










 
Figure 2. PCNA domain insertion. Panels a-c show the reversible impact of Ca2+ addition to F5-PCNA-CaM (where
PCNA is depicted in orange and CaM domain insertion is in light blue). In a), where Ca2+ has not yet been added,
PCNA is primarily seen in its trimeric form as indicated by particle count at the predicted diameter using dynamic light
scattering (DLS). In b), upon addition of Ca2+, the dominant trimeric form is disrupted and both lower diameter
species (monomers) and higher diameter species (aggregates) are observed. In c), upon addition of EGTA to chelate
the Ca2+, the trimeric form is restored and a tight distribution around the expected trimeric diameter is observed. In d)
summed intensities gathered from gel analysis of extension assays show a decrease in the amount of DNAP
extension upon addition of Ca2+ for the “CaM” condition (where “CaM” refers to F5-PCNA-CaM), with wild-type PCNA
being unaffected by Ca2+ addition.  

Pol3 domain insertion 
 We next adopted a more direct approach for modulating DNAP activity by engineering
the catalytic subunit of Pol δ, Pol3, to be Ca2+ sensitive. As before, we utilized SCHEMA to
predict permissive sites for inserting CaM into Pol3. We identified 19 frequently occurring
crossover residues in wild-type Pol3 as potential CaM insertion sites. These SCHEMA-predicted
residues spanned all major subdomains of Pol3 (including the palm, thumb, fingers,
exonuclease, and N-terminal domains) and were characterized by a range of average B-factors
(~20 to ~37), which were calculated using PyMOL (PDB ID: 3IAY) to obtain a better sense of
the flexibility at each particular position (Table S2). The B-factor represents the fluctuation of
atoms about their average position, with larger values signifying higher flexibility at a particular
region85,86. For each of the 19 identified sites, a Pol3-CaM fusion was constructed with flexible
linkers (GSGGG)87 (Figure S11), using a variant of Pol3 with N- and C-terminal deletions
matching those utilized for the crystal structure71 that had been codon optimized for E. coli
expression. As with the PCNA-CaM approach, the expectation for the Pol3-CaM fusions was
that the addition of Ca2+ would negatively impact Pol3’s catalytic activity via CaM’s conformation
shift upon binding Ca2+ (Figure 3a-b).  
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All 19 variants were expressed in vitro using NEB PURExpress and were tested for 
activity using the previously implemented fluorescent primer extension assay (Figures S8, S12-
S23). Standard conditions (where magnesium [Mg2+] was the only divalent cation present) were 
initially used to determine the impact of the CaM insertion on DNAP activity (Figure S12). 
Qualitative gel analysis revealed varying activity levels for the 19 Pol3-CaM fusions, with most 
variants demonstrating no catalytic activity. A subset of Pol3-CaM fusions, F2-Pol3-CaM (C-
terminal), F3-Pol3-CaM (exonuclease), F7-Pol3-CaM (palm), and F19-Pol3-CaM (palm), 
revealed a stronger baseline activity signal, with F2-Pol3-CaM demonstrating near wild-type 
levels of activity. Tolerance of CaM insertion into the exonuclease domain of Pol3, as 
demonstrated by F3-Pol3-CaM, can potentially be explained by the fact that exonuclease 
activity is not essential to polymerase function88. Unexpectedly, functional activity of F7-Pol3-
CaM and F19-Pol3-CaM, both palm domain fusions, indicate that insertions in this region, which 
contains the polymerase active site71, are possible without interrupting DNAP activity.  

The next step was to test F2-Pol3-CaM, F3-Pol3-CaM, F7-Pol3-CaM, and F19-Pol3-
CaM under Ca2+ conditions to determine ON/OFF switching potential (Figure 3d, Figures S14-
23 for extension assay gels of all Pol3-CaM fusions). Calmodulin undergoes two pronounced 
conformational shifts that could potentially be exploited for activity modulation: 1) from “closed” 
to “open” upon binding Ca2+ (resulting in a ~22 angstrom separation of N- and C-termini), and 2) 
from “open” to “bound” when a protein target binds Ca2+-loaded CaM68,89,90. To capture both 
conformational shifts in our testing, we tested a Ca2+ condition that included M13, a peptide 
derived from myosin light chain kinase that binds to CaM in the presence of Ca2+91,92 (Figure 3c). 
Activity levels of F2-Pol3-CaM, F3-Pol3-CaM, F7-Pol3-CaM, and F19-Pol3-CaM were quantified 
using image analysis and normalized to the base Mg2+ condition (no Ca2+) to calculate fold-
change in activity for each variant (Figure 3d). Although wild-type Pol3 activity was slightly 
decreased in the presence of Ca2+, the change was only modest compared to the impact of Ca2+ 
on F3-Pol3-CaM, F7-Pol3-CaM, and F19-Pol3-CaM, which showed a 10-fold, 5-fold, and 5-fold 
reduction in activity, respectively, compared with a 2-fold activity decrease for wild-type. 
Interestingly, the Ca2+ impact for the exonuclease domain fusion (F3-Pol3-CaM) was nearly two-
fold stronger than for the two palm domain fusions (F7-Pol3-CaM and F19-Pol3-CaM). This 
could potentially be explained by insertion site secondary structure, as inserting CaM in the 
middle of an α-helix (F3-Pol3-CaM, exonuclease domain) is more likely to propagate Ca2+-
triggered disruption than an insertion in an unstructured loop (F7-Pol3-CaM and F19-Pol3-CaM, 
palm domain)93,94. Perhaps unsurprisingly, F2-Pol3-CaM, a C-terminal fusion which posed the 
least potential disruption to Pol393, showed a pattern similar to wild-type, with a slight decrease 
in signal in the presence of both Ca2+ and M13 (Figures S14 and S24). 

Interestingly, the inclusion of M13 had different effects on fusion activity. While the 
addition of M13 had virtually no impact on F3-Pol3-CaM activity in the presence of Ca2+, F7-
Pol3-CaM recovered around half of its pre-Ca2+ activity in the presence of M13 whereas F19-
Pol3-CaM recovered nearly all of its pre-Ca2+ activity (Figure 3d). Given that F7-Pol3-CaM and 
F19-Pol3-CaM are only two residues apart (Y587 and G589, respectively), it’s not surprising 
that both variants were modulated similarly by Ca2+ and M13. Furthermore, while CaM binding 
to M13 triggers a return to a near-closed CaM conformation, it does not necessarily follow that 
the structural motifs split by CaM will also return to their intact forms. Specifically, the disrupted 
α-helix in F3-Pol3-CaM, along with the potentially disrupted nearby secondary structures, are 
unlikely to be restored to their original forms upon M13 binding, whereas the unstructured loop 
region in F7-Pol3-CaM and F19-Pol3-CaM is likely more forgiving of conformational 
changes93,94. Overall, we demonstrate Ca2+-driven activity modulation in Pol3 by inserting CaM 
in both the exonuclease and palm domains. Together, these results strongly implicate CaM as a 
key functional domain in mediating allosteric Ca2+-based changes to DNAP activity.  
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Figure 3. Measuring activity modulation potential of select Pol3-CaM fusions. Panels a-c depict the expected impact
of a) Mg2+, b) Ca2+, and c) Ca2+ + M13 peptide conditions on Pol3-CaM fusion activity, where Ca2+- and M13-
triggered conformational changes in CaM (light blue) can propagate to Pol3 (light green) and potentially modulate
DNAP activity. Panel d) shows activity testing of wild-type Pol3 (WT), F3-Pol3-CaM (F3), F7-Pol3-CaM (F7), and
F19-Pol3-CaM (F19) under Mg2+, Ca2+, and M13 peptide conditions. FAM-labeled extension products (124 bases,
designated by red box) were resolved on 10% PAGE under denaturing conditions and FAM fluorescence was imaged
(λex = 488 nm, λem = 520 nm). Lanes were skipped to prevent cross-contamination of samples during gel loading.
Mg2+, Ca2+, and M13 peptide conditions for a given Pol3 variant were run on the same gel to enable quantitative
comparison. Fold change in activity of wild-type Pol3 (WT), F3-Pol3-CaM (F3), F7-Pol3-CaM (F7), and F19-Pol3-CaM
(F19) under Ca2+ and M13 peptide conditions (compared to the baseline Mg2+ condition) was calculated (n=4, SEM
plotted). Gel image analysis was performed to quantify intensities of extension products. Two independent extension
reaction experiments were performed per condition and two technical replicates were imaged per experiment.
Product intensities were background subtracted and used to calculate relative changes in activity for a given DNAP
Fold change calculations were confined to samples within the same gel.  

Pol3 binding site grafting 
The incorporation of a full CaM domain in engineered DNAPs may be variably affected

by the presence of M13-like peptides in an in vivo application. Similarly, bearing a full CaM
domain on the polymerase may interact with such peptides and impact overall cellular function.
Our results themselves indicate that M13 peptide can variably impact the allosteric function of
Pol3-CaM fusions (Figure 3d). Importantly, different physiological contexts where it is desirable
to measure Ca2+ could possess varying CaM-interacting peptides such as M13. Expressly, a
study showed GCaMPs with full CaM impacted calcium channel function95. This motivated a
more finessed engineering approach, and we next decided to introduce Ca2+ sensitivity to Pol3
using binding site grafting of an incomplete CaM domain96, instead of full domain insertion, to
minimize potential unwanted interactions (Figure 4a). In this approach, amino acid residues are
mutated to create a new Ca2+-binding site out of the existing protein structure. Binding site
grafting has been used to successfully introduce Ca2+ binding into natively non-Ca2+ binding
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proteins97 and even to introduce Ca2+-dependent functionality98. This approach has 
predominantly used the highly conserved, twelve residue EF-hand motif from CaM as a 
template binding site99. Successful binding site grafting is primarily dependent upon choosing a 
location in the protein with ideal Ca2+-binding characteristics. Previous work has identified 
important criteria to include 1) being solvent exposed to allow for water to coordinate negatively 
charged residues when Ca2+ is not bound, 2) being flexible to allow for conformation changes, 
and 3) for the site to be in a region that is unlikely to disrupt typical enzyme function (e.g. not the 
active site)100. Examining Pol3 for a suitable site for grafting, a region within the exonuclease 
domain fit the desired characteristics well (K416 to G427) (Figure 4b). In addition to being 
solvent exposed and flexible, it originates from an α-helix, which parallels the EF-hand motif of 
CaM (Figure S25).  

Accordingly, stepwise mutations were introduced at this location to create a Ca2+-binding 
site. To initially test if stepwise mutations disrupted Pol3 catalytic activity, variants were 
screened using a complementation assay in Saccharomyces cerevisiae (Figure S26). This 
assay utilizes a yeast strain where wild-type Pol3 has been removed from the chromosome and 
is instead contained on a plasmid that bears the URA3 marker. By transforming yeast with a 
plasmid bearing a Pol3 variant and LEU2 marker, using yeast homologous recombination to 
assemble the plasmid in vivo, and plating on medium that lacks leucine but contains uracil and 
5-fluoorotic acid (5-FOA), the plasmids can be exchanged. If yeast colonies form, it indicates 
that the variant can viably maintain yeast duplication. If no colonies form, then the Pol3 variant 
is likely either too slow or error prone to maintain replication. Using this assay, we found that the 
yeast strain formed colonies with six of the seven key mutations made, but upon adding the 7th 
mutation (K416E), which forms the anchor point for the EF-hand and completes the primary 
consensus sequence, colonies no longer form (Table S3). By moving the anchor point one 
residue (A415E), colonies do form. In addition, the single mutation K416E by itself allowed for 
cell growth. Interestingly, removing part of the consensus EF-hand Ca2+-coordinating residues 
(D425A or D427A), while maintaining the rest of the motif, does not recover growth, perhaps 
due to an ability to still bind Ca2+ albeit to a lesser extent. This data suggests that the EF-hand 
variant of Pol3 may be responding to intracellular Ca2+ concentrations, but is not definitive. 
Unfortunately, because the cells could not grow while depending upon this Pol3 variant in the 
complementation assay, we could not further test this hypothesis, compelling a move to other 
expression approaches.  

We first attempted E. coli-based expression of the necessary proteins. Though E. coli 
expression of wild-type Pol3, an exonuclease deactivated Pol3, and a catalytically inactive Pol3 
all were successful, attempts to express functional EF-hand Pol3 variant in E. coli failed multiple 
attempts (Figure S27 for one example), perhaps due to host interactions. Recent work showed 
that the yeast genome could be replicated replacing Pol3 with bacteriophage polymerase 
RB69101. If Pol3 possesses an interchangeable function with a native E. coli polymerase, the 
EF-hand variant’s probable higher error rate because of impaired exonuclease function or its 
likely slower replication speed could be causing cell stress. Therefore, we moved to cell-free in 
vitro expression with NEB PURExpress, using the same E. coli codon optimized and N- and C-
terminally truncated variant described earlier. With PURExpress we were able to successfully 
express all desired variants (Figure S28) and were able to use them in the fluorescent primer 
extension assay (Figure S29). Using the fluorescent extension assay, we found that while wild-
type Pol3 is minimally affected by lower Ca2+ concentrations (400 μM), the EF-hand variant 
appears to be impacted (Figure 4c). In addition, at high Ca2+ concentrations (4 mM), though the 
wild-type Pol3 is impacted, the EF-hand variant is impacted to a greater extent (Figure 4c, 
Figure S30 for replicate data). Overall, this data indicates that we generated a Ca2+ sensitive 
Pol3 variant, with the functional impact likely involving the region of mutation (exonuclease 
domain).  
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Figure 4. Pol3 binding site grafting approach. In a), schematic demonstrating the expected function where the
engineered Pol3 variant (light green) has reduced activity upon Ca2+ binding to the introduced EF-hand site (light
blue). In b), highlighted in red is the site within the exonuclease domain of Pol3 for binding site grafting because of its
ideal characteristics. Image was created with PyMOL using the PDB 3IAY.  In c), fluorescent extension assay gel
shows the greater impact of calcium upon the engineered EF-hand bearing Pol3 variant.  

Conclusion 
 

In this work we demonstrate multiple approaches to implementing Ca2+ sensitivity to 
DNA replication, targeting elements of the Pol δ DNA polymerase complex from 
Saccharomyces cerevisiae. We achieved Ca2+ sensitivity by multiple engineering approaches, 
including utilizing the accessory protein PCNA, even demonstrating reversibility in this case. 
Moreover, through both domain insertion of CaM and binding site grafting of the EF-hand motif, 
we show direct modulation of the catalytic subunit Pol3’s function. This work not only serves as 
a template for engineering other ligand responsive protein domains, but represents an important 
step forward toward more direct signal transduction in DNA-based biosensing and recording. 
Our findings complement our previous work engineering TdT59 and provide a template-based 
alternative that would produce double-stranded DNA as an output.  

Future work with these constructs should involve identifying an appropriate polymerase 
to pair with the engineered variants, one that has a disparate error rate and is especially 
insensitive to Ca2+. In addition, future work should involve improving Pol3’s replication speed 
and processivity. Increasing nucleotide incorporation rate will help improve recording 
resolution102. Improvements of the fundamental kinetics of the engineered DNAP and pairing 
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with an appropriate partner DNAP will enable new biosensing applications where present 
technologies are limited. One example is in measurement of neuronal activity. The mapping of 
the brain could enable new treatments for neurological pathologies and insight into emergent 
behavior, but current neuronal measurement technologies are limited in their space-time 
resolution103 and prevent realization of this goal. Whereas technologies such as MRI can cover 
the entire brain, they are too slow to capture activity as it happens104. Meanwhile, fluorescent 
microscopy and patch clamp technologies allow for real-time measurement, but they cannot 
cover the entire brain at once105, in part due to the density of brain tissue. Nanoscale molecular 
devices, such as our engineered DNAP, have been proposed as a solution61. Such approaches 
could leverage the spike in intracellular Ca2+ concentration concurrent with neuronal firing as a 
proxy measurement for neuronal activity, enabling the collection of real-time neuronal activity 
data across the entire brain. Although much work remains to achieve such a goal, here we 
establish an engineering foundation for such a technology, avoiding the pitfalls of approaches 
that involve transcription and translation, as a first step toward enabling applications such as 
neural recording. 
 
 
Abbreviations. DNAP – DNA polymerase. PCNA – proliferating cell nuclear antigen. TdT –  
Terminal deoxynucleotidyl transferase. CaM – calmodulin. F# - engineered fusion protein, with 
subsequent description describing if the fusion was with PCNA or Pol3.  
 
Author information. *Authors contributed equally 1Department of Chemical and Biological Engineering, 
Northwestern University, Evanston, IL 60208, USA 2Interdisciplinary Biological Sciences Program, Northwestern 
University, Evanston, IL 60208, USA 3Interdepartmental Neuroscience Program, Northwestern University, Chicago, IL 
60611, USA 4Center for Synthetic Biology, Northwestern University, Evanston, IL 60208, USA 5Department of 
Genetics, Harvard Medical School, Boston, MA, 02115 USA 
Contact: k-tyo@northwestern.edu 

Author contributions. BWB, ADP, NJB and KEJT wrote the manuscript. BWB, ADP and 
NJB conducted experiments. BWB, ADP, NJB, TC, GMC, KEJT analyzed the experiments.  

Conflict of interest. GMC provides a full list of disclosures at v.ht/PHNc.   
 
Acknowledgements. We would like to thank Prof. Ed Boyden, Prof. Konrad Körding, Bradley 
Zamft, and Adam Marblestone for their feedback over the course of this work. We would like to 
thank Andrea Guerrero for her assistance in construct cloning. Sanger sequencing was 
supported by the Northwestern University NUSeq Core Facility. Gel imaging was supported by 
the Northwestern University Keck Biophysics Facility and a Cancer Center Support Grant (NCI 
CA060553). The Keck Biophysics Facility’s Azure Sapphire Imager was funded by a 
1S10OD026963-01 NIH grant. Protein purification was supported by the Northwestern 
University Recombinant Protein Production Core. This work was funded by the National 
Institutes of Health grants R01MH103910 (to K.E.J.T. and G.C.), and UF1NS107697 (to 
K.E.J.T.) and a National Institutes of Health Training Grant (T32GM008449) through 
Northwestern University’s Biotechnology Training Program (to B.W.B).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
 
(1) Schwarz, K. A.; Daringer, N. M.; Dolberg, T. B.; Leonard, J. N. Rewiring Human Cellular 

Input-Output Using Modular Extracellular Sensors. Nat Chem Biol 2017, 13 (2), 202–209. 
https://doi.org/10.1038/nchembio.2253. 

(2) Quijano-Rubio, A.; Yeh, H. W.; Park, J.; Lee, H.; Langan, R. A.; Boyken, S. E.; Lajoie, M. J.; 
Cao, L.; Chow, C. M.; Miranda, M. C.; Wi, J.; Hong, H. J.; Stewart, L.; Oh, B. H.; Baker, D. 
De Novo Design of Modular and Tunable Protein Biosensors. Nature 2021, 591 (7850), 
482–487. https://doi.org/10.1038/s41586-021-03258-z. 

(3) Schopp, I. M.; Amaya Ramirez, C. C.; Debeljak, J.; Kreibich, E.; Skribbe, M.; Wild, K.; 
Béthune, J. Split-BioID a Conditional Proteomics Approach to Monitor the Composition of 
Spatiotemporally Defined Protein Complexes. Nat Commun 2017, 8. 
https://doi.org/10.1038/ncomms15690. 

(4) Gootenberg, J. S.; Abudayyeh, O. O.; Lee, J. W.; Essletzbichler, P.; Dy, A. J.; Joung, J.; 
Verdine, V.; Donghia, N.; Daringer, N. M.; Freije, C. A.; Myhrvold, C.; Bhattacharyya, R. P.; 
Livny, J.; Regev, A.; Koonin, E. V; Hung, D. T.; Sabeti, P. C.; Collins, J. J.; Zhang, † Feng. 
CRISPR TECHNOLOGY Nucleic Acid Detection with CRISPR-Cas13a/C2c2. Science (1979) 
2017, 356, 438–442. 

(5) Kellner, M. J.; Koob, J. G.; Gootenberg, J. S.; Abudayyeh, O. O.; Zhang, F. SHERLOCK: 
Nucleic Acid Detection with CRISPR Nucleases. Nat Protoc 2019, 14 (10), 2986–3012. 
https://doi.org/10.1038/s41596-019-0210-2. 

(6) Quan, J.; Langelier, C.; Kuchta, A.; Batson, J.; Teyssier, N.; Lyden, A.; Caldera, S.; 
McGeever, A.; Dimitrov, B.; King, R.; Wilheim, J.; Murphy, M.; Ares, L. P.; Travisano, K. A.; 
Sit, R.; Amato, R.; Mumbengegwi, D. R.; Smith, J. L.; Bennett, A.; Gosling, R.; Mourani, P. 
M.; Calfee, C. S.; Neff, N. F.; Chow, E. D.; Kim, P. S.; Greenhouse, B.; DeRisi, J. L.; 
Crawford, E. D. FLASH: A next-Generation CRISPR Diagnostic for Multiplexed Detection of 
Antimicrobial Resistance Sequences. Nucleic Acids Res 2019, 47 (14), e83. 
https://doi.org/10.1093/nar/gkz418. 

(7) Skjoedt, M. L.; Snoek, T.; Kildegaard, K. R.; Arsovska, D.; Eichenberger, M.; Goedecke, T. 
J.; Rajkumar, A. S.; Zhang, J.; Kristensen, M.; Lehka, B. J.; Siedler, S.; Borodina, I.; Jensen, 
M. K.; Keasling, J. D. Engineering Prokaryotic Transcriptional Activators as Metabolite 
Biosensors in Yeast. Nat Chem Biol 2016, 12 (11), 951–958. 
https://doi.org/10.1038/nchembio.2177. 

(8) Nadler, D. C.; Morgan, S. A.; Flamholz, A.; Kortright, K. E.; Savage, D. F. Rapid 
Construction of Metabolite Biosensors Using Domain-Insertion Profiling. Nat Commun 
2016, 7. https://doi.org/10.1038/ncomms12266. 

(9) Kelly, J. W.; Feng, J.; Jester, B. W.; Tinberg, C. E.; Mandell, D. J.; Antunes, M. S.; Chari, R.; 
Morey, K. J.; Rios, X.; Medford, J. I.; Church, G. M.; Fields, S.; Baker, D. A General Strategy 
to Construct Small Molecule Biosensors in Eukaryotes. Elife 2015. 
https://doi.org/10.7554/eLife.10606.001. 

(10) Younger, A. K. D.; Dalvie, N. C.; Rottinghaus, A. G.; Leonard, J. N. Engineering Modular 
Biosensors to Confer Metabolite-Responsive Regulation of Transcription. ACS Synth Biol 
2017, 6 (2), 311–325. https://doi.org/10.1021/acssynbio.6b00184. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


(11) Glasgow, A. A.; Huang, Y.-M.; Mandell, D. J.; Thompson, M.; Ritterson, R.; Loshbaugh, A. 
L.; Pellegrino, J.; Krivacic, C.; Pache, R. A.; Barlow, K. A.; Ollikainen, N.; Jeon, D.; S Kelly, 
M. J.; Fraser, J. S.; Kortemme, T. Computational Design of a Modular Protein Sense-
Response System. Science (1979) 2019, 366, 1024–1028. 

(12) Liu, Y.; Landick, R.; Raman, S. A Regulatory NADH/NAD+ Redox Biosensor for Bacteria. 
ACS Synth Biol 2019, 8 (2), 264–273. https://doi.org/10.1021/acssynbio.8b00485. 

(13) Zhang, J.; Sonnenschein, N.; Pihl, T. P. B.; Pedersen, K. R.; Jensen, M. K.; Keasling, J. D. 
Engineering an NADPH/NADP+ Redox Biosensor in Yeast. ACS Synth Biol 2016, 5 (12), 
1546–1556. https://doi.org/10.1021/acssynbio.6b00135. 

(14) Yudenko, A.; Smolentseva, A.; Maslov, I.; Semenov, O.; Goncharov, I. M.; Nazarenko, V. 
V.; Maliar, N. L.; Borshchevskiy, V.; Gordeliy, V.; Remeeva, A.; Gushchin, I. Rational Design 
of a Split Flavin-Based Fluorescent Reporter. ACS Synth Biol 2021, 10 (1), 72–83. 
https://doi.org/10.1021/acssynbio.0c00454. 

(15) Yu, Q.; Pourmandi, N.; Xue, L.; Gondrand, C.; Fabritz, S.; Bardy, D.; Patiny, L.; Katsyuba, E.; 
Auwerx, J.; Johnsson, K. A Biosensor for Measuring NAD+ Levels at the Point of Care. 
Nature Metabolism. Nature Research December 1, 2019, pp 1219–1225. 
https://doi.org/10.1038/s42255-019-0151-7. 

(16) Jung, J. K.; Alam, K. K.; Verosloff, M. S.; Capdevila, D. A.; Desmau, M.; Clauer, P. R.; Lee, J. 
W.; Nguyen, P. Q.; Pastén, P. A.; Matiasek, S. J.; Gaillard, J. F.; Giedroc, D. P.; Collins, J. J.; 
Lucks, J. B. Cell-Free Biosensors for Rapid Detection of Water Contaminants. Nat 

Biotechnol 2020, 38 (12), 1451–1459. https://doi.org/10.1038/s41587-020-0571-7. 
(17) Nakai, J.; Ohkura, M.; Imoto, K. A High Signal-to-Noise Ca2+ Probe Composed of a Single 

Green Fluorescent Protein. Nat Biotechnol 2001, 19, 137–141. 
(18) Bereza-Malcolm, L. T.; Mann, G.; Franks, A. E. Environmental Sensing of Heavy Metals 

Through Whole Cell Microbial Biosensors: A Synthetic Biology Approach. ACS Synth Biol 
2015, 4 (5), 535–546. https://doi.org/10.1021/sb500286r. 

(19) Wu, C. H.; Le, D.; Mulchandani, A.; Chen, W. Optimization of a Whole-Cell Cadmium 
Sensor with a Toggle Gene Circuit. Biotechnol Prog 2009, 25 (3), 898–903. 
https://doi.org/10.1021/bp.203. 

(20) Levskaya, A.; Chevalier, A. A.; Tabor, J. J.; Simpson, Z. B.; Lavery, L. A.; Levy, M.; Davidson, 
E. A.; Scouras, A.; Ellington, A. D.; Marcotte, E. M.; Voigt, C. A. Engineering Escherchia Coli 
to See Light. Nature 2005, 438, 441. 

(21) Olson, E. J.; Hartsough, L. A.; Landry, B. P.; Shroff, R.; Tabor, J. J. Characterizing Bacterial 
Gene Circuit Dynamics with Optically Programmed Gene Expression Signals. Nat Methods 
2014, 11 (4), 449–455. https://doi.org/10.1038/nmeth.2884. 

(22) Zhao, E. M.; Zhang, Y.; Mehl, J.; Park, H.; Lalwani, M. A.; Toettcher, J. E.; Avalos, J. L. 
Optogenetic Regulation of Engineered Cellular Metabolism for Microbial Chemical 
Production. Nature 2018, 555 (7698), 683–687. https://doi.org/10.1038/nature26141. 

(23) Takahashi, M. K.; Tan, X.; Dy, A. J.; Braff, D.; Akana, R. T.; Furuta, Y.; Donghia, N.; 
Ananthakrishnan, A.; Collins, J. J. A Low-Cost Paper-Based Synthetic Biology Platform for 
Analyzing Gut Microbiota and Host Biomarkers. Nat Commun 2018, 9 (1). 
https://doi.org/10.1038/s41467-018-05864-4. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


(24) Ostrov, N.; Jimenez, M.; Billerbeck, S.; Brisbois, J.; Matragrano, J.; Ager, A.; Cornish, V. W. 
A Modular Yeast Biosensor for Low-Cost Point-of-Care Pathogen Detection. Sci Adv 2017, 
3, e1603221. 

(25) Pardee, K.; Green, A. A.; Takahashi, M. K.; Braff, D.; Lambert, G.; Lee, J. W.; Ferrante, T.; 
Ma, D.; Donghia, N.; Fan, M.; Daringer, N. M.; Bosch, I.; Dudley, D. M.; O’Connor, D. H.; 
Gehrke, L.; Collins, J. J. Rapid, Low-Cost Detection of Zika Virus Using Programmable 
Biomolecular Components. Cell 2016, 165 (5), 1255–1266. 
https://doi.org/10.1016/j.cell.2016.04.059. 

(26) Roybal, K. T.; Williams, J. Z.; Morsut, L.; Rupp, L. J.; Kolinko, I.; Choe, J. H.; Walker, W. J.; 
McNally, K. A.; Lim, W. A. Engineering T Cells with Customized Therapeutic Response 
Programs Using Synthetic Notch Receptors. Cell 2016, 167 (2), 419-432.e16. 
https://doi.org/10.1016/j.cell.2016.09.011. 

(27) Glasscock, C. J.; Biggs, B. W.; Lazar, J. T.; Arnold, J. H.; Burdette, L. A.; Valdes, A.; Kang, M. 
K.; Tullman-Ercek, D.; Tyo, K. E. J.; Lucks, J. B. Dynamic Control of Gene Expression with 
Riboregulated Switchable Feedback Promoters. ACS Synth Biol 2021, 10 (5), 1199–1213. 
https://doi.org/10.1021/acssynbio.1c00015. 

(28) Gupta, A.; Reizman, I. M. B.; Reisch, C. R.; Prather, K. L. J. Dynamic Regulation of 
Metabolic Flux in Engineered Bacteria Using a Pathway-Independent Quorum-Sensing 
Circuit. Nat Biotechnol 2017, 35 (3), 273–279. https://doi.org/10.1038/nbt.3796. 

(29) Levskaya, A.; Weiner, O. D.; Lim, W. A.; Voigt, C. A. Spatiotemporal Control of Cell 
Signalling Using a Light-Switchable Protein Interaction. Nature 2009, 461 (7266), 997–
1001. https://doi.org/10.1038/nature08446. 

(30) Dahl, R. H.; Zhang, F.; Alonso-Gutierrez, J.; Baidoo, E.; Batth, T. S.; Redding-Johanson, A. 
M.; Petzold, C. J.; Mukhopadhyay, A.; Lee, T. S.; Adams, P. D.; Keasling, J. D. Engineering 
Dynamic Pathway Regulation Using Stress-Response Promoters. Nat Biotechnol 2013, 31 
(11), 1039–1046. https://doi.org/10.1038/nbt.2689. 

(31) Taylor, N. D.; Garruss, A. S.; Moretti, R.; Chan, S.; Arbing, M. A.; Cascio, D.; Rogers, J. K.; 
Isaacs, F. J.; Kosuri, S.; Baker, D.; Fields, S.; Church, G. M.; Raman, S. Engineering an 
Allosteric Transcription Factor to Respond to New Ligands. Nat Methods 2016, 13 (2), 
177–183. https://doi.org/10.1038/nmeth.3696. 

(32) Ding, N.; Zhou, S.; Deng, Y. Transcription-Factor-Based Biosensor Engineering for 
Applications in Synthetic Biology. ACS Synthetic Biology. American Chemical Society May 
21, 2021, pp 911–922. https://doi.org/10.1021/acssynbio.0c00252. 

(33) Mitchler, M. M.; Garcia, J. M.; Montero, N. E.; Williams, G. J. Transcription Factor-Based 
Biosensors: A Molecular-Guided Approach for Natural Product Engineering. Current 

Opinion in Biotechnology. Elsevier Ltd June 1, 2021, pp 172–181. 
https://doi.org/10.1016/j.copbio.2021.01.008. 

(34) Rogers, J. K.; Guzman, C. D.; Taylor, N. D.; Raman, S.; Anderson, K.; Church, G. M. 
Synthetic Biosensors for Precise Gene Control and Real-Time Monitoring of Metabolites. 
Nucleic Acids Res 2015, 43 (15), 7648–7660. https://doi.org/10.1093/nar/gkv616. 

(35) Wehr, M. C.; Laage, R.; Bolz, U.; Fischer, T. M.; Grünewald, S.; Scheek, S.; Bach, A.; Nave, 
K. A.; Rossner, M. J. Monitoring Regulated Protein-Protein Interactions Using Split TEV. 
Nat Methods 2006, 3 (12), 985–993. https://doi.org/10.1038/nmeth967. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


(36) Stein, V.; Alexandrov, K. Protease-Based Synthetic Sensing and Signal Amplification. Proc 

Natl Acad Sci U S A 2014, 111 (45), 15934–15939. 
https://doi.org/10.1073/pnas.1405220111. 

(37) Fink, T.; Lonzarić, J.; Praznik, A.; Plaper, T.; Merljak, E.; Leben, K.; Jerala, N.; Lebar, T.; 
Strmšek, Ž.; Lapenta, F.; Benčina, M.; Jerala, R. Design of Fast Proteolysis-Based Signaling 
and Logic Circuits in Mammalian Cells. Nat Chem Biol 2019, 15 (2), 115–122. 
https://doi.org/10.1038/s41589-018-0181-6. 

(38) Pu, J.; Zinkus-Boltz, J.; Dickinson, B. C. Evolution of a Split RNA Polymerase as a Versatile 
Biosensor Platform. Nat Chem Biol 2017, 13 (4), 432–438. 
https://doi.org/10.1038/nchembio.2299. 

(39) Chou, C.; Young, D. D.; Deiters, A. Photocaged T7 RNA Polymerase for the Light Activation 
of Transcription and Gene Function in Pro- and Eukaryotic Cells. ChemBioChem 2010, 11 
(7), 972–977. https://doi.org/10.1002/cbic.201000041. 

(40) Baumschlager, A.; Aoki, S. K.; Khammash, M. Dynamic Blue Light-Inducible T7 RNA 
Polymerases (Opto-T7RNAPs) for Precise Spatiotemporal Gene Expression Control. ACS 

Synth Biol 2017, 6 (11), 2157–2167. https://doi.org/10.1021/acssynbio.7b00169. 
(41) Billerbeck, S.; Brisbois, J.; Agmon, N.; Jimenez, M.; Temple, J.; Shen, M.; Boeke, J. D.; 

Cornish, V. W. A Scalable Peptide-GPCR Language for Engineering Multicellular 
Communication. Nat Commun 2018, 9 (1). https://doi.org/10.1038/s41467-018-07610-2. 

(42) Adeniran, A.; Stainbrook, S.; Bostick, J. W.; Tyo, K. E. J. Detection of a Peptide Biomarker 
by Engineered Yeast Receptors. ACS Synth Biol 2018, 7 (2), 696–705. 
https://doi.org/10.1021/acssynbio.7b00410. 

(43) Mukherjee, K.; Bhattacharyya, S.; Peralta-Yahya, P. GPCR-Based Chemical Biosensors for 
Medium-Chain Fatty Acids. ACS Synth Biol 2015, 4 (12), 1261–1269. 
https://doi.org/10.1021/sb500365m. 

(44) Li, Y.; Li, S.; Wang, J.; Liu, G. CRISPR/Cas Systems towards Next-Generation Biosensing. 
Trends in Biotechnology. Elsevier Ltd July 1, 2019, pp 730–743. 
https://doi.org/10.1016/j.tibtech.2018.12.005. 

(45) Oakes, B. L.; Nadler, D. C.; Flamholz, A.; Fellmann, C.; Staahl, B. T.; Doudna, J. A.; Savage, 
D. F. Profiling of Engineering Hotspots Identifies an Allosteric CRISPR-Cas9 Switch. Nat 

Biotechnol 2016, 34 (6), 646–651. https://doi.org/10.1038/nbt.3528. 
(46) Gootenberg, J. S.; Abudayyeh, O. O.; Kellner, M. J.; Joung, J.; Collins, J. J.; Zhang, F. 

Multiplexed and Portable Nucleic Acid Detection Platform with Cas13, Cas12a, and Csm6. 
Sceince 2018, 360, 439–444. 

(47) Jones, K. A.; Zinkus-Boltz, J.; Dickinson, B. C. Recent Advances in Developing and Applying 
Biosensors for Synthetic Biology. Nano Futures 2019, 3 (4). 
https://doi.org/10.1088/2399-1984/ab4b78. 

(48) Sheth, R. U.; Wang, H. H. DNA-Based Memory Devices for Recording Cellular Events. 
Nature Reviews Genetics. Nature Publishing Group November 1, 2018, pp 718–732. 
https://doi.org/10.1038/s41576-018-0052-8. 

(49) Roquet, N.; Soleimany, A. P.; Ferris, A. C.; Aaronson, S.; Lu, T. K. Synthetic Recombinase-
Based State Machines in Living Cells. Science (1979) 2016, 353 (6297). 
https://doi.org/10.1126/science.aad8559. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


(50) Tang, W.; Liu, D. R. Rewritable Multi-Event Analog Recording in Bacterial and Mammalian 
Cells. Science (1979) 2018, 360 (6385). https://doi.org/10.1126/science.aap8992. 

(51) Sheth, R. U.; Yim, S. S.; Wu, F. L.; Wang, H. H. Multiplex Recording of Cellular Events over 
Time on CRISPR Biological Tape. Science (1979) 2017, 358 (6369), 1457–1461. 
https://doi.org/10.1126/science.aao0958. 

(52) Perli, S. D.; Cui, C. H.; Lu, T. K. Continuous Genetic Recording with Self-Targeting CRISPR-
Cas in Human Cells. Science (1979) 2016, 353 (6304). 
https://doi.org/10.1126/science.aag0511. 

(53) Frieda, K. L.; Linton, J. M.; Hormoz, S.; Choi, J.; Chow, K. H. K.; Singer, Z. S.; Budde, M. W.; 
Elowitz, M. B.; Cai, L. Synthetic Recording and in Situ Readout of Lineage Information in 
Single Cells. Nature 2017, 541 (7635), 107–111. https://doi.org/10.1038/nature20777. 

(54) Loveless, T. B.; Grotts, J. H.; Schechter, M. W.; Forouzmand, E.; Carlson, C. K.; Agahi, B. S.; 
Liang, G.; Ficht, M.; Liu, B.; Xie, X.; Liu, C. C. Lineage Tracing and Analog Recording in 
Mammalian Cells by Single-Site DNA Writing. Nat Chem Biol 2021, 17 (6), 739–747. 
https://doi.org/10.1038/s41589-021-00769-8. 

(55) Kochanowski, K.; Sauer, U.; Noor, E. Posttranslational Regulation of Microbial 
Metabolism. Current Opinion in Microbiology. Elsevier Ltd October 1, 2015, pp 10–17. 
https://doi.org/10.1016/j.mib.2015.05.007. 

(56) Raman, S.; Taylor, N.; Genuth, N.; Fields, S.; Church, G. M. Engineering Allostery. Trends 

in Genetics. Elsevier Ltd December 1, 2014, pp 521–528. 
https://doi.org/10.1016/j.tig.2014.09.004. 

(57) Pisithkul, T.; Patel, N. M.; Amador-Noguez, D. Post-Translational Modifications as Key 
Regulators of Bacterial Metabolic Fluxes. Current Opinion in Microbiology. Elsevier Ltd 
April 1, 2015, pp 29–37. https://doi.org/10.1016/j.mib.2014.12.006. 

(58) Kording, K. P. Of Toasters and Molecular Ticker Tapes. PLoS Computational Biology. 
December 2011. https://doi.org/10.1371/journal.pcbi.1002291. 

(59) Bhan, N.; Callisto, A.; Strutz, J.; Glaser, J.; Kalhor, R.; Boyden, E. S.; Church, G.; Kording, K.; 
Tyo, K. E. J. Recording Temporal Signals with Minutes Resolution Using Enzymatic DNA 
Synthesis. J Am Chem Soc 2021, 143 (40), 16630–16640. 
https://doi.org/10.1021/jacs.1c07331. 

(60) Berridge, M. J.; Lipp, P.; Bootman, M. D. The Versatility and Universality of Calcium 
Signalling. Nat Rev Mol Cell Biol 2000, 1, 11–21. 

(61) Alivisatos, A. P.; Andrews, A. M.; Boyden, E. S.; Chun, M.; Church, G. M.; Deisseroth, K.; 
Donoghue, J. P.; Fraser, S. E.; Lippincott-Schwartz, J.; Looger, L. L.; Masmanidis, S.; 
McEuen, P. L.; Nurmikko, A. V.; Park, H.; Peterka, D. S.; Reid, C.; Roukes, M. L.; Scherer, 
A.; Schnitzer, M.; Sejnowski, T. J.; Shepard, K. L.; Tsao, D.; Turrigiano, G.; Weiss, P. S.; Xu, 
C.; Yuste, R.; Zhuang, X. Nanotools for Neuroscience and Brain Activity Mapping. ACS 

Nano 2013, 7 (3), 1850–1866. https://doi.org/10.1021/nn4012847. 
(62) Zamft, B. M.; Marblestone, A. H.; Kording, K.; Schmidt, D.; Martin-Alarcon, D.; Tyo, K.; 

Boyden, E. S.; Church, G. Measuring Cation Dependent DNA Polymerase Fidelity 
Landscapes by Deep Sequencing. PLoS One 2012, 7 (8). 
https://doi.org/10.1371/journal.pone.0043876. 

(63) Guo, Z.; Johnston, W. A.; Whitfield, J.; Walden, P.; Cui, Z.; Wijker, E.; Edwardraja, S.; 
Lantadilla, I. R.; Ely, F.; Vickers, C.; Ungerer, J. P. J.; Alexandrov, K. Generalizable Protein 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biosensors Based on Synthetic Switch Modules. J Am Chem Soc 2019, 141 (20), 8128–
8135. https://doi.org/10.1021/jacs.8b12298. 

(64) Edwards, W. R.; Busse, K.; Allemann, R. K.; Jones, D. D. Linking the Functions of Unrelated 
Proteins Using a Novel Directed Evolution Domain Insertion Method. Nucleic Acids Res 
2008, 36 (13). https://doi.org/10.1093/nar/gkn363. 

(65) Ambroggio, X. I.; Kuhlman, B. Design of Protein Conformational Switches. Curr Opin 

Struct Biol 2006, 16 (4), 525–530. https://doi.org/10.1016/j.sbi.2006.05.014. 
(66) Ye, Y.; Lee, H.-W.; Yang, W.; Shealy, S. J.; Wilkins, A. L.; Liu, Z.-R.; Torshin, I.; Harrison, R.; 

Wohlhueter, R.; Yang, J. J. Metal Binding Affinity and Structural Properties of an Isolated 

EF-Loop in a Scaffold Protein; 2001; Vol. 14. 
(67) Ye, Y.; Lee, H. W.; Yang, W.; Shealy, S.; Yang, J. J. Probing Site-Specific Calmodulin Calcium 

and Lanthanide Affinity by Grafting. J Am Chem Soc 2005, 127 (11), 3743–3750. 
https://doi.org/10.1021/ja042786x. 

(68) Chin, D.; Means, A. R. Calmodulin: A Prototypical Calcium Sensor. Trends Cell Biol 2000, 
10, 322–328. 

(69) Kursula, P. The Many Structural Faces of Calmodulin: A Multitasking Molecular Jackknife. 
Amino Acids 2014, 46 (10), 2295–2304. https://doi.org/10.1007/s00726-014-1795-y. 

(70) Tang, S.; Deng, X.; Jiang, J.; Kirberger, M.; Yang, J. J. Design of Calcium-Binding Proteins to 
Sense Calcium. Molecules. MDPI AG May 1, 2020. 
https://doi.org/10.3390/molecules25092148. 

(71) Swan, M. K.; Johnson, R. E.; Prakash, L.; Prakash, S.; Aggarwal, A. K. Structural Basis of 
High-Fidelity DNA Synthesis by Yeast DNA Polymerase Δ. Nat Struct Mol Biol 2009, 16 (9), 
979–986. https://doi.org/10.1038/nsmb.1663. 

(72) Patel, P. H.; Loeb, L. A. Getting a Grip on How DNA Polymerases Function. Nat Struct Biol 
2001, 8, 656–659. 

(73) Maga, G.; Hübscher, U. Proliferating Cell Nuclear Antigen (PCNA): A Dancer with Many 
Partners. Journal of Cell Science. August 1, 2003, pp 3051–3060. 
https://doi.org/10.1242/jcs.00653. 

(74) Hashimoto, K.; Shimizu, K.; Nakashima, N.; Sugino, A. Fidelity of DNA Polymerase δ 
Holoenzyme from Saccharomyces Cerevisiae: The Sliding Clamp Proliferating Cell Nuclear 
Antigen Decreases Its Fidelity. Biochemistry 2003, 42 (48), 14207–14213. 
https://doi.org/10.1021/bi0348359. 

(75) Meyer, M. M.; Hochrein, L.; Arnold, F. H. Structure-Guided SCHEMA Recombination of 
Distantly Related β-Lactamases. Protein Engineering, Design and Selection 2006, 19 (12), 
563–570. https://doi.org/10.1093/protein/gzl045. 

(76) Chen, Y.; Li, S.; Chen, T.; Hua, H.; Lin, Z. Random Dissection to Select for Protein Split Sites 
and Its Application in Protein Fragment Complementation. Protein Science 2009, 18 (2), 
399–409. https://doi.org/10.1002/pro.42. 

(77) Voigt, C. A.; Martinez, C.; Wang, Z. G.; Mayo, S. L.; Arnold, F. H. Protein Building Blocks 
Preserved by Recombination. Nat Struct Biol 2002, 9 (7), 553–558. 
https://doi.org/10.1038/nsb805. 

(78) Smith, M. A.; Arnold, F. H. Designing Libraries of Chimeric Proteins Using SCHEMA 
Recombination and RASPP. In Directed Evolution Library Creation: Methods and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


Protocols; Gillam, E. M. J., Copp, J. N., Ackerley, D., Eds.; Springer New York: New York, 
NY, 2014; pp 335–343. https://doi.org/10.1007/978-1-4939-1053-3_22. 

(79) Meyer, M. M.; Silberg, J. J.; Voigt, C. A.; Endelman, J. B.; Mayo, S. L.; Wang, Z.-G.; Arnold, 
F. H. Library Analysis of SCHEMA-Guided Protein Recombination. Protein Science 2003, 
12 (8), 1686–1693. https://doi.org/10.1110/ps.0306603. 

(80) Chinpongpanich, A.; Wutipraditkul, N.; Thairat, S.; Buaboocha, T. Biophysical 
Characterization of Calmodulin and Calmodulin-like Proteins from Rice, Oryza Sativa L. 
Acta Biochim Biophys Sin (Shanghai) 2011, 43 (11), 867–876. 
https://doi.org/10.1093/abbs/gmr081. 

(81) Weber, C.; Lee, V. D.; Chazin, W. J.; Huang, B. High Level Expression in Escherichia Coli 
and Characterization of the EF- Hand Calcium-Binding Protein Caltractin. Journal of 

Biological Chemistry 1994, 269 (22), 15795–15802. https://doi.org/10.1016/s0021-
9258(17)40750-2. 

(82) Putkey, J. A.; Slaughter, G. R.; Means, A. R. Bacterial Expression and Characterization of 
Proteins Derived from the Chicken Calmodulin CDNA and a Calmodulin Processed Gene. 
Journal of Biological Chemistry 1985, 260 (8), 4704–4712. 
https://doi.org/10.1016/s0021-9258(18)89127-x. 

(83) Rhyner, J. A.; Roller, M.; Durussel-Gerberj, I.; Cox, J. A.; Strehler*’*’-, E. E. 
Characterization of the Human Calmodulin-like Protein Expressed in Escherichia CoW; 
1282; Vol. 31. 

(84) Hwang, J. Y.; Schlesinger, R.; Koch, K. W. Irregular Dimerization of Guanylate Cyclase-
Activating Protein 1 Mutants Causes Loss of Target Activation. Eur J Biochem 2004, 271 
(18), 3785–3793. https://doi.org/10.1111/j.1432-1033.2004.04320.x. 

(85) Yuan, Z.; Bailey, T. L.; Teasdale, R. D. Prediction of Protein B-Factor Profiles. Proteins: 

Structure, Function and Genetics 2005, 58 (4), 905–912. 
https://doi.org/10.1002/prot.20375. 

(86) Sun, Z.; Liu, Q.; Qu, G.; Feng, Y.; Reetz, M. T. Utility of B-Factors in Protein Science: 
Interpreting Rigidity, Flexibility, and Internal Motion and Engineering Thermostability. 
Chem Rev 2019. https://doi.org/10.1021/acs.chemrev.8b00290. 

(87) Guntas, G.; Mitchell, S. F.; Ostermeier, M. A Molecular Switch Created by In Vitro 
Recombination of Nonhomologous Genes. Chem Biol 2004, 11, 1483–1487. 
https://doi.org/10.1016/j. 

(88) Prindle, M. J.; Schmitt, M. W.; Parmeggiani, F.; Loeb, L. A. A Substitution in the Fingers 
Domain of Dna Polymerase Reduces Fidelity by Altering Nucleotide Discrimination in the 
Catalytic Site. Journal of Biological Chemistry 2013, 288 (8), 5572–5580. 
https://doi.org/10.1074/jbc.M112.436410. 

(89) Jurado, L. A.; Chockalingam, P. S.; Jarrett, H. W. Apocalmodulin. Physiol Rev 1999, 79 (3), 
661–682. 

(90) Meister, G. E.; Joshi, N. S. An Engineered Calmodulin-Based Allosteric Switch for Peptide 
Biosensing. ChemBioChem 2013, 14 (12), 1460–1467. 
https://doi.org/10.1002/cbic.201300168. 

(91) Meador, W. E.; Means, A. R.; Quiocho, F. A. Target Enzyme Recognition by Calmodulin: 
2.4 A Structure of a Calmodulin-Peptide Complex. Science (1979) 1992, 257 (5074), 1251–
1255. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


(92) Shifman, J. M.; Mayo, S. L. Modulating Calmodulin Binding Specificity through 
Computational Protein Design. J Mol Biol 2002, 323 (3), 417–423. 
https://doi.org/10.1016/S0022-2836(02)00881-1. 

(93) Coyote-Maestas, W.; He, Y.; Myers, C. L.; Schmidt, D. Domain Insertion Permissibility-
Guided Engineering of Allostery in Ion Channels. Nat Commun 2019, 10 (1), 1–14. 
https://doi.org/10.1038/s41467-018-08171-0. 

(94) Papaleo, E.; Saladino, G.; Lambrughi, M.; Lindorff-Larsen, K.; Gervasio, F. L.; Nussinov, R. 
The Role of Protein Loops and Linkers in Conformational Dynamics and Allostery. Chem 

Rev 2016, 116 (11), 6391–6423. https://doi.org/10.1021/acs.chemrev.5b00623. 
(95) Yang, Y.; Liu, N.; He, Y.; Liu, Y.; Ge, L.; Zou, L.; Song, S.; Xiong, W.; Liu, X. Improved 

Calcium Sensor GCaMP-X Overcomes the Calcium Channel Perturbations Induced by the 
Calmodulin in GCaMP. Nat Commun 2018, 9 (1). https://doi.org/10.1038/s41467-018-
03719-6. 

(96) Zou, J.; Hofer, A. M.; Lurtz, M. M.; Gadda, G.; Ellis, A. L.; Chen, N.; Huang, Y.; Holder, A.; 
Ye, Y.; Louis, C. F.; Welshhans, K.; Rehder, V.; Yang, J. J. Developing Sensors for Real-Time 
Measurement of High Ca2+ Concentrations. Biochemistry 2007, 46 (43), 12275–12288. 
https://doi.org/10.1021/bi7007307. 

(97) Yang, W.; Wilkins, A. L.; Ye, Y.; Liu, Z. R.; Li, S. Y.; Urbauer, J. L.; Hellinga, H. W.; Kearney, 
A.; Van Der Merwe, P. A.; Yang, J. J. Design of a Calcium-Binding Protein with Desired 
Structure in a Cell Adhesion Molecule. J Am Chem Soc 2005, 127 (7), 2085–2093. 
https://doi.org/10.1021/ja0431307. 

(98) Li, S.; Yang, W.; Maniccia, A. W.; Barrow, D.; Tjong, H.; Zhou, H. X.; Yang, J. J. Rational 
Design of a Conformation-Switchable Ca2+- and Tb 3+-Binding Protein without the Use of 
Multiple Coupled Metal-Binding Sites. FEBS Journal 2008, 275 (20), 5048–5061. 
https://doi.org/10.1111/j.1742-4658.2008.06638.x. 

(99) Zhou, Y.; Yang, W.; Kirberger, M.; Lee, H. W.; Ayalasomayajula, G.; Yang, J. J. Prediction of 
EF-Hand Calcium-Binding Proteins and Analysis of Bacterial EF-Hand Proteins. Proteins: 

Structure, Function and Genetics 2006, 65 (3), 643–655. 
https://doi.org/10.1002/prot.21139. 

(100) Kirberger, M.; Wang, X.; Zhao, K.; Tang, S.; Chen, G.; Yang, J. J. Integration of Diverse 
Research Methods to Analyze and Engineer Ca2+ -Binding Proteins: From Prediction to 
Production. Curr Bioinform 2010, 5 (1), 68–80. 
https://doi.org/10.2174/157489310790596358.Integration. 

(101) Stodola, J. L.; Stith, C. M.; Burgers, P. M. Proficient Replication of the Yeast Genome by a 
Viral DNA Polymerase. Journal of Biological Chemistry 2016, 291 (22), 11698–11705. 
https://doi.org/10.1074/jbc.M116.728741. 

(102) Glaser, J. I.; Zamft, B. M.; Marblestone, A. H.; Moffitt, J. R.; Tyo, K.; Boyden, E. S.; Church, 
G.; Kording, K. P. Statistical Analysis of Molecular Signal Recording. PLoS Comput Biol 
2013, 9 (7). https://doi.org/10.1371/journal.pcbi.1003145. 

(103) Vogt, N. Faster Brain Imaging. Nature Methods. Nature Publishing Group December 29, 
2016, p 34. https://doi.org/10.1038/nmeth.4118. 

(104) Renier, N.; Adams, E. L.; Kirst, C.; Wu, Z.; Azevedo, R.; Kohl, J.; Autry, A. E.; Kadiri, L.; 
Umadevi Venkataraju, K.; Zhou, Y.; Wang, V. X.; Tang, C. Y.; Olsen, O.; Dulac, C.; Osten, P.; 
Tessier-Lavigne, M. Mapping of Brain Activity by Automated Volume Analysis of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/


Immediate Early Genes. Cell 2016, 165 (7), 1789–1802. 
https://doi.org/10.1016/j.cell.2016.05.007. 

(105) Gundersen, B. B. Neuroscience: Automating Brain Mapping. Nature Methods. Nature 
Publishing Group August 30, 2016, p 719. https://doi.org/10.1038/nmeth.3990. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2023. ; https://doi.org/10.1101/2023.05.11.540423doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.11.540423
http://creativecommons.org/licenses/by-nc-nd/4.0/

