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Abstract

Biological information processing networks rely on allosteric protein switches that dynamically interconvert
biological signals. Construction of their artificial analogues is a central goal of synthetic biology and bioengi-
neering. Receptor domain insertion is one of the leadingmethods for constructing chimeric protein switches.
Here we present an in vitro expression-based platform for the analysis of chimeric protein libraries for which
traditional cell survival or cytometric high throughput assays are not applicable. We utilise this platform to
screen a focused library of chimeras between PQQ-glucose dehydrogenase and calmodulin. Using this
approach, we identified 50 chimeras (approximately 23% of the library) that were activated by
calmodulin-binding peptides. We analysed performance parameters of the active chimeras and demon-
strated that their dynamic range and response times are anticorrelated, pointing to the existence of an inher-
ent thermodynamic trade-off.We show that the structure of the ligand peptide affects both the response and
activation kinetics of the biosensors suggesting that the structure of a ligand:receptor complex can influence
the chimera’s activation pathway. In order to understand the extent of structural changes in the reporter pro-
tein induced by the receptor domains, we have analysed one of the chimeric molecules by CD spectroscopy
and hydrogen–deuterium exchangemass spectrometry.We concluded that subtle ligand-induced changes
in the receptor domain propagated into the GDH domain and affected residues important for substrate and
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cofactor binding. Finally, we used one of the identified chimeras to construct a two-component rapamycin
biosensor and demonstrated that core switch optimisation translated into improved biosensor performance.

� 2022 Elsevier Ltd. All rights reserved.

Introduction

The ability to quantitatively interconvert different
types of biochemical and physical signals is a
hallmark of all biological processes. Allosterically
regulated proteins play a key role in such
interconversion. Recent years have seen
increased efforts to design artificial allosteric
protein systems for applications such as molecular
probes, bioengineering modules, and diagnostic
reagents.1 While to the best of our knowledge, no
artificial protein switches have been commercially
exploited as diagnostics tools, the allosteric
protein-based probes, often referred to as protein
biosensors, have revolutionised many areas of cell
biology and neurobiology.2 The majority of these
biosensors are based on chimeras composed of a
ligand binding and a reporter domain, with the latter
frequently being a fluorescent protein or an
enzyme.3

A recent review of the fluorescent biosensors
proposed an empirical rule that practically useful
biosensors should have a dynamic range of at
least 10-fold and retain at least 60% of the
parental reporter domain activity.4 While this may
not be a universal rule for all biosensors, it points
to two critical parameters of biosensor performance
to which we would also like to add a third: the
response time. The latter should be significantly fas-
ter than the biological event one is trying to quantify
or the time available for the assay (for instance, the
length of doctor’s appointment). It is also expected
that longer assays are more susceptible to changes
in environmental conditions increasing system’s
noise.
Given that domain insertion is responsible for the

evolutionary emergence of nearly 1/10th of all
multidomain proteins, it is not surprising that a
similar strategy can be successfully utilised in
protein engineering.5 Here, receptor domain inser-
tion converts constitutively active reporter domains
into ligand-operated allosteric protein switches.6

Apo- and holo- form of the inserted receptor exerts
different influences on the reporter that may be a
result of local or global conformational changes,
reversible structural disorder, control of the oligo-
meric state or of structure dynamics.1,7,8 Conforma-
tion change and reversible structural disorder have
many functional similarities and hence have been
extensively employed for switch construction. Intro-
duction of global structural disorder is likely to neg-
atively influence the overall stability of the switch.
Therefore, particularly when in vitro applications
are intended, chimeric switches with local confor-

mation changes are preferred (Figure 1(A and B)).
The success in construction of such biosensors is
expected to increase when receptor domains with
large conformational changes are employed. A
recent bioinformatic study revealed, however, that
such domains are not very common, calling for
the development of more generic approaches for
the construction of allosteric protein switches.9 We
have recently proposed an alternative approach
where initially a reporter:receptor chimera regulated
by a ligand peptide is constructed.10,11 This allows
the systems’ specificity to be outsourced onto the
external ligand-binding domains that control the
concentration of the effector peptide in the vicinity
of the chimeric reporter (Figure 1(C)). This
approach enables utilisation of two-component
biosensor architectures based on binders without
conformational changes and is applicable to ana-
lytes ranging from small molecules to large
biopolymers.12

Previously, we and others have identified
calmodulin (CaM) as a peptide-operated receptor
domain with a large conformational change that is
an effective regulator of protein chimeras.11,13 We
demonstrated that calmodulin chimeras with PQQ-
glucose dehydrogenase (PQQ-GDH) act as elec-
trochemical molecular switches and can be used
to build bioelectronic and biosensors applica-
tions.12,14 As the original chimeras were created
by an empirical insertion site selection, it remains
unclear to what extent the obtained dynamic range,
rate of response, and catalytic activity represent
features of a particular design or are governed by
the properties of the parental GDH domain. In this
study, we devise an approach that allows biochem-
ical analysis of GDH:calmodulin (GDH-CaM) chi-
mera libraries quantifying their performance
parameters such as dynamic range, catalytic activ-
ity and the rate of response.

Results

In vitro pipeline for production and analysis of
protein chimera libraries

In order to understand the parameters governing
the emergence of synthetic allosteric regulation in
GDH-CaM chimeras, we sought to quantitatively
analyse a significant number of such chimeras.
However, GDH activity cannot be easily converted
into a cellular survival assay or a fluorescence-
activated sorting assay that allows the analysis of
large variant libraries. Therefore, we set out to
develop an approach that allows multiplexed
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recombinant expression of GDH mutants and their
biochemical analysis without the need for protein
purification.
Cell-free protein expression systems are powerful

tools for rapid and high-throughput production of
large polypeptide libraries. They can be coupled
with biochemical assays allowing rapid analysis of
gene products within hours.15 For the analysis of
the GDH-CaM insertion library, we chose a Leish-
mania tarentolae-based eukaryotic cell-free expres-
sion system, LTE.16,17 The LTE system has several
advantages over commonly used E. coli-based cell-
free systems, such as low protein aggregation
propensity and high protein integrity that is particu-
larly pronounced in the case of larger proteins.18

To test the suitability of the LTE system for GDH-
CaM expression and activity analysis, we
expressed the N-terminally EGFP-tagged version
of wild-type Acinetobacter calcoaceticus PQQ-
GDH and GDH-CaM-403S chimera that was devel-
oped in an earlier study.11 As shown in Figure 2(A),
in vitro translated PQQ-GDH and GDH-CaM-403S
chimera could be identified on an SDS-PAGE gel
as a single fluorescent band indicating integrity of
the translation product. Biochemical analysis
demonstrated that GDH activity could be reliably
quantified in as little as 1–2 mL of translation reac-
tion. Using this assay, we were able to clearly distin-
guish activity of GDH-CaM-403S chimera in the
presence and absence of the calmodulin-binding
peptide (CaM-BP) (Figure 2(B)). To obtain a more
quantitative activity measure of in vitro produced
proteins we sought to obtain a reliable reference
by performing kinetic analysis of purified wild-type
GDH and the ligand-saturated GDH-CaM-403S chi-
mera (Figure S1). The obtained kcat values were
2444 s�1 and 785 s�1 respectively and the activity
of the wild-type GDH enzyme matched closely the
previously published data.19,20 We then compared
the observed reaction rates of the identical concen-
trations in vitro produced wild-type GDH (kobs:
0.51 min�1) to GDH-CaM-403S chimera (kobs:
0.16 min�1) and concluded that it retained �30%

catalytic activity. Therefore, both methods gave us
comparable results.
With the availability of a simple, quantitative and

multiplexable protein production and biochemical
analysis platform, we sought to find an approach
for the equally efficient production of DNA
templates. To this end, we chose the rolling circle
DNA amplification (RCA) that can be used to
amplify plasmid DNA rapidly and directly from
E. coli colonies and use it directly to prime in vitro
translation reactions.21–23 This provides a work-
around of the time-consuming conventional plasmid
DNA isolation methods that rely on liquid–solid
phase separation and represent a bottleneck for
high-throughput protein expression. This is particu-
larly important for automated protocols where the
ability to perform template preparation using only
solution-based methods enables significant proto-
col simplification.
To assess the performance of RCA-products as

in vitro translation templates, we used a single
colony of E. coli transformed with EGPF-GDH-
CaM-403S construct for template amplification.
When used in LTE cell-free expression, both
colony RCA (cRCA) and plasmid RCA (pRCA)-
amplified templates produced similar yield and
quality of protein compared to mini-prep purified
plasmid (Figure S2(A)). Moreover, the GDH
activity assay confirmed that reaction kinetics and
affinity of CaM binding M13 peptide for GDH-CaM
produced by RCA-primed cell-free reactions were
similar to that of purified recombinant protein
(Figure S2(B and C)). Therefore, we concluded
that we developed a pipeline of sufficient
throughput to be able to screen libraries in the
order of 103 (Figure 2(E)).

Comparative analysis of the GDH-CaM
chimeras

The developed assay platform allowed us to
biochemically characterise a library of GDH-CaM
chimeras in an effort to understand the

Figure 1. Rational design of modular protein biosensor architectures by domain insertion. (A) A ligand-
binding receptor domain (shown in orange and turquoise) that undergoes a conformational change upon ligand (green
circle) binding. (B) Construction of a chimeric allosteric switch where the ligand-binding domain stabilises the reporter
domain in an inactive conformation. Ligand-induced conformational changes in the receptor domain result in the
structural rearrangement of the reporter domain and its activation. (C) A two-component biosensor architecture based
on the artificial allosteric switch shown in B where a low-affinity ligand of the chimeric switch molecule is scaffolded by
the target analyte resulting in its high local concentration that leads to activation of the reporter domain.
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relationship between the calmodulin insertion site
and the emergence of synthetic allostery. In
particular, we wanted to understand whether the
switch characteristics such as the catalytic rate in
fully activated state, the dynamic range, and its
response rate are independent or correlated.
To this end, we designed and constructed a

mixed gene library containing 221 GDH gene
variants with CaM domain coding sequence
placed into all solvent-exposed loop residues
(Figure 3(A)). The library was cloned into
pCellFree vector and transformed into DH5a
E. coli strain. The previously characterised GDH-
CaM-403S chimera was used as an internal
activity control.11 The library was in vitro expressed
and its activity individual GDH-CaM chimeras was
analysed in the presence and absence of CaM-BP
using the workflow depicted in Figure 2(E). A typical
output of such a screening campaign is shown in
the Figure S3. In order to archive 99% library cover-
age 1018 clones needed to be analysed.24 Out of
nearly 1000 in vitro expressed and activity-tested
clones, approximately 50 clones (ca. 5% of the
screened clones) displayed CaM-BP-dependent
activity. This corresponds to 23% of the total
GDH-CaM library consisting of 221 chimeras.
Clones that displayed CaM-BP-dependent activity
were sequenced and further analysed for dynamic
range, response time and observed catalytic rate
and the extrapolated kcat (Table S1). The data are

summarised in Figure 3(B), demonstrating that
more than half of the analysed clones displayed
similar or faster kobs compared to the control
GDH-CaM-403S chimera. For mutants 180H,
191D, 204L, 216N, 217G, 237P, 387D, 402K, and
414P, both the dynamic range and the maximal cat-
alytic rate were close to or greater than that of the
control. Chimeras GDH-CaM-216N and 387D dis-
played half response time to around 5 minutes
which is significantly shorter than that of the control
chimera GDH-CaM-403S that had a longer half
response time of 15 minutes. Considering all these
three parameters of biosensor performance, the
chimeras 216N, 387D and 414P stood out as switch
modules with superior properties (Figure 3(C)).
The data set obtained in our screening campaign

were sufficiently large (n = 41) to analyse the
correlation among the performance parameters.
We used Pearson’s correlations as a statistical
method to analyse the relationship among the
developed biosensors’ dynamic range, the
response time, and the reaction rate. A statistically
significant negative correlation (Pearson
r = �0.34) between the dynamic range and
response time was detected, meaning that
chimeras with large dynamic range tend to require
more time to reach full activity (Figure 3(D)).
Several chimeras such as 180H and 237P
displayed both large dynamic range and high
reaction rate; however, these chimeras had long

Figure 2. Development of cell-free biosensor expression and testing platform. (A) SDS-PAGE analysis of
EGFP-GDH (molecular weight: �78 kDa) and EGFP-GDH-CaM-403S (molecular weight: �96 kDa) fusions
expressed in Leishmania tarentolae cell-free system. The in vitro translation reactions primed with colony-templated
RCA (cRCA) were resolved on the PAGE gel without boiling and photographed in UV light. (B) Time-resolved
changes in absorbance of electron-accepting dye DCPIP in the presence of cell-free expressed PQQ-GDH protein
with or without PQQ and GDH-CaM-403S protein with or without M13 calmodulin-binding peptide (CaM-BP). The
observed reaction rates (kobs) were calculated from three independent experiments and are shown as mean ± SD
(dashed lines). (C) and (D) represent plots of initial reaction rates of 10 nM purified recombinant GDH-CaM-403S
protein in the presence of increasing concentrations of M13 CaM-BP (C) or of protein expressed by RCA-primed LTE
cell-free in vitro translation (D). Fitting of the data to the quadratic equation (Supplementary Equation 1) led to the Kd

values of 23 ± 4 nM and 35 ± 14 nM, respectively (Figure S2(B and C)). (E) Schematic representation of the chimera
library construction and screening process.
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response times (Figure 3(C)). These results
suggest that simultaneous optimisation of all three
parameters may not be possible, at least in the
case of GDH-CaM chimera.

Effect of CaM-BP sequence on the activity of
the GDH-CaM chimeras

Calmodulin controls a multitude of processes in
eukaryotic cells by interacting with potentially
hundreds of calmodulin-binding peptides (CaM-
BPs).25 CaM-BPs often stabilise very different con-
formations of calmodulin and, therefore, potentially
could have different effects on CaM-based
chimeras.26 While our initial screening was based
on the prototypical M13 CaM-BP peptide, we were
interested to explore the allosteric landscape along
the axis of different CaM insertion sides and CaM-
BP sequences.27 To this end, we chose a subset of

CaM-BPs that have high-resolution crystal struc-
tures solved in complex with CaM (Table S2). We
tested such CaM-BPs for their ability to activate
GDH-CaM chimeras at concentrations that were
expected to be at least 10-fold above the Kd

(Table S2 and Table S3). As shown in Figure 4
(A), BP2, BP12, BP22, BP26, and BP29 were able
to stimulate GDH activity of GDH-CaM-403S to the
levels comparable with M13 peptide (BP1). It
should be noted that the M13 peptide (BP1) and
its higher affinity version (BP2) induced the highest
enzymatic activity active in most of the
mutants.28,29 In order to rationalise our findings,
we analysed the available crystal structures of
these peptides in complex with calmodulin and
measured the distance between C-alpha atoms of
N-terminal Thr 5 residue and C-terminal Thr146
residue of calmodulin in complex as a proxy of
the conformational strain that such complexes

Figure 3. Design and analysis of the GDH-CaM chimera library. (A) Ribbon representation of PQQ-GDH
structure with 221 CaM insertion sites coloured in green. Glucose (dark blue), cofactor PQQ (pink), and Ca2+ ions
(red) are displayed in ball and stick representation. (B) GDH activity of the CaM-BP dependent mutants are plotted
according to their observed reaction rate, kobs (min�1) and dynamic range (fold signal change). Horizontal dashed
lines represent the activity of the internal control, GDH-CaM-403S, where the blue line is for reaction rate and the red
line is for dynamic range. (C) A plot of reaction rate, dynamic range, and the response rate of the identified chimeras.
The gradient red colour’s intensity codes for response time, where red indicates the fastest response and white
indicates the slowest response. (D) Statistical analysis of the three parameters: response time, dynamic range, and
reaction rate using Pearson’s correlations (sample size, n = 41). Correlation matrix with a heat map shows the
Pearson r values for each pair (p < 0.05 labelled with an asterisk, *).
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exert on GDH. The distances were correlated with
the results of the activity analysis. As shown in Fig-
ure 4(B), this analysis revealed that in all but one
case, CaM-BPs that stabilise CaM conformations
with N- and C termini located closer together
resulted in high catalytic activity of GDH-CaM chi-
meras. To an extent, this finding is not surprising
as the closely located termini are expected to pro-
mote restoration of the near-native conformation
of GDH. Furthermore, the chimeras were selected
for their response to the M13 peptide that induces
classical closed conformation of CaM with proximal
N and C -termini and hence one can expect that
peptides that phenocopy this conformation will
stimulate chimera’s activity.
Finally, we wanted to explore if the observed

pattern would be maintained in other GDH-CaM
chimeras identified in our screen. To this end, we

tested the CaM-BP panel against GDH-CaM-414P
and GDH-CaM-261G chimeras. GDH-CaM-414P
has an optimal performance when considering
catalytic activity, dynamic range and the activation
rate, whereas GDH-CaM-261G that perform less
well could potentially be improved through the use
of different CaM-BP’s. The obtained activity
profiles were similar to that of GDH-CaM-403S,
with some variations in maximal activity
(Figure S4). The combination of the CaM-BP and
chimera also influenced the rate at which the latter
reached its maximal catalytic activity. For
instance, as shown in Figure S5, GDH-CaM
insertion mutants with faster response times
display lower dynamic ranges (i.e., mutants with
74D, 212 N, 347P, and 428 N insertion sites). The
GDH-CaM-414P chimera combined with BP2
peptide has 2-fold higher reaction rate (SI-

Figure 4. Effect of the calmodulin-binding peptides on the activity of GDH-CaM chimeras. (A) Relative
activity of GDH-CaM-403S chimera activated with various calmodulin-binding peptides. The activity induced by M13
peptide (denoted here as BP1) was considered as 100% and is indicated as a horizontal dashed line. The results for
the complete set of 29 peptides are provided in Figure S3. The activity for two different calcium concentrations is
shown at 1 mM (black bars) and 100 lM (grey bars). Data are given as mean ± SEM (error bars) of two replicates. (B)
Plot of the distance between C-alpha atoms of N-terminal Thr5 residue and C-terminal Thr146 residue in crystal
structures of CaM bound to different CaM-BP’s. Chimeras were grouped by activity levels where ‘High Activity’
peptides have above 50% and ‘Low/No Activity’ have less than 50% relative activity. Data are given as mean with a
95% confidence interval, and the two groups were compared with unpaired t-test (p = 0.006). (C) A plot of GDH
activity for various GDH-CaM chimeras as a function of incubation time with CaM-BP. Activation is defined as
percentage of the highest kobs for a particular reaction after 0, 5, 10, 20, 30, and 40 minutes of incubation. The plot
was fitted as a one-phase exponential.
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Figure 3) and faster response time (Figure 4(C) and
Figure S6) compared to the control GDH-CaM-
403S:BP1. The fastest half response time of 2.5
minutes was observed in GDH-CaM-414P:BP2
whereas it was 5 minutes with GDH-CaM-414P:
BP1 (Figure 4(C)), indicating that slight differences
in ligand sequence can lead to large differences in
chimera’s response times.

Understanding CaM-BP-induced changes in
GDH-CaM chimera structure

Given the nature of peptide-induced conformation
change of CaM, where the distance between
termini decreases significantly in the complex with
the ligand, it is intuitively obvious how the
developed chimeras might operate. However,

Figure 5. Analysis of CaM-BP induced structural changes in GDH-CaM chimera. (A) Circular dichroism
spectra of recombinant GDH-CaM-403S chimera incubated with M13 peptide for different periods of time. The scan
was performed after the addition of peptide and spectra were recorded at 0 min, 10 min, 20 min and 30 min. (B)
Prediction of time-dependent change in the secondary structure content of GDH-CaM-403S after addition of M13
peptide. (C) Segments showing significant differences in deuterium uptake were mapped onto the 3D ribbon model of
M13 bound CaM-GDH as red colouring. The co-factor interacting residues are shown as in (D). (D) The Chiclet plot
shows peptide sequences as horizontal lines, and statistically significant differences in the exchange rate (i.e. delta
HDX unbound–bound) are visualised from �0.5 Da (blue shades = deprotection in the bound state) to +0.5 Da (red
shades = protection in the bound state) for each time point (30 sec, 1, 10, 100, and 200 min). The white colour
signifies states with no statistical difference. The resulting heatmap shows peptide sequences arranged from N- (top)
to C terminus (bottom), visualising ’clusters’ of overlapping peptide sequences with a similar change in deuterium
uptake. The residues highlighted in green (Q76, R228, G247, P248, and K377) are in close proximity to or interacting
with PQQ.

C. Ergun Ayva, M.M. Fiorito, Z. Guo, et al. Journal of Molecular Biology 434 (2022) 167678

7



what remains unclear is the extent to which CaM
perturbs GDH structure and how these
perturbations translate into changes in GDH
activity. Therefore, we performed CD
spectroscopy to investigate changes in the
secondary structure of GDH-CaM chimera in
response to CaM-BP binding. As can be seen in
Figure 5(A and B), addition of M13 CaM-BP to the
solution GDH-CaM-403S resulted in small
changes in a-helical part of the spectra by the 10-
minute time point with no further obvious changes
occurring afterwards. Given that CaM:CaM-BP
complexes are predominantly a-helical, this
change may reflect their rearrangement upon
complex formation. This experiment suggests that
CaM-BP induced conformational changes in the
calmodulin domain do not induce significant
structural rearrangements in GDH reporter
domains. This is in line with the behaviour of other
artificial allosteric chimeras reported earlier.30

In order to gain insight into more subtle and local
structural rearrangements of the chimera, we
utilised time-resolved hydrogen–deuterium
exchange mass spectrometry (HDX-MS). HDX-
MS allows time-resolved quantification of dynamic
changes in secondary structures which can be
applied to large protein systems.31,32 Analysis of
time-dependent changes in deuterium uptake of
GDH-CaM-403 chimera upon addition of M13 pep-
tide revealed that, as expected, the calmodulin
domain of the chimera underwent large conforma-
tional transition resulting in significant protection of
calmodulin sequences involved in peptide binding
(Figure 5(C and D)). However, we were also able
to detect small, but statistically significant differ-
ences in deuterium uptake of GDH peptide
sequences containing residues of the active site.
For instance, there were significant differences in
deuterium uptake of sequences containing residues
G247, P248, and K377 located in the cofactor PQQ
binding pocket that were detectable already within
the first 30 seconds after peptide addition. Two for-
mer residues also play a role in the coordination of
the Ca2+ ion in the active site, and therefore their
dislocation is expected to impact the enzyme’s
activity. Additionally, slower structural changes
occurred in sequences containing residues Q76
and R228 involved in glucose binding (Figure S8
(D)). Overall analysis reveals that the peptide bind-
ing to CaM domain leads to rearrangement of mul-
tiple elements of secondary structure, leading to
changes in solvent accessibility of GDH residues
Q76, R228, G247, P248, and K377 involved in coor-
dination of PQQ and/or glucose (Figure 5(C and D)
and Figure S8).

Is response kinetics of GDH-CaM affected by
the choice of the GDH orthologue?

One of the caveats of the presented experimental
design and its conclusions relates to the fact that
chosen protein domains represent a tiny fraction

of possible structure/functional space. It is
unknown how the assessed properties (stability of
the chimeras, catalytic activity and dynamic range)
vary among homologous structures. Earlier
findings suggested that closely related chimeras
of identical topology do not display conservation in
artificial allostery.33 We wanted to gather first indi-
cations whether artificial switches based on the
orthologous domains display similar performance
parameters. To this end, we generated a sequence
similarity network (SSN) that comprised sequences
of 8,590 proteins containing the GDH domain clus-
tered according to alignment scores (Figure S9).
We picked sequences of ten orthologs from within
the Cluster 23 that contains Acinetobacter cal-
coaceticus PQQ-GDH that was originally used for
chimera library construction. The proteins were pro-
duced recombinantly in E.coli and several parame-
ters were analysed using established GDH activity
assay. In our assessment we considered efficiency
of recombinant expression, catalytic rate, substrate
specificity and activity dependence on Ca2+ ion
(Figures S10 and S11). Based on this analysis we
selected Deinococcus ficus PQQ-GDH homologue
that displayed the highest catalytic activity in the
set and had no discernible Ca2+ dependence (Fig-
ure S10). This ortholog displays 45% sequence
identity to theA. calcoaceticusPQQ-GDH.We used
this orthologue to construct a focused library of
GDH-CaM chimeras using a design approach simi-
lar to the earlier described library but with lower
domain insertion frequency. This allowed us to
decrease the overall size of the library and produce
it in the arrayed format that allowed direct correla-
tion of the genotype and phenotype. We used
in vitro translation/activity analysis assay to test 42
chimeras that led to the identification of 3 allosteric
variants (Figure S10). The observed frequency of
the allosteric variant recovery was below 8% and
hence nearly three times lower than in the case of
A. calcoaceticus GDH-based library. The response
times of the chimeras based on the chosen ortholog
GDH were similar to those based on Acinetobacter
calcoaceticus (Figure S11). The alignment ofA. cal-
coaceticus and the D. ficus PQQ-GDH homologues
revealed that co-location of the CaM insertion did
not result in coordinated emergence of allosteric
chimeras (Figure S16). While a larger study will be
needed to draw a definitive conclusion about fre-
quency of allosteric switch emergence and their
kinetic parameters these observations may suggest
that the variation in overall fold stability and struc-
ture of the reporter domain determine properties
thereon based artificial switches.

Construction of two-component GDH-CaM
biosensors using developed switch modules

One of the motivations for construction of GDH-
CaM chimeras relates to their use in modular
biosensor systems. Here, GDH-CaM and CaM in
fusion with low affinity version of CaM-BP are
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connected to ligand-binding domains (Figure 6(A)).
Ligand-mediated scaffolding results in an increase
of local concentrations of the components leading
to association of CaM-BP with the reporter
chimera and its activation. While modular and
sensitive, the original versions of these biosensors
suffered from a slow response rate that was
traced back to slow activation of the core GDH-
CaM switch.34 Having now identified CaM-GDH:
CaM-BP pairs with faster response rates, we
decided to test if their integration into two-
component biosensor architecture would result in
systems with faster response. To this end, we con-
structed a two-component rapamycin biosensor
that is controlled by rapamycin-dependent associa-
tion of FKBP and FRB domains.35,11We usedGDH-
CaM-414P and a truncated version of BP2
(Table S4) as the components of the core switch.
The resulting biosensor components were pro-
duced recombinantly in E. coli and analysed for
activity in comparison with the original rapamycin
biosensor based on GDH-CaM-403S and truncated
BP1. Our results demonstrated that utilisation of a
faster core switch resulted in the reduction of half
response time from 30 minutes to 10 minutes (Fig-
ure 6(B)). However, the overall affinity of the biosen-
sor for rapamycin for its ligand has decreased
(Figure S15), pointing to the need for further optimi-
sation of the system. These data could not be fitted
to an exponential curve due to, presumably, the
kinetic complexity of two-component systems.

Discussion

Domain insertion is one of the most successful
approaches for conversion of constitutively active
proteins into artificial allosteric systems. This
approach is more successful when utilising a

receptor domain with conformational changes
sufficiently large to perturb the structure of the
reporter domain, thereby creating an OFF state.
Ligand-mediated conformation change of the
receptor results in the re-activation and
emergence of the ON state. However, the paucity
of receptors with sufficiently large conformational
changes calls for more reliable approaches for
artificial allosteric system construction. As a
workaround for this problem, we previously
proposed an approach for separating the binding
and confirmation change functions by utilising
receptors with peptide ligands that can be used in
modular higher order biosensor architectures.11

We demonstrated that calmodulin and calmodulin-
binding peptide possess appropriate properties for
such universal receptor:ligand pairs. In order to
understand the landscape of artificial allostery cre-
ated by calmodulin insertion, we developed an all-
in-vitro protein expression and screening platform
that allows identification of allosteric variants in
libraries of chimeric proteins. We utilised this plat-
form for the analysis of a library of PQQ-GDH-
calmodulin chimeras and identified 50 new allos-
teric switches. This collection enabled us to analyse
key performance parameters of the artificial allos-
teric molecules such as dynamic range, maximal
catalytic activity, and response time. The obtained
switches had dynamic ranges between 1.2- and
36-fold, maximal catalytic rates representing 4 %
� 139% of parental PQQ-GDH activity (calculated
kcat range 99 s�1 to 3403 s�1) and the half response
time ranging from 2.5 to 30 minutes (Table S1 and
Figure 3(B and C)).
Importantly we found that dynamic range and

response rates that are negatively correlated. A
possible mechanistic explanation is that a large
dynamic range relies on more drastic structural

Figure 6. Construction of a two-component Rapamycin sensor. (A) Schematic representation of the rapamycin
biosensor composed of two components: GDH-CaM fused with FKBP and CaM-BP fused with FRB domain.
Rapamycin (represented by a black star) scaffolds FKBP and FRB and brings CaM-BP in close proximity to CaM,
leading to the activation of GDH. (B) Comparison of the response rates for two-component rapamycin biosensors
based on GDH-CaM-403S (blue) and GDH-CaM-414P (red) chimeras. Activation is given as a percentage of highest
activity based on reaction rate, kobs, after 0, 5, 10, 20, 30, 40, and 60 minutes of pre-incubation of the component with
the ligand prior to the addition of glucose and reporter dyes. Data are given as mean ± SEM (error bars) of three
replicates.
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changes that take longer to relax and reach the
active state. Given the ensemble nature of
allostery, it is not entirely surprising that the kinetic
separation of states plays an important role in
regulating active and inactive conformations.36

The same rationale can help explain the observa-
tion that different calmodulin-binding peptides acti-
vated the same chimera with different kinetics. We
conjecture that the conformation adopted by
calmodulin:peptide complex influences the isomeri-
sation pathways proceeds with conformation-
dependent rates. The extent of structural frustration
in the reporter domain induced by the calmodulin is
unknown and is likely vary among insertion sites.
Analysis of one selected chimera by CD-
spectroscopy and HDX-MS suggests that these
changes are relatively minor but appear to propa-
gate throughout the GDH molecule. This is consis-
tent with the earlier findings on CytB-b-lactamse
chimera.30 Our analysis of GDH orthologues sug-
gested that the frequency of artificial allosteric chi-
mer emergence in domain insertion libraries may
vary significantly even among orthologues. System-
atic analysis is required to identify the structural fea-
tures that determine the frequency of artificial
allostery and factors that control its kinetic
parameters.
Finally, we tested the utility of the identified GDH-

CaM chimera:peptide pairs in the construction of
two-component biosensor. We demonstrated that
the biosensor based on the fast-acting GDH-CaM-
414P:BP2 pair that has a half response time of
2.5 minutes resulted in a two-component
biosensor with the half response time of 10
minutes, which compares favourably with the
previously achieved half response time of 30
minutes. However, it also points to the fact that
while the rate of core switch isomerisation is
important, there are other parameters that
influence the system’s rate of activation. Future
work will be required to understand the role played
by the reporter domain in the performance of
CaM-controlled switches. For instance, how would
the performance of the chimeras differ if different
reporters are used, or linkers connecting the
domains are optimised?37,38 Given that CaM binds
its peptide ligand on a milliseconds scale and iso-
merises on a seconds scale, what is the fastest acti-
vation rate could CaM-reporter chimera
display?29,39 We provide a methodological platform
and identify the key design parameters of artificial
allosteric switches that will lead the way to answer
these questions.

Material and Methods

Acinetobacter calcoaceticus GDH-CaM
chimera library design

The GDH-CaM insertion library consists of 221
domain insertion sites covering all the surface
residues in the loop regions of Acinetobacter

calcoaceticus PQQ-GDH (Figure 3(A)) that are
highlighted on the sequence in Table S4. The
chimeras were named according to the residue
where the CaM domain was inserted into GDH
(i.e., GDH-CaM-403S denotes CaM insertion into
residue 403S of GDH). Standard glycine–serine
linkers (GSGG-CaM-GGSSG) were used to fuse
CaM and GDH. The library was synthesized by
GeneUniversal (China) and supplied as a mixed
pool of linear DNA fragments that were then
inserted into pCellFree_G03 vector40 (Addgene
plasmid # 67137) using Gateway cloning. The
mixed clone library was transformed into E. coli
DH5a chemically competent cells (ThermoFisher,
USA), and then plated onto LB Agar plates with
100 lg/ml ampicillin to obtain approximately 100
colony forming units per plate. After overnight incu-
bation of plates at 37, the individual colonies were
randomly picked for plasmid amplification. Random
screening required analysis of 4–5 times more colo-
nies than the total number of variants (�1000 colo-
nies for 221 variants), to achieve 99% coverage of
the library. The coverage was calculated using
GLUE program (http://guinevere.otago.ac.nz/cgi-
bin/aef/glue.pl) based on the publication from
Patrick et al.24

Cell-free expression of CaM-GDH chimera
library

In vitro expression of the GDH-CaM insertion
library in Leishmania tarentolae-based cell-free
system (LTE) followed protocols described
earlier.17,41 The input DNA templates were ampli-
fied from colonies by the rolling circle amplification
(RCA) method using the TempliPhi DNA amplifica-
tion kit (Cytiva, Australia). The cell-free lysate was
mixed with the feed solution (6:2 lL) as described.42

The input DNA concentration was around 50–
100 ng/lL to ensure protein expression with opti-
mum yield and quality. For screening, the con-
structs were expressed in 384-well plates
(PerkinElmer, Australia). All constructs of the library
contained N-terminal EGFP (enhanced green fluo-
rescent protein) fused to the GDH-CaM biosensor
that allowed monitoring of the protein expression
in real-time. During the expression 10 lL reaction
was incubated at 26 �C for 2–3 hours, and GFP flu-
orescence was monitored using microplate fluoro-
metric reader (Tecan Spark). For quality control
the translation reactions were resolved on the
SDS-PAGE and fluorescence of EGFP-GDH-CaM
protein bands was recorded using fluorescent scan-
ner (ChemiDoc imager, Bio-Rad).

Selection of GHD orthologues

The Enzyme Function Initiative Enzyme Similarity
Tool (EFI-EST) server44 was used to create a
sequence similarity network (SSN) representing
proteins from the Glucose/Sorbosone dehydroge-
nase domain Pfam (PF07995) that were classified
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as either having a single GSDH domain or a
“GSDHx2” architecture (which the target sequence
from Acinetobacter calcoaceticus belongs to). The
databases used in this analysis were UniProt:
2020–06 and InterPro: 83. The resulting network
contained 8,590 accession IDs comprising repre-
sentative sequences from the UniRef50 database45

(i.e. sequences that share �50% sequence identity
over 80% of the sequence length are grouped
together and represented by a single node ID). To
generate the SSN, an all-by-all BLAST was per-
formed to obtain the pairwise sequence identities
and alignment scores. An alignment score cut-off
of 100 was used to remove excess edges in the ini-
tial network. Sequences that were > 70% redundant
are represented by a single node. Networks were
visualised and annotated in Cytoscape,46 using
the yFiles Organic Layout. The “Cluster analysis”
tool of the EFI-EST server was used to analyse indi-
vidual clusters in the SSN and to produce a hidden-
Markov model (HMM) profile for each of the clus-
ters. Ten orthologs fromwithin Cluster 23 (the same
cluster as Acinetobacter calcoaceticus PQQ-GDH)
were selected based on progressively decreasing
similarity to A. calcoaceticus GDH (SI-Table 5).
The signal sequences were removed and the open
reading frames were synthesised by Gene Univer-
sal (China) and cloned into pET-28a(+).

GDH ortholog library design

The GDHOrtholog library containing 42 chimeras
constructed from Deinococcus ficus PQQ-GDH
gene and CaM domain inserted into each loop
region of the former (Table S5). The Deinococcus
ficus GDH ortholog is a PQQ dependent sugar
dehydrogenase 45% sequence identity to the A.
calcoaceticus PQQ-GDH. The preferable insertion
sites replace glycine and proline residues.

Cell-free expression of GDH ortholog library

The GDH orthologue library was expressed in
E. coli cell-free system.43 The cell-free lysate was
mixed with the feed solution and the input DNA con-
centration was around 50–100 ng/lL to ensure pro-
tein expression with optimum yield and quality. For
screening, the constructs were expressed in 96-well
plates (PerkinElmer, Australia). All constructs of the
library contained N-terminal EGFP (enhanced
green fluorescent protein) fused to the construct
that allowed monitoring of the protein expression
in real-time. During the expression, the reaction
was incubated at 26 �C for 2–3 hours, and GFP flu-
orescence was monitored using microplate fluoro-
metric reader (Tecan Spark).

Expression and purification of GDH
orthologues and GDH-CaM chimeras

The open reading frames were cloned into a
kanamycin-resistant pET-28a(+) vector.

Competent E. coli BL21(DE3) cells were
transformed with the resulting expression vectors
and grown in LB broth with 50 lg/ml kanamycin
(Everest Inc, Australia) with shaking at 37 �C.
Protein expression was induced by adding 0.3 mM
IPTG (Sigma, USA). Subsequently, cultures were
incubated overnight at 18 �C. Cells were
harvested at 4,000 RPM for 10 min, and the cell
pellet was lysed in buffer containing 50 mM
NaHPO4 (pH 8.0), 300 mM NaCl, 20 mM
imidazole, 1 mM AEBSF and DNAse I (all Sigma,
USA). Following cell lysis and disruption using
sonication, the supernatant was collected, and
recombinant protein was further purified on the Ni-
NTA HisTrap FF crude column driven by ÄKTA
Express Purifier (Cytiva) system in buffer
containing 50 mM NaHPO4, 300 mM NaCl and
20 mM imidazole and a gradient of 500 mM
imidazole for elution at pH 8.0. Finally, the protein
was dialysed against 20 mM Tris/HCl (pH 7.0) and
100 mM NaCl for testing and storage. Protein
samples were snap frozen in liquid nitrogen and
stored at �80 �C.

Glucose dehydrogenase activity assay

The glucose dehydrogenase (GDH) activity
assay was performed in a 96-well plate format
(PerkinElmer, Australia) adapted from Guo et al.11

Cell-free reaction products containing GDH-CaM
protein biosensors were diluted into the reaction
buffer containing 20 mM Tris-HCl (pH 7.2), 20 mM
NaCl, and 1mMCaCl2. The exact amount (between
1–2 ll) of cell-free expressed protein was deter-
mined from the monitored EGFP fluorescence
using final RFU readings after 2–3 hours of expres-
sion and by normalizing against the RFU reading of
the control, GDH-CaM-403S chimera. All the sam-
ples were saturated with 1 lM CaM-BP and were
supplemented with 50 nM PQQ (ThermoFisher,
USA). When purified protein was used for the assay
it was supplemented with PQQ in 1:1.5 ratio. For
spectrometric measurements, 0.06 mM DCPIP
redox dye (Sigma, USA) and 0.6 mM phenazine
methosulfate (PMS) (Sigma, USA) as electron
acceptor were added to the samples. Finally, the
reaction was initiated with 20 mM D-glucose
(Sigma, USA). The absorbance at 600 nm was
measured kinetically at 25 with Synergy Neo2
Microplate Reader (BioTek, USA) every 10–20 sec-
onds. The observed reaction rate constant, kobs,
was derived by fitting the linear phase of the curves
via linear regression. To determine the rate of
biosensor’s response, the GDH-CaM chimeras
were incubated with calmodulin-binding peptide
M13 (Mimotopes, Australia) for 2.5, 10, 20, and 30
minutes and assayed for GDH activity. The initial
rates were determined and plotted. The response
time was selected as the pre-incubation time
needed to reach 50% of the full activity (half
response time). The dynamic range was defined
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as the fold change in amplitude of the signal in the
presence of CaM-BP compared to its absence.

Construction of two-component rapamycin
biosensors

The rapamycin sensor consisted of two
components: GDH-CaM fused to FKBP (GDH-
CaM-FKBP) and FRB fused to a calmodulin-
binding peptide (FRB-BP) (Table S4). We
designed two sets of two-component rapamycin
sensors. The first consisted of GDH-CaM-403S-
FKBP and FRB-BP1. The second contained GDH-
CaM-414P-FKBP coupled with FRB-BP2. The
sequences of these components are given in
Table S4. These constructs were expressed in
E. coli BL21(DE3) and purified by Ni-NTA affinity
chromatography as described above. For activity
assay 10 nM of GDH-CaM-FKBP was
reconstituted with 15 nM PQQ and mixed with
30 nM of FRB-BP in the reaction buffer. To
determine the response rate, the GDH-CaM-FKBP
constructs were incubated with FRB-BP for 5, 10,
20, 30, 40 and 60 minutes in the presence of
500 nM rapamycin.

Cd spectroscopy

Circular dichroism (CD) spectra were recorded
using the J-715 Spectropolarimeter (Jasco, USA)
at 0.5 nm intervals for absorbance between
198 nm and 240 nm using 1 mm quartz cells. The
samples contained 1.75 mM (0.12 mg/ml) GDH-
CaM-403S biosensor in 10 mM Tris/H2SO4 at pH
7.2, 20 nM NaCl, 1 mM CaCl2, and 2 mM PQQ.
The measurements were taken at 0 min, 10 min,
20 min, and 30 min immediately after the reaction
was started by adding 2 mM of calmodulin-binding
peptide M13. For data analysis, the CDPro
Software was used to determine the percentage of
secondary structures based on a reference set of
proteins, SP48, which includes 5 denatured and
43 soluble proteins.47 The predicted secondary
structure of the GDH-CaM chimera contained
around 25% b-sheets contributed by GDH, and
20% a-helices mostly attributed to the calmodulin
domain. The remaining 45% were most likely disor-
dered regions or loops. Overall, the CD spectra of
the GDH-CaM sensor had a-helical content chang-
ing between 25–26% and b-sheet varying between
21–22%at different time points (0, 10, 20, 30min) of
incubation with the peptide.

HDX-MS analysis of GDH-CaM

To investigate allosteric changes potentially
resulting in alteration of GDH function, we
performed comparative HDX-MS analyses of
GDH-CaM in the presence or absence of
calmodulin-binding peptide M13. A LEAP HDX-2
Automation system (Trajan Scientific, Ringwood,
VIC, Australia) was used to automate labelling,

quenching and injection of samples into an
ACQUITY UPLC M-Class HDX Manager (Waters,
Milford, MA, USA). 3 ml Purified protein (15 mM
GDH-CaM in PBS containing 5% (v/v) DMSO)
was incubated in 57 ml PBS buffer reconstituted in
D2O (99.90%, Sigma). GDH-CaM:PQQ and GDH-
CaM:PQQ:M13 complexes were prepared at a
molar ratio of 1:3 and 1:3:3, and pre-incubated for
60 min to achieve binding prior to each hydrogen–
deuterium exchange reaction. Deuterium labelling
was performed for 30 s, 1, 10, 100 and 200 min,
followed by quenching of 50 ml of the deuterium
exchange reaction mixture in 50 ml pre-chilled
50 mM PBS quench solution to lower the pH to
2.5 and lower temperature to 0 �C. 80 ml
Quenched samples were subjected to online
digestion using an immobilised Waters Enzymate
BEH pepsin column (2.1 � 30 mm), and
proteolyzed peptides were separated on a Waters
ACQUITY UPLC BEH C18 column (1.0 � 100 mm,
1.7 lm), as previously described.12 A positive elec-
trospray ionization source fitted with a low flow
probe was used to ionize peptides sprayed onto
SYNAPT G2-Si mass spectrometer (Waters, Mil-
ford, MA, USA). Data was acquired in MSE acquisi-
tion mode using 200 pg/ml Leucine enkephalin and
100 fmol/ll [Glu1]-fibrinopeptide B ([Glu1]-Fib) at a
flow rate of 5 ll/min for lockspray correction.
ProteinLynxGlobal Server (PLGS) v3.0 was used

to identify peptides from non-deuterated protein
samples. The identified peptides were filtered in
DynamX v3.0 (Waters, Milford, MA, USA) using a
minimum intensity cut-off of 3000 for product and
precursor ions, minimum products per amino
acids of 0.3, a precursor ion mass tolerance of
<5 ppm and a file threshold of 3. All deuterium
exchange experiments were performed in
triplicate, and reported values were not corrected
for deuterium back exchange. HDX-MS data were
further analyzed using the HD-eXplosion software
tool and visualization of hydrogen–deuterium
exchange data with statistical filtering.48

Statistical analysis

Statistical analysis and data fitting were
performed in GraphPad Prism 9 software.
Correlation analysis was performed on reaction
rate, dynamic range, and response time by
choosing Pearson’s correlations as a parametric
test and calculating two-tailed P values. The
calculated correlation coefficient (Pearson’s r) was
plotted on a correlation matrix. In correlation
analysis, 41 chimeras were selected out of total
set of 50. The excluded chimeras had low
expression levels, creating an obstacle for
accurate response rate analysis. The difference
between the means of ‘High Activity’ and ‘Low/No
Activity’ groups were tested by unpaired t-test for
the distance between N and C termini residues for
CaM on the bound form to different CaM-BP’s.
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Heath, M., Škalamera, D., Gonda, T.J., Alexandrov, K.,

(2015). Gateway-compatible vectors for high-throughput

protein expression in pro- and eukaryotic cell-free systems.

J. Biotechnol. 195, 1–7.

41. Kovtun, O., Mureev, S., Jung, W.R., Kubala, M.H.,

Johnston, W., Alexandrov, K., (2011). Leishmania cell-

free protein expression system. Methods 55, 58–64.

42. Johnston, W.A., Alexandrov, K., (2014). Production of

eukaryotic cell-free lysate from leishmania tarentolae.

Methods Mol. Biol. 1118, 1–15.

43. Schwarz, D., Junge, F., Durst, F., Frölich, N., Schneider,
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