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Abstract

A modified enzyme fragment complementation assay has been designed and validated as a
turn-on biosensor for nucleic acid detection in dilute aqueous solution. The assay is target
sequence-agonistic and uses fragments of NanoBiT, the split luciferase reporter enzyme, that
are esterified enzymatically at their C-termini to steramers, sterol-linked oligonucleotides. The
Drosophila hedgehog autoprocessing domain, DHhC, serves as the self-cleaving enzyme for the
NanoBiT-steramer bioconjugations. Unlike current approaches, the final bioconjugate generated
by DHhC and used for nucleic acid detection is free of self-labeling passenger protein. In the
presence of single stranded (ss) DNA or RNA template with adjacent segments complementary
to the Nano-BiT steramer oligonucleotides, the two NanoBiT fragments associate productively,
reconstituting NanoBiT’s luciferase activity. In samples containing sSSDNA or RNA template at
low nM concentrations, NanoBiT luminescence exceeded background signal by 30- to 60-fold.
The steramer probe sequences used to prepare these sensors are unconstrained in length and
composition. In the absence of sequence constraints of the probe element and without the added
bulk of a self-labeling protein, these NanoBiT-steramer bioconjugates open new applications in the
programmable detection of small fragments of coding and noncoding DNA and RNA.

1. Introduction

Proteins whose function can be turned on or off experimentally enable biosensing
applications and provide valuable reagents to probe complex biological pathways.
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Temperature sensitive phenotypes, for example, are possible with destabilized mutant
proteins that aggregate or fail to fold above some threshold temperature [1]. Domain
insertion into a protein with ligand binding modules [2], light responsive polypeptides, such
as LOV2, or light responsive prosthetic groups, like azobenzene, provide alternative and
potentially reversible means for controlling protein function [3-6].

Protein fragment complementation, the focus of the present work, may be the most widely
applied approach to achieve conditional activity [7,8]. The protein of interest is “split” into
non-functional, weakly interacting fragments. Under selected conditions, those fragments
are driven to assemble into a functional heterodimeric complex [9-11]. Enzymatic and
nonenzymatic proteins are amenable to this type of manipulation [12]. Different triggers
have been used to promote fragment complementation, such as noncovalent interactions of
fused partner proteins [13,14], proteolytic cleavage [15], as well as by chemical dimerizers
for concentration-responsive complementation [8,16].

Here we explore nucleic acid hybridization as a driver of enzyme fragment complementation
with a view toward fundamental and applied uses in RNA and DNA biosensing [17-21].

As depicted in Scheme 1, we pursued a split reporter enzyme where the two polypeptide
fragments were covalently linked to single-stranded oligonucleotides. The sequences of
those oligos would be designed for hybridization at adjacent sites on a DNA or RNA

of interest. In this prototype biosensor, enzyme activity is the proxy for (complementary)
nucleic acid.

Results and discussion

We selected the split reporter enzyme, NanoBiT, derived by Wood and colleagues from

the bioluminescent nanoluciferase, and comprised of a large (LrgBiT, 18 kDa) and a

small (SmBIT, 1.2 kDa) fragment [22]. Intrinsic affinity of LrgBiT and SmBIT is weak

(Kp ~ 100-200 pM), reducing spontaneous association. When LrgBiT and SmBIT are
induced to associate productively, the two fragments reconstitute functional NanoBIT as

an engineered heterodimer. Enzymatic oxidation of coelenterazine or its synthetic analog
furimazine by NanoBiT generates glow-type luminescence. Like nanoluciferase, NanoBiT
activity is independent of ATP and cofactor/coenzymes, which simplifies experimental
design. Other advantages of luciferase reporters include the absence of background signal in
most biological samples and their robust output luminescence, permitting qualitative yes/no
analysis even with cellphone-based imaging devices [20,23,24].

To attach oligodeoxynucleotides site-specifically to LrgBiT and SmBIT with 1:1
stoichiometry we used the enzymatic autoprocessing domain found in Drosophila hedgehog
protein, hereafter, DHhC [25]. The native function of DHhC is to cleave off and covalently
attach cholesterol to an adjacent A-terminal polypeptide within a precursor polypeptide
[26,27]. We and others have found that DHhC is substrate indiscriminate, retaining

activity when fused to heterologous A-terminal polypeptides (e.g., nanoluciferase, maltose
binding protein, lysozyme, cyan fluorescent protein, etc.) and accepting a broad range of
cholesterol analogs as alternative substrates, including monosterylated oligonucleotides we
call steramers [25,27,28]. In a steramer, depicted below, the sterol’s fused ring structure
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is maintained for substrate recognition by DHhC while the isooctyl sterol side chain is
modified to serve as a linker for covalent oligo attachment. DHhC is active toward steramer
substrates with oligos of varying sequence, length, chemical modification and secondary
structure [25]. We recently reported a scalable means for preparing steramers by using solid
phase synthesis [29].

.

sterol spacer oligo

The general method for 1:1 protein of interest (POI)-steramer bioconjugation using DHhC
resembles that of other self-labeling proteins such as HaloTag, and HUH tag [30,31].
However, the key distinction is that DHhC self-cleaves from the bioconjugate product
simultaneously with the POI-steramer coupling. Self-labeling domains, by contrast, must
remain attached to the product as extraneous bulk (Fig. 1).

A chimeric gene construct is assembled first in which the POI is fused at its C-terminus

to DHhC. A single glycine residue represents the minimal spacer between the POI and the
first residue of DHhC. Here, we incorporated a longer Gly-Ser-Gly spacer for flexibility in
split NanoBIT reassembly [22,32,33]. DHhC is activated for bioconjugation of the POI by
addition of steramer. No ATP or cofactors are involved.

The chemi-enzymatic approach to generate the two NanoBiT steramer components by
DHIC is summarized in Fig. 2. For the NanoBiT components, we designed constructs
where LrgBiT and SmBIT were fused to an A-terminal SUMO tag as a solubility enhancer
[34]. A C-terminal Hisg tag was added to DHhC for precursor purification. The two
constructs, SUMO-LrgBiT-DHhC-Hisg and SUMO-SmBIiT-DHhC-Hisg, were overexpressed
in £. coliin soluble form and purified under native conditions by Ni-NTA chromatography
(Supporting Fig. 1).

For pilot studies, oligo sequences for two steramers were designed for annealing at adjacent
sites within the NSP10 gene from SARS-CoV-2 (Table 1). NSP10 encodes a protein cofactor
of the viral 2"-O-RNA methyltransferase [35,36]. Unlike variability reported in other SARS-
CoV-2 coding sequences, NSP10 appears relatively stable [37,38], making this region an
attractive target for molecular detection.

Steramers were prepared in two steps: first, joining heptanediamine to 23,24-bisnor-5-
cholenic acid-3p-ol to produce 111, followed by amide coupling of 111 to resin-bound
oligodeoxynucleotide equipped with 5° NHS ester modification (Fig. 2). After deprotection
and resin cleavage, the two steramers, S1 and S2, were desalted and isolated by reverse
phase chromatography followed by MS analysis (Supporting information).

Progress of covalent steramer attachment by DHhC to the NanoBiT fragments was
monitored by denaturing SDS-PAGE with staining by Gel-Red (nucleic acid specific) and
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Coomassie blue. In a typical experiment, reactions were initiated on the benchtop at 23 °C
in Bis-Tris buffered DHhC assay solution (pH 7.1) containing 1.5 uM precursor protein
and 50 puM steramer. Initial steramer concentration represents 2x the Ky, value with DHhC,
determined separately using a FRET-based DHhC activity assay (Supporting Fig. 2) [28].
Analysis of the reaction mixture by denaturing SDS-PAGE showed the consumption of
precursor protein along with the accumulation of the respective bioconjugate. Fig. 2, right
side, is a representative gel for the SUMO-LrgBIT coupling to steramer, S2, catalyzed by
DHhC. The calculated molecular weight is 36.6 kDa for the product, which agrees well
with the extrapolated value of 37.1 kDa, based on comparison to the MW ladder. This
species is visible with Coomassie staining and the nucleic acid stain, Gel-Red. Only trace
amounts of the hydrolytic unconjugated side-product, SUMO-LrgBiT, was observed (Fig.
2, see gel, “h”). Reactions ranged from 50-80 % conversion, with highest yields coming
from precursor protein that was isolated by Ni-NTA chromatography then further purified by
SEC. Agarose gel extraction offered a convenient and inexpensive means for final isolation
of the NanoBiT-steramer bioconjugates (Supporting Fig. 3).

Robust luminescence signal from reconstituted NanoBiT was observed when the

two bioconjugates, hereafter SYMOSmM-S1 and SUMO|_g-S2, were combined with a
complementary single stranded NSP10 oligodeoxynucleotide template, d-NSP10 (Fig. 3A).
NanoBiT complementation was assayed in solutions containing SYMOSm-S1 and SUMO|_g-
S2 and d-NSP10 added together in a ratio of 1:1:1 over a dilution series from 1 x 1077

M to 48 x 10712 M. As a control, we measured spontaneous NanoBiT complementation
from SUMOgm_S1 and SUMO|_g-S2 over that same concentration range but without d-NSP10
template (Supporting Fig. 4). Additional negative control experiments were carried out
using SUMOSmM-S1 and SUMO|_g-S2 mixed with ssDNA template of the same length as
d-NSP10 but with randomized sequence; luminescent readings from samples with the
random oligo were indistinguishable from the “no template” control (Fig. 3A, “random”).
We also attempted to measure NanoBiT reconstitution with a sSDNA template where

the hybridization site for SYMO|_g-S2 was mutated to a poly A track; luminescence

again matched no template control readings (Fig. 3A, "d-NSP10 AS2”). Based on the
encouraging results from these preliminary studies, we selected 25 x 10™° M as the
working concentrations of SYMOSm-S1 and SUMO|_g-S2 hioconjugate sensors. This format,
which is similar to conditions reported for other in vitro NanoBiT complementation assays
(Supporting Table 1), conserved NanoBiT-steramer components while providing signal/
background of 30-60 fold and a lower limit for complementary template detection of 2

x 1079 M.

As shown in Fig. 3B, luminescence from reconstituted NanoBiT plotted as a function

of increasing d-NSP10 template yielded a bellshaped curve. “Hook-effect” behavior is
consistent with noncooperative tripartite interactions where one component of the assembly
provides a scaffold to bring the remaining two components together [20,39]. Here, the
nucleic acid template, d-NSP10, is the scaffolding element. Signal/background was highest
when the three components were equimolar. To the right of the equivalence point, the excess
d-NSP10 template favors formation of enzymatically in-active binary complexes: d-NSP10
hybridized with SYUMOSm-S1 only, or with SUMOLg-S2 only.
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We found that NanoBiT reconstitution remained durable with several “mutant” d-NSP10
templates (Fig. 3C). We first tested templates where the SUMOL_g-S2 site contained single
or double nucleotide substitutions (see Table 1: d-NSP10 (A to C); d-NSP10 (C to A);
d-NSP10 (AC swap)). We observed only modest changes in luminescence, <1.5-fold,
compared to the positive control, d-NSP10, Fig. 3C (yellow). Tolerance toward base-pair
mismatches is not unexpected for a linear hybridization involving oligos of this length
[40,41]. In a related split enzyme system, using oligodeoxynucleotide-modified fragments
of dihydrofolate reductase, split enzyme reassembly could be driven by hybridization to a
ssDNA template carrying as many as five mismatches (Supporting Table 1) [21].

Next, we tested templates in which the hybridization sites of SYMOSm-S1 and SUMO|_g-S2
were perfectly complementary but spaced farther apart by insertions of 2, 4, 6, or 8 deoxy
thymidine nucleotides (Table 1. See d-NSP10(TT);). In samples containing the spacer
templates d-NSP10(TT)4, d-NSP10(TT), and d-NSP10(TT)3 we observed NanoBiT signal
indistinguishable from samples mixed with the starting d-NSP10, Fig. 3C (pink). Only
d-NSP10(TT), stood out in this comparison, and interestingly, the NanoBiT luminescence
was enhanced slightly, suggesting that there is room for further design optimization. In
summary, these results indicate that there is tolerance toward single and double nucleotide
substitutions in the nucleic acid target sequence and that there is flexibility in the distance
separating the sites for hybridization.

With the modified NanoBiT complementation system working largely as intended on
ssDNA, we turned our attention to the detection of target RNA. A synthetic SARS-CoV-2
NSP10 gene (460 bp) was cloned into the pGEM-3 vector and transcribed in vitro in

the forward and reverse directions to generate sense (+) and anti-sense (—) NSP10 RNA
transcripts. Samples containing SYMOSm-S1, SUMO| 52 and equivalent concentration (25
x 1079 M) of the purified anti-sense transcript generated strong NanoBiT signal (Fig.

4). Luminescence output was on par with samples containing equivalent concentration of
d-NSP10. A hook-effect in concentration—response plots was also apparent using this RNA
template (Supporting Fig. 5). By contrast, NanoBiT reconstitution was not supported by
samples containing the NSP10 sense transcript, which harbors segments identical to the
oligonucleotides in SYMOSm-S1 and SUMOLg-S2. In summary, the split NanoBiT-steramer
conjugates provide hybridization-driven luminescence detection of ssDNA and RNA.

3. Conclusions

Molecular tools to detect dilute nucleic acid have broad utility in clinical and non-clinical
settings. Assay formats vary widely, from quantitative real time PCR and nanopore-based
sequencing to less resource intensive technologies involving chromogenic dyes and gel-
based read outs [42—-44]. PCR remains the gold standard, however experience from the
COVID-19 pandemic shows that dependence on a single assay type leads to logistical
challenges when testing demand surges; thus, having a menu of assay options is important.
Our focus is on integrating reporter enzymes into molecular assays as amplifiers of output
signals to enhance sensitivity. In this study, we designed, prepared and validated a prototype
split enzyme complementation assay driven by hybridization on ssDNA or RNA template.
We attached monosterylated oligodeoxynucleotides (steramers) site-specifically to the
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carboxy termini of NanoBiT enzyme fragments using the self-cleaving Drosgphila hedgehog
autoprocessing enzyme, DHhC. Direct 1:1 attachment of oligonucleotides to split enzyme
fragments by a small molecule linker, rather than through a self-labeling biomacromolecule,
increases the likelihood of productive protein fragment complementation. Replacing a self-
labeling protein with small molecule linkers may be beneficial for split protein reconstitution
on shorter nucleic acid templates, where a self-labeling protein might impose steric barriers
to productive assembly.

Next generation nucleic acid biosensors of the general type described here will need to
address limitations in mismatch discrimination as well as the hook-effect in concentration
response plots. The weak mismatch discrimination observed here is not unexpected given
the length of the probe oligos and the lack of hybridization constraints. We anticipate

that substituting the linear oligo probes with hairpin oligos will increase the sequence
specificity of template hybridization, as it does with molecular beacons [45,46]. With hairpin
oligo probes, inter-molecular hybridization with template nucleic acid requires overcoming
favorable intramolecular hybridization of the hairpin’s stem regions. That thermodynamic
constraint imposes greater demand for complementarity in hybridization, leading to
enhanced specificity. Protein-steramer bioconjugation by DHhC proceeds unimpeded with
hairpin oligos, making this an attractive enzymatic system to generate these biosensors
[29]. The second challenge, posed by the hook-effect, threatens assay reliability through
false negatives, where super stoichiometric nucleic acid template actually diminishes output
signal. Engineering cooperativity into the NanoBiT/template assembly offers one potential
solution [47]. For example, we are now pursuing NanoBiT hairpin probe oligos that not
only hybridize to template with exquisite specificity, but also hybridize with each other
following template hybridization, with the goal of yielding a 3-way junction (Supporting
Fig. 6). Binding cooperativity in enzyme fragment complementation on template nucleic
acid, if realized, is expected to avoid or at least lessen the hook effect phenomenon.

4. Afterword

As this work was underway, a biosensor for double stranded DNA with a conceptionally
similar design to the present ssDNA/RNA biosensor system was reported wherein NanoBiT
fragments were fused to a noncatalytic Cas9 protein (ncCas9) [20,48]. In that system, the
~160 kDa ncCas9 serves to (non-covalently) join LrgBiT and SmBIT to a short-guide RNA
(sgRNA) in a manner similar to a self-labeling protein. The dynamic range (max signal/
background) was similar to the 30-60 fold range reported here. Although the hook-effect
was still observed, a practical advantage of using ncCas9 is that the SgRNA for DNA
template recognition does not require chemical modification. The ncCas9 does, however,
add considerable complexity and steric bulk to the NanoBiT bioconjugate sensor, which
could conceivably complicate productive NanoBiT reconstitution [49]. A more serious
limitation seems to be the intrinsic hybridization specificity of this ribonucleoprotein
complex, restricting ncCas9-sgRNA-NanoBiT complementation to double stranded DNA
targets that harbor a 5'-NGG-3" PAM and its reverse complement 5"-CCN-3" within 27—
52 nucleotides of each other. Nonetheless, with an optimal template, the ncCas9/sgRNA/
NanoBiT “LUNAS” method [20] showed impressive sensitivity and appeared amenable
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to translation as a point-of-care diagnostic. Unfortunately, the specificity of LUNAS in
discriminating mismatches in the DNA target was not reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

DHhC Drosophila hedgehog C-terminal domain
SUMO small ubiquitin modifier protein
MW molecular weight

ssDNA single stranded DNA

dsDNA double stranded DNA

NSP10 non-structural protein 10
Ni-NTA Nickel (2+)-Nitriloacetic acid
S1 steramer 1

S2 steramer 2

NSP nonstructural protein

SEC size exclusion chromatography
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R SNAP-tag™ (182 aa)

| Dihydrofolate reductase (159 aa)

# of residues

-------- GLNDIFEAQKIEWHE - BirA (15 aa)
10 LPXTGGG - Sortase A (6 aa)

"
.
-
-
»

S CXPXR -Formylglycine enzyme (5 aa)
" CaaX - Farnesyltransferase (4 aa)

|1=-{G* -DHhC (1aa)

Fig. 1. Extraneous peptide or self-labeling domains|eft behind in the bioconjugate product cover
awiderange.

Drosophila Hedgehog HhC (DHhC) catalyzed protein-nucleic acid conjugation, used in the
present study, requires a small scar of a single glycine residue.
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Fig. 2. Convergent chemi-enzymatic synthesis of NanoBiT fragment-oligonucleotide conjugates.
(Top, left) £. coli expression and purification of LrgBiT fusion with the bioconjugating

domain, DHhC. Constructs contain an A-terminal SUMO (S) protein to enhance solubility
and a C-terminal hexahistidine tag (Hisg) for Ni-NTA chromatography. (Bottom, left)
Steramer preparation. Monosterylation of oligodeoxynucleotides was carried out by amide
coupling between (111, and orange circle) and NHS-ester modified oligodeoxynucleotides,
followed by purification with reverse phase chromatography. (Side right) Bioconjugation.
Precursor protein, SYMOLrgBiT-DHhC-Hisg is combined with steramer, leading to the
displacement of DHhC-Hisg and covalent steramer attachment to SYMOLrgBiT, to yield
SUMO| rgBiT-S2 (*). Competing side reaction where water replaces the steramer in the
bioconjugation is minimal (h, product from hydrolysis). Bioconjugates were purified

by agarose gel extraction, then concentrated by spin column. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. NanoBiT fragment-steramer bioconjugates enable nucleic acid detection via protein
fragment complementation.

A. Comparison of NanoBiT signal generated from samples containing the indicated sSSDNA
templates. Oligonucleotide templates, SYMOSm-S1, SUMO|g-S2 were (1:1:1), and added to
25 x 1072 M, final. Statistical analysis: one-way ANOVA followed by T-test (GraphPad). B.
Hook-effect apparent in concentration—response plot with increasing d-NSP10. C. Assessing
NanoBiT reconstitution in the presence of nucleic acid template variants. Conditions same
as (A). Only (TT)4 showed a significant difference from control, d-NSP10. **, P < 0.0001.
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Fig. 4. NanoBiT reconstitution reportsthe presence of SARS-CoV-2 NSP-10 RNA.
In vitro transcribed anti-sense NSP10 RNA (squares) but not NSP10 sense RNA (triangles)

triggers NanoBIT fragment assembly and enzymatic activity. Synthetic d-NSP10 served as a
positive control (circles). Nucleic acid and NanoBiT components were added (1:1:1) to 25 x
1079 M, final. Statistical analysis: one-way ANOVA followed by T-test (GraphPad).
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Scheme 1. Repur posing protein fragment complementation for DNA or RNA detection.
Split NanoBiT luciferase fragments with covalently attached oligonucleotides assemble into

a functional light-emitting enzyme via template hybridization.
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