions, further identified by numbers referring to the amino acid position of WT-Cal-
modulin. N, C indicate N-terminus and carboxy terminus of WT-Calmodulin.

Figure 4. Analysis of M13 peptide dependent binding behavior of anti-lysozyme
scFv-CaM-variants by competitive and release ELISA. The amount of bound D1.3
scFv-variants in 2 different buffer setups (with calcium vs. with calcium and M13)
and 2 different ELISA systems (preincubation vs. release) was compared. The ratio
of A450-values obtained for the different buffer setups is displayed in the figure,
where a ratio > 1 indicates an M13 dependent signal decrease. The mean results
with range (indicated by error bars) of 4 independent experiments (n D 4) are
shown. Ratios were compared with the corresponding wildtype control via Krus-
kal-Wallis with Dunn’s multiple comparisons test (�p < 0.05; ���p < 0.001). Abbre-
viations, WT: D1.3 scFv with (G4S)3-linker (wildtype control); CaM linear: D1.3 scFv
with linearly cloned calmodulin-linker; w/o: without.
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CaM-variants (Fig. S1, first row). The same tendency could be
observed for the anti-CD20 scFv-CaM-fusions (Fig. S1, second
row), although the difference between the 2 setups was very
small. This demonstrates that allosteric modulation can be
achieved independently from the order of VH/VL arrangement.
In the case of anti-biotin scFvs (Fig. S1, third row), only 2

linker-variants (M-perm-1, M-perm-2) resulted in a visible
peptide-dependent decrease of the binding signal, although a
very slight decrease was observed for the remaining clones as
well (CaM linear, N-perm-1, N-perm-2). Interestingly, the C-
terminally permutated variants (C-perm-1, C-perm-2) led to
the opposite switching behavior with an increase in

Figure 5. Evaluation of the specific M13 peptide dependent decrease of binding signal by titration ELISA. The binding behavior of 0.1 mM D1.3 scFv on lysozyme coated
plates as a function of increasing concentrations of M13 peptide was monitored in calcium-containing buffer (empty diamonds) and buffer with EDTA (filled squares).
The saturation point (molar ratio 1:1 of M13 peptide:scFv) is indicated by arrows. Absorbance was measured and normalized, where the signal obtained in the calcium-
containing buffer without M13 peptide was set to 100%. The mean results with range (indicated by error bars) of 3 independent experiments (n D 3) are shown. Abbrevi-
ations, WT: D1.3 scFv with (G4S)3-linker (control) (a); CaM linear: D1.3 scFv with linearly cloned calmodulin-linker (b); M/N/C-perm-1/2: D1.3 scFv with permutated calmod-
ulin-linker (c-h).
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fluorescence intensities. The same trend was seen for 3 anti-
CD4 scFvs (M-perm-1, C-perm-1, C-perm-2), showing an even
higher signal increase than anti-biotin scFv-variants (Fig. S1,
fourth row) upon M13 peptide incubation. None of the exam-
ined anti-FITC scFvs (Fig. S1, fifth row) showed any modula-
tion of binding activity.

Three of the 5 tested specificities were then produced in
0.5 L scale and subsequently purified. Expression yields of the
different scFv-variants are summarized in Table S1. For anti-
CD14 scFv and anti-biotin scFv, nearly all scFv-CaM-fusions
showed a higher expression rate than the corresponding wild-
type. In the case of anti-CD4 scFv, the highest amount of scFv
was obtained with the wildtype clone. Therefore, with regard to
expression yields, whether the integration of the CaM-linker is
beneficial or not depends on the specificity.

The different scFv-variants were then characterized via
staining of PBMC with appropriate and comparable scFv titers.

For the anti-CD14 scFv-CaM-variants (Fig. 6a, first row;
Fig. 6b, left panel), the same tendency was monitored as in the
initial screening with considerable changes in binding signal
for all scFv-CaM-fusions. A nearly complete loss of fluores-
cence signal was observed for the linear variant and the M-
perm-1 clone in the staining with crude lysates, which was not
the case in the second staining with purified scFvs. This was
due to the lower titers of scFv present in the cell extracts, result-
ing in lower initial binding signals. In case of anti-biotin scFvs
(Fig. 6a, second row; Fig. 6b, central panel), the results from the
first screening could be verified with visible changes in binding
signals for all scFv-fusions, including the linearly cloned and
N-terminally permutated variants. The stainings with purified
anti-CD4 scFv-CaM-fusions (Fig. 6a, third row; Fig. 6b, right
panel) mainly supported the results of the first experiment with
unpurified extracts. Interestingly, a slight decrease in binding
signal could be observed for the M-perm-2 variant, although

Figure 6. Identification of switchable scFv-CaM-fusions of different antibodies. (a) Human blood cells (PBMC, peripheral blood mononuclear cells) were stained with puri-
fied anti-CD14 scFvs, anti-biotin scFvs or anti-CD4 scFvs containing CaM linkers and subsequently analyzed by flow cytometry. The amount of bound scFv-variants in 2 dif-
ferent setups (dark blue graphs: binding to antigen in presence of calcium only [without M13 peptide]; red graphs: binding to antigen in calcium- and M13 peptide-
containing buffer) was compared. Living-PE-positive cells were taken into account. An M13 peptide-dependent change in fluorescence intensity is indicated by orange
(signal decrease) and light blue (signal increase) arrows. The results are from a representative experiment (nD 6 [anti-CD14, anti-CD4] or nD 3 [anti-biotin]). (b) Statistical
analysis of data shown in (a). The ratio of the median fluorescence intensities (MFI) obtained in the different buffer setups was determined, where a ratio > 1 indicates an
M13 dependent change in signal intensity. ScFv-CaM-variants which show an M13 peptide-dependent increase in fluorescence intensity are marked with black diamonds.
The mean results with range (indicated by error bars) of 6/3 independent experiments (n D 6 [anti-CD14, anti-CD4] or n D 3 [anti-biotin]) are shown. Ratios were com-
pared with the corresponding wildtype control via Kruskal-Wallis with Dunn’s multiple comparisons test (�p < 0.05; ��p < 0.01; ���p < 0.001; ����p < 0.0001). Abbrevia-
tions, WT: scFv with (G4S)3-linker (control); CaM linear: scFv with linearly cloned calmodulin-linker; M/N/C-perm-1/2: scFv with permutated calmodulin-linker; w/o:
without; CD: cluster of differentiation; PE: phycoerythrin.
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the M-perm-1 clone behaved in the opposite way with a high
increase in fluorescence signal in the presence of M13 peptide.
Taking into account the results shown in Fig. 6b, the use of C-
terminally permutated CaM-variants and those permutated in
the middle of the calmodulin encoding gene resulted in the best
switchable antibody variants in 3 of the tested specificities. In
contrast, the linear variant provided only one highly switchable
antibody fragment (anti-CD14 scFv), since the anti-biotin scFv
only showed a slight decrease in binding signal and the anti-
CD4 scFv showed no change at all.

In summary, we have shown that the mechanism of alloste-
ric modulation of binding through a calmodulin-linker/M13
peptide combination under physiologic conditions could be
transferred to 4 of the tested 5 antibody specificities. Notably,
different linkers could be found to be optimal for different
scFv, and even different allosteric effects were observed.

Identification of calmodulin-binding peptides with
improved affinity modulating properties

Calmodulin binds to a variety of binding partners. To investi-
gate if other calmodulin-binding peptides or mutants derived
from M13 are able to modulate the affinity of the scFv-CaM-
fusions, a peptide screening was performed. On the one hand,
38 mutated variants of the M13 peptide were analyzed, includ-
ing substitution mutants known to have higher affinities for
calmodulin,30,31 as well as truncated variants and combinations
thereof. In addition, 29 peptides derived from other calmodu-
lin-binding proteins like calcium ATPase,32 spectrin33 and

nitric oxidase synthase34 were analyzed with regard to potential
affinity modulating properties. The analysis was performed via
competitive staining of PBMC as in the previous experiments.
The complete screening (i.e., of the whole peptide libraries) was
performed with 4 different linker variants of anti-CD14 scFv
(CaM linear, M-perm-2, N-perm-1, C-perm-1) and anti-CD4
scFv (CaM linear, M-perm-1, N-perm-1, C-perm-1). The wild-
type of each specificity was used as a control. All 38 mutated
variants of the M13 peptide showed affinity modulating prop-
erties, whereas 24 of 29 analyzed peptides derived from alterna-
tive calmodulin-binding proteins resulted in a change in
binding signal in at least one analyzed scFv-CaM-fusion (data
not shown). Most of the tested peptides showed an effect com-
parable or lower than the M13 peptide. We then selected the
peptide variants that led to a higher signal change than M13
and analyzed the scFv-CaM-fusions of anti-CD14, anti-biotin
and anti-CD4 scFv (Fig. S2C3, Fig. 7). The sequences of the
most effective peptides are summarized in Table 1. For anti-
CD14 scFv, 3 different variants of the known high affinity
mutant of M1330,31 resulted in a greater signal decrease in the
clones permutated in the middle of CaM and the linear clone
(Fig. S2 C Fig. 7a, M13-Var5/6/7). CBP-Var8, a derivative of
spectrin,33 led to a slightly higher decrease in the C-terminally
permutated and the linear variant (Fig. S2 C Fig. 7a, CBP-
Var8). Unexpectedly, a peptide derived from calcium-trans-
porting ATPase32 (CBP-Var16) resulted in an increase in fluo-
rescence signal in the M-perm-2 and C-perm-2 variants
(Fig. S2 C Fig. 7a, CBP-Var16). The same opposite behavior
was monitored for the C-terminally permutated clones of anti-

Figure 7. Identification of other calmodulin-binding peptides with affinity modulating properties. Human blood cells (PBMC, peripheral blood mononuclear cells) were
stained with purified anti-CD14 scFvs (a), anti-biotin scFv (b) or anti-CD4 scFvs (c) containing CaM-linkers and subsequently analyzed by flow cytometry. Only living (PE-
positive) cells were taken into account. The ratio of the median fluorescence intensities (MFI) obtained in 2 different setups (with M13 peptide [M13] or with M13-Var/
CBP-Var-peptide [Var]) was determined, where a ratio > 1 indicates an M13-Var/CBP-Var-dependent signal change in comparison to the M13 setup. An opposite switch-
ing in binding behavior in comparison to M13 peptide dependent behavior is indicated by a large star above the graph. The mean results with range (indicated by error
bars) of 3 independent experiments (n D 3) are shown. Ratios were compared with the corresponding wildtype control via Kruskal-Wallis with Dunn’s multiple compari-
sons test or Mann-Whitney test, respectively (�p < 0.05; ��p < 0.01). Abbreviations, WT: scFv with (G4S)3-linker (control); CaM linear: scFv with linearly cloned calmodulin-
linker; M/C-perm-1/2: scFv with permutated calmodulin-linker; CD: cluster of differentiation; CBP: calmodulin-binding peptide; Var: variant.
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CD4 scFv, where M13 peptide led to an increase in binding sig-
nal, while CBP-Var16 resulted in an unexpected decrease in
fluorescence intensity (Fig. S3b C Fig. 7c, CBP-Var16). Two
anti-biotin scFv-CaM-fusions (M-perm-1, M-perm-2) showed
such an opposite switching behavior in the presence of CBP-
Var6, another derivative of calcium-transporting ATPase32

(Fig. S3a C Fig. 7b, CBP-Var6). Surprisingly, CBP-Var16 had a
further increasing effect on the C-perm-1 clone and showed no
opposite switching behavior as in the other scFv-CaM-fusions
(Fig. S3a C Fig. 7b, CBP-Var16). The same was observed for
the anti-CD4 scFv M-perm-variants, where CBP-Var6 led to a
further increase in fluorescence intensity (Fig. S3b C Fig. 7c,
CBP-Var6). Furthermore, a peptide derived from endothelial
nitric oxidase synthase34 (CBP-Var12) had the same effect on
the C-terminally permutated anti-CD4 scFv-CaM-fusions
(Fig. S3b C Fig. 7c, CBP-Var12). Another unexpected decrease
in binding signal was observed for the linear anti-CD4 scFv
clone, triggered by CBP-Var10, derived from ionotropic gluta-
mate receptor NMDA1,35 although the M13 peptide did not
have any influence at all (Fig. S3b C Fig. 7c, CBP-Var10).

In summary, we have shown that the majority of the tested
calmodulin-binding peptides led to a modulation of affinity in
the scFv-CaM-fusions. Some candidates were identified that
resulted in an even higher decrease or increase of binding signal

than the wildtype variant of M13. Furthermore, some peptides
resulted in an opposite switching behavior. Taken together, the
screening of the described collection of additional modulation
peptides increased the number of solutions for allosteric
modulation.

Affinity changes are not a result of scFv dimerization/
multimerization

To exclude that the M13 peptide-dependent decrease in bind-
ing affinity was a result of dimer or multimer formation, a phe-
nomenon well described to be related to changes in linker
length of scFvs,36,37,38 an investigation by size-exclusion chro-
matography (SEC) was performed for the anti-CD14 scFv M-
perm-2 variant. Anti-CD14 scFv-WT was used as a control.
First, monomeric scFvs were purified by preparative SEC
(Fig. S4aCb). Staining of PBMC with the monomeric fractions
indicated that the tendency of switching ability was the same as
before the purification (Fig. S4c). Then, the potential M13-
dependent change of conformation was analyzed by analytical
SEC. ScFv was mixed with calcium (setup A) or calcium and
M13 peptide (setup B) and was subsequently separated by SEC.
The M-perm-2 variant showed, along with the wildtype con-
trol, nearly the same elution profile under the 2 tested condi-
tions (Fig. 8). The single peaks were identified as monomeric
scFvs, for both CaM-variant and wildtype control, by compari-
son of the respective retention times with an analyzed molecu-
lar weight standard.

Taken together, these results indicated that the M13-depen-
dent change of binding affinity of anti-CD14 scFv M-perm-2 is
not a result of a change of the monomer/dimer ratio.

Determination of dissociation constants by equilibrium
binding titration

Previous experiments showed that most scFv-variants with
CaM-linkers lead to fluorescence signal intensities that are
comparable to the corresponding wildtype clones when used
for staining of PBMC in calcium-containing buffer at similar

Figure 8. Size-exclusion chromatography of anti-CD14 scFv M-perm-2. The conformation of anti-CD14 scFv-WT (a,c) and anti-CD14 scFv M-perm-2 (b,d) in calcium-con-
taining buffer (a,b) and calcium- and M13 peptide-containing buffer (c,d) was determined by SEC. Molar mass calibration was done with a gel filtration standard (filled
squares) containing thyroglobulin (670 kDa), bovine g-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa) and vitamin B-12 (1.35 kDa).

Table 1. Calmodulin-binding peptides with affinity modulating properties.

Peptide ID amino acid sequence derived from

M13 (WT) KRRWKKNFIAVSAANRFKKISSSGAL skMLCK24

M13-Var5 RWKKAFIAVSAANRFKKIS skMLCK30

M13-Var6 KRRWKKAFIAVSAANRFKKIS skMLCK31

M13-Var7 RWKKAFIAVSAANRFKKI skMLCK31

CBP-Var6 LRRGQILWFRGLNRIQTQIKVVNAFS Ca2C-ATPase32

CBP-Var16 LRRGQILWFRGLNRIQTQIK Ca2C-ATPase32

CBP-Var8 KTASPWKSARLMVHTVATFNSIKE a-spectrin33

CBP-Var10 KKKATFRAITSTLASSFKRRRSSK NMDA receptor35

CBP-Var12 RKKTFKEVANAVKISASLMG eNOS34

Similar sequences (derivatives of skMLCK and Ca2C-ATPase) were aligned accord-
ing to their amino acid sequence. The bold “A” highlights the amino acid substitu-
tion resulting in a high-affinity mutant of M13. Abbreviations, skMLCK: skeletal
muscle myosin light chain kinase; Ca2C-ATPase: plasma membrane calcium ATPase;
NMDA: N-methyl-D-aspartate; eNOS: endothelial nitric oxidase synthase; WT: wild-
type; Var: variant; CBP: calmodulin-binding protein.
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molar concentrations (Fig. 6a). It seemed that the affinities of
scFvs are not significantly altered by exchange of the GlySer
linkers with CaM-linker variants without peptides. To investi-
gate this in more detail, dissociation constants (KD) for anti-
CD14 scFv M-perm-2 and the corresponding wildtype control
were determined by equilibrium binding titration.39 The titra-
tion was performed by staining of PBMC as in the previous
experiments, but only in calcium-containing buffer. The incu-
bation of the scFvs was performed at 24�C for 45 min to allow
equilibrium binding. For the wildtype, a KD of 284.6 §
20.96 nM was determined, whereas the KD of the M-perm-2
variant was 427.2 § 22.27 nM and therefore increased by a fac-
tor of 1.5 in comparison to the wildtype (Fig. 9, blue lines and
symbols). Thus, the initial binding affinity of the anti-CD14
scFv was only very slightly decreased by integration of the
CaM-linker.

Next, binding affinities were determined in M13 peptide-
containing buffer. While the wildtype KD (279.4 § 25.82 nM)
did not differ significantly from the KD determined in peptide-
free buffer, the M-perm-2 variant showed an M13 peptide-
dependent decrease in affinity by a factor of 4.1 (1758 § 84.9
nM) (Fig. 9, red lines and symbols).

Discussion

In this study, we showed that the permutated calmodulin-
derived linkers between the 2 variable domains of scFv of dif-
ferent immunoglobulins provided modulation of the antigen
binding of 5 of 6 scFvs with different specificities and different
V domain arrangements. This confirms our initial design
hypothesis that conformation changes induced in the linker are
able to influence antigen binding by an allosteric mechanism,
suggesting that this is achieved by a structural change induced
in the paratope structure, like, for example, the change of VH
to VL angle. Affinity modulation could successfully be achieved
for an anti-lysozyme antibody, known to bind to its antigen by
a large rather flat interaction surface,40 and 4 other antibodies,

including a hapten binding scFv, where a small, groove like par-
atope structure can be assumed. This indicates that the alloste-
ric mechanism seems to be quite robust and compatible with a
variety of different V domains.

The allosteric switch module was designed to be easily intro-
duced into any typical antibody scFv as a substitute for the
usual linker, including scFv with different VH/VL arrange-
ments. Our results suggest that screening of a limited number
of linkers with different permuted CaM-variants (in particular
M-perm-1C2, C-perm-1C2) can be combined with a small set
of affinity-modulating calmodulin-binding peptides to identify
functional and the most suitable combinations for a given scFv
specificity. Of course, for other scFvs to be modulated in the
future, the optimal calmodulin permutation point may well be
different from the M-perm-1/2 and C-perm-1/2 variants pref-
erentially used in this study, but this can easily be tested with
the method used for D1.3 scFv. Only one of 6 tested scFv-spe-
cificities did not result in switchable scFv-CaM-variants. This
anti-FITC-clone 4M5.3 is an scFv with an extraordinary strong
monovalent antigen-binding affinity of 270 fM. The bound
hapten is buried in a deep, hydrophobic pocket. 41,42 The failure
to find a solution for this antibody therefore is still compatible
with our hypothesis of allosteric changes because we may not
have been able to recognize an affinity shift in the range
observed for the other scFvs with the assay conditions used.
Further, allosteric changes mediated by slight changes of VH/
VL orientation may effect a larger, rather flat antigen binding
surface stronger than a small hydrophobic pit.

The switching effect (i.e., the extent and direction of affinity
change) of certain peptides differed among CaM-variants and
scFv-specificities. This may be explained by the diverse struc-
tures of the scFvs. Different antibodies are known to have quite
different VH/VL geometry by nature, with packing angles
observed to vary between ¡31.0� and ¡60.8�. 43 Therefore, we
expected that the conformational change induced by the CaM-
linkers must be different for different scFvs to enable distortion
of that particular paratope to result in a decrease of affinity.
The same hypothesis may also explain a stabilization of the par-
atope by a CaM-linker, which has a much more rigid structure
after M13 peptide binding than the unstructured GlySer linker
it replaces. The natural degree of freedom of VH/VL movement
in an scFv that results from the lack of constant regions may be
limited by a CaM-linker, leading to an increased affinity, which
was indeed found in a few cases as well. However, whether this
simple hypothesis is sufficient to explain the results in detail
could only be answered by determining high resolution molec-
ular structures. Nevertheless, by a standardized screening of
combinations of different CaM-linkers and calmodulin-binding
peptides, different solutions for the different individual anti-
bodies were found, except for an extremely high affinity anti-
body with a very small hydrophobic antigen binding pocket.
Interestingly, CBP-Var6 and CBP-Var16, peptides derived
from calcium-transporting ATPase,32 also showed an opposite
switching behavior in comparison to the effect observed for
peptide M13. This may be attributed to their different binding
mode to CaM. Previous studies showed that these peptides
mainly interact with the C-terminal lobe of CaM,44 whereas
peptide M13 interacts with both domains of Calmodulin.24

Consequently, the conformational change induced by binding

Figure 9. Determination of dissociation constants (KD) by equilibrium binding
titration. Equilibrium binding constants (KD) for anti-CD14 scFv-WT and anti-CD14
scFv M-perm-2 were determined by staining of PBMC at 24�C with titers in the
range of 1 nM to 60 mM, without (blue) and with (red) M13 peptide. Shown is the
normalized mean fluorescence gained at the corresponding concentration of 3
titrations (n D 3) of independent experiments. Living-FITC-positive cells were
taken into account. KD was determined with a nonlinear regression model using
GraphPad Prism 7.
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of CBP-Var6 or CBP-Var16 may differ from the change
induced by M13 peptide, thus offering an explanation for the
observed opposite switching behavior.

Previous approaches and strategies for the generation of
antibodies that allow regulation of their affinity typically relied
on the establishment of phage libraries17 or amino acid scan-
ning libraries.18 These library approaches have the disadvantage
that each scFv candidate has to undergo the whole process of
mutagenesis, selection and functional screening individually, as
there is no common molecular mechanism. Any structural
solution identified with these methods always was strongly
dependent on the sequence of that particular paratope. Many
paratopes may not be amenable at all to incorporation of the
desired switch structure. In contrast, a VH/VL linker-based sys-
tem can be tested independently from individual paratope
structures, and therefore promises to provide a much quicker
approach, since the introduction of the allosteric module only
requires a one-step cloning to an existing set of mutant linkers.

None of the described previously linker-based approaches has
yet been shown to be transferable to a variety of different antibod-
ies. Further, the described solutions have other disadvantages. For
example, the elastin-based setup described by Megeed et al.20 is
based on the temperature-dependent conformational changes of
elastin-like polypeptides. A significant modulation of antibody
affinity was only reached at rather high temperatures (55�C),
which comes close to the denaturation temperature of many V
domains and would render this approach useless for many appli-
cations, such as cell separation. A system that is functional at
physiologic temperatures would be more preferable. In the cal-
modulin-based setup described by Kobatake et al.,14 the binding
affinity of the antibody increased with addition of calcium.Hence,
a release of an already bound antibody might be possible by addi-
tion of chelating agents such as EDTA. These chelating agents
may be disadvantageous for some applications or downstream
processing. Furthermore, their use in therapeutic applications
would by hampered by the calcium levels existing in vivo. The use
of a peptide-dependent switch working at constant and physio-
logic calcium concentrations, as described in this publication,
would avoid this problem.

In the setup described by Kobatake et al.,14 native calmodu-
lin was used as a linker. In our study, it could be shown that
permuted variants provided switching even in cases where the
native CaM did not work. Consequently, based on our data and
the above observations, we assume that no scFv linker will be
capable of switching every possible VH/VL or VL/VH combi-
nation. Therefore, the presented strategy is based on the test of
CaM-linkers in various (if necessary all possible) orientations
combined with the additional possibility to use different bind-
ing modes for modulation. We conclude that this combinato-
rial screening approach could allow identification of functional
and affinity switchable scFv-variants for a large variety of other
specificities, even without a priori knowledge about a certain
paratope structure.

A potential use of a switchable antibody fragment is in high
specificity affinity chromatography for protein purification.
Most current antibody-based purification techniques require
harsh elution conditions due to the high affinity of antibodies,
which typically impair the folding or integrity of the eluted tar-
get proteins.13 The mild elution of bound materials by addition

of peptides under physiologic buffer conditions using affinity-
switchable antibodies may allow the development of novel and
attractive alternatives. Moreover, affinity modulated antibodies
could be used for reversible cell staining and cell separation.15

Present reversible systems for this task usually use chemical
coupling of functional moieties like biotin or derivatives to the
antibody.45 Chemical modification of an antibody is often labo-
rious, stoichiometrically not well defined and may be accompa-
nied with loss of function. In contrast to that, our calmodulin-
linker scFvs could be expressed in a host of choice and may be
used directly after purification without further modifications.
Even a therapeutic use of switchable scFvs may be envisioned,
for example as an additional safety mechanism in CAR-T-cell
therapy.16 In that case, it would be essential that the peptide
used for affinity-modulation of the scFv does not interfere with
the patients’ native calmodulin molecules. A possible solution
may be the selection of peptides not binding to wildtype cal-
modulin, for example by peptide phage display.46

For effective and efficient employment of the scFv-CaM-
fusions in protein purification and cell separation, further
improvements of the herein described systemwould be required.
As a next step, additional engineering of the linker can be
expected to further improve individual modulation strength, for
example by adding or removing several amino acids from the
CaM linker or mutating the calmodulin encoding gene for the
generation of a calmodulin high affinity mutant for calcium or
certain peptides.47 Moreover, the selection and screening of new
calmodulin-binding peptides in a library approach may lead to
improved combinations of permuted CaM variants and corre-
sponding binding peptides. This could be achieved by creation
of peptide libraries and screening for the desired characteristics
by phage display46 or very-high-density peptide arrays.48

Another approach to enhance the modulation may be the
replacement of calcium with other ions known to bind calmodu-
lin and induce activation of binding partners.49,50 Finally, the
details of the structural changes, despite the fact that they may
be difficult to investigate given the known problems with scFv
crystallization, will be very interesting and help to understand
antibody-antigen interactions.

In summary, we designed a library of switch modules con-
sisting of a small set of permuted CaM-linkers and a manage-
able amount of calmodulin-binding peptides. By functional
screening of combinations of these sets, it should be possible to
identify functional and affinity switchable scFv-variants of dif-
ferent architectures and with a large variety of specificities.

Materials and methods

Cloning of permutated calmodulin variants

The gene encoding for human calmodulin (GenBank:
AAD45181.1) was optimized for recombinant expression in E.
coli, flanking sequences encoding for BamHI recognition sites
were added and the construct was synthesized by DNA2.0
(Menlo Park, USA). The plasmid bearing the gene of interest
was transformed and amplified in E. coli NEB� 5-a (New Eng-
land Biolabs) as indicated in the manufacturer’s manual and
purified by using the NucleoBond� Xtra Maxi Plasmid
Purification Kit (Macherey-Nagel). The gene encoding for
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calmodulin was excised from the plasmid by restriction with
BamHI (all enzymes were obtained from New England Biolabs,
if not indicated otherwise) and gel extraction of the fragment
by using the NucleoSpin� Gel and PCR clean-up Kit
(Macherey-Nagel). Thereafter, the fragment was circularised by
ligation with T4 DNA ligase (o/n, 16�C). The reaction was
stopped (65�C, 10 min) and circular forms were isolated by gel
extraction. The circularized fragment was used as template for
the generation of permutated variants by PCR. 152 different
oligonucleotide pairs (Metabion) were designed for the amplifi-
cation of all possible permutated variants of calmodulin. Oligo-
nucleotides contained overlapping sequences encoding for
NheI (forward; overlapping sequence [before restriction]:
GGAGGTGCTAGC-) and EcoRV (reverse; overlapping
sequence [before restriction]: CCTCCAGATATC-) recognition
sites to facilitate cloning into the target vector pOPE313 D1.3
scFv HH. The resulting linear PCR products encode circular-
ized calmodulin with artificially new amino- and carboxy-ter-
mini at all other possible amino acid positions and were
inserted between the V domains, completely substituting the
region encoding the conventional linker peptide. PCR was per-
formed with Phusion� High-Fidelity DNA Polymerase as indi-
cated in the manufacturer’s manual. The size of the products
was verified by gel electrophoresis and the remaining reaction
mixture was desalted by using the NucleoSpin� Gel and PCR
clean-up Kit, followed by restriction with NheI und EcoRV.
The reaction was stopped (80�C, 20 min) and directly used for
ligation into the equally treated vector backbone, a pOPE vec-
tor29 containing the scFv genes. ScFvs used for the generation
of switchable scFv-CaM-fusions were derived from the follow-
ing clones: anti-lysozyme (D1.3)51 anti-CD14 (T€UK4),52 anti-
CD4 (Q425),53 anti-biotin (Bio-3 18E7.2; Miltenyi Biotec),
anti-FITC (4M5.3),41 anti-CD20 (LT20).54 Partial blunt-end
ligation was performed with T4 DNA ligase (o/n, 16�C). Reac-
tion was stopped (65�C, 10 min) and directly transformed into
the expression strain E. coli W3110 by heat-shock using stan-
dard protocols.55 Positive clones were identified by colony PCR
using REDTaq� DNA Polymerase (Sigma-Aldrich) and
sequencing (GATC Biotech, Cologne, Germany).

Protein expression

E. coli W3110 cells harbouring the desired pOPE construct
were grown overnight at 37�C and 250 rpm in 30 mL 2£ YP-
GK-medium (2£ YP-medium [16 g L¡1 soy peptone, 10 g L¡1

yeast extract, 5 g L¡1 NaCl, pH 7.0] containing 100 mM glucose
and 50 mg/mL kanamycin). The next day, 500 mL fresh
medium was inoculated to an OD600 of 0.1 and shaken in 2 L
shake flasks (37�C, 250 rpm) until an OD600 of 1.0 was reached.
Protein expression was induced with a final concentration of
0.2 mM IPTG and cultures were further incubated at 25�C for
4 h. Bacteria were harvested by centrifugation (4,000 g, 20 min,
4�C) and the bacterial pellet was directly processed or stored at
¡20�C.

Purification of recombinant scFvs

The bacterial pellet was resuspended in 10 mL TE buffer per g
pellet (100 mM Tris, 10 mM EDTA; pH 9.0 or pH 7.4,

depending on the isoelectric point of the scFv-fusion) and incu-
bated overnight at 37�C at 250 rpm. The next day, Benzonase�

Nuclease (final concentration: 1 U/mL; Merck), MgCl2 (20
mM) and HaltTM Protease Inhibitor Cocktail (Thermo Fisher
Scientific) were added. The mixture was incubated for 1 h at
37�C and 250 rpm. Afterwards, the protein containing superna-
tant was separated from the cell debris by centrifugation (5,000
g, 20 min, RT) and prepared for purification by addition of
11£ dilution buffer (110 mM Tris, 550 mM NaCl, 55 mM
imidazole; pH 9.0 or pH 7.4). Purification was done according
to the manufacturer’s manual with 250 mL Nickel SepharoseTM

6 resin (GE Healthcare). Target protein containing fractions
were pooled and dialyzed 2 times at 4�C against 200 volumes of
1£ tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl; pH
8.0) for 2 h and finally overnight against 500 buffer volumes.
Protein concentration was determined with the PierceTM Coo-
massie Protein Assay Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions.

Protein expression in MTP-format

Cells harboring the desired construct were grown overnight at
37�C and 1,000 rpm in 96-well polypropylene U-bottom plates
(Greiner Bio-One) in 180 mL 2£ YP-GK-medium per well.
The next day, 170 mL fresh medium was inoculated with 5 mL
overnight culture and incubated at 1,000 rpm for 6 h at 30�C.
Protein expression was induced with a final concentration of
0.2 mM IPTG and cultures were incubated overnight at 25�C.
Bacteria were harvested by centrifugation (4,000 g, 20 min,
4�C). For periplasmic extraction of target protein, the pellets
were resuspended in 100 mL TE buffer per well and shaken for
2 h at 37�C and 1,000 rpm. The protein containing supernatant
was separated from the cells by centrifugation (4,000 g, 20 min,
RT) and directly used for ELISA or staining of PBMC.

Competitive ELISA

100 ng of lysozyme was coated to 96-well Nunc MaxiSorp�

ELISA plates (Thermo Fisher Scientific) in 1£ TBS (pH 8.0)
overnight at 4�C. The next day, plates were washed 3 times
with 1£ TBST (1£ TBS C 0.05% [v/v] Tween�20; pH 8.0) and
afterwards blocked with 1£ B-TBS (1£ TBSC 1% [w/v] bovine
serum albumin; pH 8.0) for at least 1 h at RT. Crude lysates of
D1.3 scFv-variants from microtiter plate expression were
diluted 1:10 in 1£ B-TBS/5 mM CaCl2 without (setup A) or
with 1 mM M13 peptide (Anaspec) (setup B). Purified scFvs
were also diluted in the mentioned buffers to appropriate con-
centrations (0.1 mM). The diluted scFvs were preincubated in
96-well polypropylene plates for 1 h at RT and afterwards
100 mL of the protein solution was transferred to the blocked
and washed ELISA plates. After incubation at RT for 1.5 h,
plates were washed again and horseradish peroxidase (HRP)-
conjugated anti-His-antibody (1:10,000 diluted in 1£ B-TBS,
100 mL per well; clone: GG11–6F4.3.2; Miltenyi Biotec; Cat.
#130–092–785) was added. After another washing step, visuali-
zation of bound antibody-complexes was performed by addi-
tion of 100 mL TMB (3,3,5,50-tetramethylbenzidine) substrate
(Seramun Diagnostica) per well. The reaction was stopped with
100 mL 0.5 M H2SO4 and absorbance (450 nm) was measured

MABS 415



with a Versamax� ELISA microplate reader (Molecular Devi-
ces, Sunnyvale, USA).

Release ELISA

The release ELISA differed from the competitive ELISA only in
the preincubation step and an additional release step was per-
formed. Purified scFvs for both setups were diluted to appropri-
ate concentrations (0.1 mM) in 1£ B-TBS/5 mM CaCl2 and
directly transferred to the blocked ELISA plates. After initial
binding of the scFvs (1.5 h, RT), plates were washed and differ-
ent release-buffers were added. For the control (setup A), wells
were filled with 100 mL 1£ B-TBS/5 mM CaCl2, whereas 1£ B-
TBS/5 mM CaCl2/1 mM M13 peptide was added in setup B.
After incubation for 1 h at RT, plates were treated comparable
to the competitive ELISA.

Titration ELISA

The titration ELISA differed from the competitive ELISA only in
the buffer composition used for preincubation. From column 11
to 2, M13 peptide concentration was sequentially diluted (dilu-
tion factor: 1:2) in 1£ TBS/5 mM CaCl2 (highest concentration
in column 11: 3.2 mM; lowest concentration in column 2: 6.25
nM; control in column 1: 0 nM) or 1£ B-TBS/5 mMEDTA.

Staining of PBMC with scFvs

All antibodies, staining reagents and cytometers used for flow
cytometry applications were from Miltenyi Biotec (Bergisch
Gladbach, Germany). First stainings with crude lysates were
performed in 1.5 mL microtubes. For stainings with anti-biotin
scFv-variants and anti-FITC scFv-variants, PBMC were pre-
stained with appropriate IgG-conjugates. For anti-biotin scFv-
screenings, 1£106 PBMC were incubated on ice for 10 min in
110 mL 1£ B-TBS (1£ TBS C 0.5% [w/v] bovine serum albu-
min)/5 mM CaCl2 (pH 7.4) containing anti-CD14-biotin (dilu-
tion: 1:11; clone: T€UK4; Cat. #130–098–380), whereas for
analysis of anti-FITC scFv-variants anti-CD14-FITC (dilution:
1:11; clone: T€UK4; Cat #130–080–701) was used. The reaction
was stopped by addition of 1 mL buffer and centrifugation at
300 g for 5 min at 4�C. The supernatant was removed
completely and the pellet was stored on ice and resuspended in
buffer immediately before the next staining step.

Next, 20 mL EDTA-containing periplasmic extracts were
mixed with an excess of CaCl2 (20 mM), followed by incuba-
tion for 5 min at RT and addition of 20 mMM13 peptide (setup
B) or an equal amount of 1£ B-TBS/5 mM CaCl2 (pH 7.4/8.0)
(setup A). After preincubation (45 min, RT), the extracts were
chilled on ice for 5 min and 1£106 PBMC in 80 mL 1£ B-TBS/
5 mM CaCl2 were added. The mixture was incubated on ice for
20 min and the reaction was stopped by addition of 1 mL buffer
and centrifugation at 300 g for 5 min at 4�C. The cells were
resuspended in 110 mL 1£ B-TBS/5 mM CaCl2 containing
anti-His-PE (phycoerythrin) (dilution: 1:11; clone: GG11–
8F3.5.1; Cat. #130–092–691) or anti-His-APC (allophycocya-
nin) (dilution: 1:11; clone: GG11–8F3.5.1; in-house conjugate),

incubated on ice for 10 min, followed by a further washing
step. The pellet was stored on ice and resuspended in 1 mL
buffer containing propidium iodide (final concentration: 1 mg/
mL) immediately before measurement. The analysis was per-
formed on a MACSQuant� Analyzer 10 with corresponding
software (MACSQuantifyTM) in single tube mode. A total of
10,000 events were collected for each sample.

Stainings with purified scFvs were performed in 96-well
polypropylene plates. Prestainings of PBMC were performed as
described above if necessary. Purified scFvs were diluted to
appropriate concentrations in 50 mL 1£ B-TBS/5 mM CaCl2
(pH 7.4/8.0) per well. Similar molar concentrations were used
for the CaM-linker variants and the corresponding wildtype
controls. For competitive screenings, peptide (M13 peptide
[Anaspec], M13-variants library and CBP (calmodulin-binding
peptide) library [Genscript]) was added in molar excess in a
total volume of 5 mL per well, whereas the control stainings
were supplied with 5 mL 1£ B-TBS/5 mM CaCl2. Stainings and
analysis were performed as described above with 2£105 cells
per sample. Cells were washed by addition of 175 mL buffer
and centrifugation at 300 g for 10 min at 4�C.

Equilibrium binding titration

One£106 PBMC were mixed with different amounts of purified
anti-CD14 scFv-variants (1 nM to 60 mM) in a total volume of
100 mL 1x B-TBS/240 mM CaCl2 (pH 8.0) (exception: 1 mL in
case of 1 nM) or 100 mL 1x B-TBS/240 mM CaCl2 (pH 8.0)
containing appropriate amounts of M13 peptide. Samples were
incubated at 24�C for 45 min. The reaction was stopped by
addition of 1 mL buffer and centrifugation at 300 g for 5 min at
4�C. Cells were resuspended in 110 mL 1x B-TBS/240 mM
CaCl2 containing anti-His-FITC (dilution: 1:11; clone: GG11–
8F3.5.1; Cat. #130–092–675), incubated on ice for 10 min to
prevent significant dissociation of bound scFv, followed by a
further washing step. The pellet was stored on ice and resus-
pended in 0.9 mL buffer containing propidium iodide immedi-
ately before measurement. Mean fluorescence units were
normalized and used for calculation of KD-values with Graph-
Pad Prism 7 (GraphPad Software, USA) using a nonlinear
regression model (one-site specific binding).

Size-exclusion chromatography

Preparative SEC for purification of monomeric scFvs was done
with an €AKTA purifier system (GE Healthcare). A maximal
sample volume of 900 mL (> 700 mg/mL) was injected onto a
self-packed column (SuperdexTM 200 Prep Grade; GE Health-
care) at a flow rate of 1 mL/min. For analytical SEC, 20 – 50 mg
scFv was mixed with an 8-fold molar excess of calcium (setup
A) or an 8-fold molar excess of calcium and a 1.5-fold molar
excess of peptide M13 (setup B) and incubated at RT for
45 min. Afterwards, the samples were injected onto a Yarra
SEC-3000 column (Phenomenex) using the Agilent 1100
HPLC-system (Agilent Technologies) at a constant flow rate of
0.35 mL/min. For calibration issues, a gel filtration standard
(1.35 kDa – 670 kDa) (Bio-Rad) was analyzed.
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Statistical analysis

Statistical analyses of peptide-dependent signal changes were
performed with GraphPad Prism 7 (GraphPad Software, USA).
Measured absorbances (A450) or median fluorescence intensi-
ties (MFI) obtained in different buffer setups were compared
by determination of the signal ratios. Higher values were always
divided by lower values. Ratios obtained for different scFv-
CaM-fusions were compared with the corresponding wildtype
control (WT with [G4S]3-linker) via nonparametric Kruskal-
Wallis with Dunn’s multiple comparisons post-hoc test (�3
groups) or via Mann-Whitney test (2 groups), respectively. The
a value was always set to 0.05.
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