H
Nucleic Acids Research, 2025, 53, gkaf509
https://doi.org/10.1093/nar/gkaf509
Nucleic Acid Enzymes
e OXFORD
ANNIVERSARY

Kinetic analysis and engineering of thermostable Cas12a
for nucleic acid detection

Juan Pan ©*, Megumu Mabuchi, Daniel W. Kneller, Ryan T. Fuchs, Jennifer L. Curcuru,
Esta Tamanaha, Nathan A. Tanner, G. Brett Robb ©, Ivan R. Corréa, Jr.

New England Biolabs Inc., Ipswich, MA 01938, United States
“To whom correspondence should be addressed. Email: jpan@neb.com

Abstract

Cas12a trans nuclease activity has been leveraged for nucleic acid detection, often coupled with isothermal amplification to increase sensitivity.
However, due to the lack of highly efficient thermostable Cas12a orthologs, use of Cas12a in one-pot combination with high temperature
(565-65°C) amplification, such as loop-mediated isothermal amplification (LAMP), has remained challenging. Here, we attempt to address this
challenge by comparative study of the thermostable, but poorly trans-active YmeCas12a (from Yellowstone metagenome) with the mesophilic,
highly trans-active LbaCas12a (from Lachnospiraceae bacterium ND 2006). Kinetic characterizations identified that poor trans substrate affinity
(high K, is the key limiting factor in YmeCas12a trans activity. We engineered YmeCas12a by structure-guided mutagenesis and fusion to
DNA-binding domains to increase its affinity to the trans substrate. The most successful combinatorial variant showed 5-50-fold higher catalytic
efficiency with the trans substrate depending on the target site. With the improved variant, we demonstrate efficient nucleic acid detection in

combination with LAMP in a single reaction workflow, setting the basis for development of point-of-care tests.
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Introduction

The Cas12 enzymes are programmable single effector nucle-
ases of the CRISPR-Cas type V family that rely on guide RNA
spacers (~20 nt) to recognize complementary target DNA [1,
2]. A distinctive feature of Cas12 nucleases is their dual nu-
clease activity: upon specific recognition of a target DNA by
a complementary guide RNA (crRNA, cis activity), the en-
zyme is activated to indiscriminately cleave nearby nucleic
acids (trans activity) (Fig. 1A) [3, 4]. The combination of pre-
cise target recognition and collateral cleavage has been lever-
aged in nucleic acid diagnostics, where cis activity confers high
specificity, and #rans activity enables simple and sensitive sig-
nal readout [5-8]. For instance, in fluorescence-based tests,
the presence of a target is detected through the cleavage of
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fluorescently labeled reporters by trans activity, resulting in a
measurable fluorescent signal (Fig. 1A). While Cas12a-based
nucleic acid detection offers high specificity through guide-
directed recognition, its intrinsic sensitivity restricts its appli-
cation to high-abundance target differentiation, such as geno-
typing, and is often insufficient for direct detection of low-
abundance targets. To overcome this limitation, many Cas12-
based molecular diagnostics have been coupled with isother-
mal nucleic acid amplification methods to preamplify target
prior to detection.

Loop-mediated isothermal amplification (LAMP) is a pow-
erful amplification method that uses a strand-displacing DNA
polymerase and 4-6 primers to rapidly produce large amounts
of DNA at a constant temperature (around 65°C) [9, 10]. It
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is widely used for sensitive and specific molecular diagnostics
due to its rapid turnaround time, low cost, tolerance to in-
hibitors, and flexible readout methods [11-14]. When com-
bined with Cas12a, its detection specificity can be further
improved [5, 15, 16]. However, differences in optimal reac-
tion conditions between these two systems often require that
LAMP and Cas reactions take place in two separate reactions
(two-pot), increasing hands-on time and the risk of carryover
contamination. Thus, assays that couple the two reactions in
a single reaction mixture (one-pot) are preferred to minimize
sample handling and streamline the process.

Molecular diagnostics combining LAMP with thermostable
Cas12b in one-pot format have been reported [6, 7], but
Cas12b guide RNAs are long (>110 nt), increasing cost, time,
and complexity to the tests. In contrast, Cas12a uses much
shorter guide RNAs (~40 nt), which are easier and cheaper
to synthesize. While LAMP—-Cas12a tandem (two-pot) assays
have been effective [5, 17-19], one-pot reactions has been less
efficient due to the requirement of suboptimal LAMP tem-
peratures [20]. Further, additional steps, such as addition of
pyrophosphatase and primer phosphorothioate modification,
are required to compensate for Cas12a’s lack of thermosta-
bility [20]. Therefore, a thermostable, highly active Cas12a
is ideal for robust one-pot Cas12a-LAMP-coupled molecular
diagnostics.

Recently, a large-scale protein language-model based pre-
diction method has been deployed to survey the natural Class
II Cas effectors [21]. It is predicted that Casl2a nucleases
are not stable at temperatures >60°C, with only a small sub-
set stable between 55°C and 60°C. To overcome this, we
focused on the thermostable Cas12a ortholog YmeCas12a
(from Yellowstone metagenome) to develop strategies for
one-pot LAMP-Cas12a enabled nucleic acid diagnostics [22].
Through kinetic comparison with the highly active mesophilic
LbaCas12a (from Lachnospiraceae bacterium ND 2006) [23,
24], we determined that YmeCas12a #rans nuclease activity
is limited by its poor affinity to the trans substrate. Thus,
we engineered YmeCasl12a by structure-guided mutagene-
sis and introduced positively charged residues in the Nuc
and RuvC domains to facilitate ¢rans substrate binding. The
Cas12a trans nuclease activity was also improved by fusion
to DNA-binding proteins (DBPs). Combinatorial variants of
these strategies further improved the trans nuclease activity,
enabling us to realize efficient one-pot detection of target RNA
to as low as 5 copies/ul. The strategies described here can be
extended to other Cas12a nucleases and deployed for appli-
cations that require high #rans nuclease activity as well.

Materials and methods

Reagents and common procedures

EnGen® Lba Cas12a (#M0653T), Monarch® PCR & DNA
Cleanup Kit (#T1130), Q5® Hot Start High-Fidelity 2 x Mas-
ter Mix (#M0494L), NEBuilder HiFi DNA Assembly Cloning
Kit (#E5520), DNase I (#m0303S), Micrococcal Nucle-
ase (#m0247S), NEBuffer™ r2.1 (#B6002S), Proteinase K
(#P8107S), Bst 2.0° DNA polymerase (#M0537S), Isothermal
Amplification Buffer (#B0537S), WarmStart® RTx Reverse
Transcriptase (#M0380L), dNTP solution mix (#N0447L),
Lambda DNA (#N3011S), and Recombinant Albumin,
Molecular Biology Grade (#B9200S) were all from New Eng-
land Biolabs (Ipswich, MA, USA). SYTO™ 82 (#511363)

was from ThermoFisher. Synthetic SARS-CoV-2 RNA (Con-
trol 2, #102024) was purchased from from Twist Bioscience
(CA, USA). Jurkat cell total RNA (#R1255815-50) was from
Biochain (CA, USA).

YmeCas12a and its variants used in this study were puri-
fied using standard liquid chromatography protein purifica-
tion techniques following the published procedures until at
least 90% purity by acrylamide gel [22], with minor modifi-
cations when necessary. Purified proteins were stored at =20
°Cin a buffer consisting of 20 mM Tris—-HCl at pH 7.5 (25°C),
500 mM NacCl, 1 mM DTT, and 50% glycerol (v/v) until use.

All concentrations shown are final concentrations in the re-
action. All Cas12a nuclease assays were carried out either in
1x NEBuffer r2.1 (10 mM Tris-HCI, pH 7.9 at 25°C, 50 mM
NaCl, 10 mM Mg?*, and 100 ug/ml recombinant Albumin) or
a buffer formulated the same except for the exclusion of NaCl.
The Cas12a-crRNA (RNP) complex was prepared by mix-
ing Cas12a and crRNA at 1:1.5 molar ratio in 1x NEBuffer
r2.1 supplemented with 1 mM tris(2-carboxyethyl)phosphine
(TCEP) and pre-incubated at room temperature for 15 min
before inclusion in the subsequent steps. Cas12a nuclease
cis cleavage results were resolved by capillary electrophoresis
on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA), and the results were analyzed with Peak Scanner™
software (Applied Biosystems, Foster City, CA).

DNA and crRNA preparation

All DNA oligonucleotides, fluorescent reporters, and crRNAs
were obtained from Integrated DNA Technologies (Coralville,
IA) and sequences are listed in Supplementary Table S1. The
cis substrate for Cas12a was double strand (dsDNA) prod-
uct (E1-PCR) purified from PCR reactions; the #rans substrate
was NZ-GT reporter unless specified otherwise. The guide
RNAs (crRNAs) were designed by appending a 20-nt spacer
sequence to the natural scaffold sequences of LbaCas12a or
YmeCas12a according to previous publications [22, 24]. The
lyophilized synthetic crRNAs were resuspended in RNA an-
nealing buffer (10 mM Tris-HCI, pH 7.5, 50 mM NaCl,
and 1 mM EDTA) and refolded by heating to 80°C for 2 min
followed by slow cooling at a rate of 0.1 °C/s until 25°C.
Aliquots were stored at —20°C until use.

Thermostability test of Cas12a proteins

The thermostability of Cas12a proteins was measured by the
denaturing temperature on a Prometheus nano differential
scanning fluorimetry (nanoDSF, Monotemper, Munich, Ger-
many) instrument following published procedure [22]. The in-
flection point is interpreted as the unfolding/melting point of
the apo protein or ribonucleoprotein (RNP).

Alternatively, the thermostability of RNP was determined
by the trans cleavage rate after heat challenge. Specifically, 30
nM pre-formed RNP (with crRNA4) was aliquoted and incu-
bated at 55.1°C, 58.4°C, 60.9°C, or 64°C in a thermocycler
for 5,10, or 20 min before removal to ice. One aliquot without
heat treatment was used as a control. After all treatments were
complete and incubated on ice for at least 5 min, pre-cooled
cis substrate (1 nM) and trans substrate (200 nM) were added
to the reactions. The reactions were aliquoted to 3x repeats
on a 96-well plate and incubated at the corresponding chal-
lenge temperatures (to mimic a one-pot reaction scenario) on
a Bio-Rad CFX 96 real-time instruments (Bio-Rad, Hercules
CA, USA). Fluorescence was scanned on the SYBR channel
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every 30 s. Each plate reading cycle was considered 7 s. The
trans cleavage rates were obtained by linear fit of the fluores-
cence change over time at the initial reaction time (before 20
cycles) when fluorescence increase was in the linear range.

Nucleic acid detection reactions by standalone
RT-LAMP or RT-LAMP coupled with Cas12a

All reactions were set up on ice until incubation on a Bio-Rad
CFX 96 real-time instrument. Reverse transcription-LAMP
(RT-LAMP) reactions were set up following standard proto-
cols with minor changes. Specifically, each 50 ul of reaction
comprises 1x Isothermal Amplification buffer, 8 mM MgSQO4
(10 mM total Mg?*), 1.4 mM of each dNTP, 1 x LAMP primer
mix (0.2 uM F3, 0.2 uM B3, 1.6 uM FIP, 1.6 1M BIP, 0.4 uM
LoopF, 0.4 uM Loop B), 16 U Bst® 2.0 DNA polymerase, 15 U
WarmStart® RTx Reverse Transcriptase, 1 uM of SYTO™ 82,
with the addition of 2 ul of RNA as target or Jurkat RNA
as control. The reactions were aliquoted to 3x wells (15 pl
each) in a 96-well plate and incubated on a Bio-Rad CFX 96
real-time instrument. Fluorescence was recorded in all chan-
nels every 30 s. The RT-LAMP reaction was monitored by
fluorescence from SYTO™ 82 intercalating dye binding to the
dsDNA product in the HEX channel. Each plate reading was
considered to take 11 s.

The RT-LAMP and Cas12a coupled one-pot reactions were
the same as RT-LAMP reactions except that each 50 ul of re-
action also included 1 pM NZ-GT reporter and 100 nM
Cas12a RNP. The Cas12a reaction was monitored by fluores-
cein (FAM) fluorescence from release of the FAM fluorophore
upon Cas12a nuclease cleavage of the NZ-GT reporter in the
FAM channel, and the RT-LAMP reaction was monitored in
the HEX channel simultaneously. Assays coupling LAMP and
Cas12a targeting DNA target were carried out with the same
procedure and condition except for the omission of reverse
transcriptase in the reactions.

The RT-LAMP and Cas12 coupled two-pot reactions were
set up in two steps. After RT-LAMP reaction incubated at 58
°C, 1 ul of the product was added to a Cas12a reaction pre-
incubated on ice to make a final volume of 50 ul. The Cas12a
reaction was comprised of 1x NEBuffer r2.1, 500 nM NZ-
GT reporter, 50 nM RNP (YmeCas12a complexed with cr-
RNA4), and supplemented with either 1x LAMP primer mix,
16 U Bst® 2.0 DNA polymerase, 1.4 mM of each dNTP, or
water. Each reaction was aliquoted 15 ul each to three wells
in a 96-well plate and incubated at 55°C on Bio-Rad CFX 96.
Fluorescence was recorded in the SYBR channel every 30 s.
Each plate reading cycle was considered to take 7 s.

Cas12a trans cleavage kinetic assay

Casl2a trans cleavage reaction was designed in pseudo-first
order reaction condition with excess reporter and limiting
RNP-DNA cis complex, the latter of which was established
by using limiting amount of cis dsDNA with excess RNP.
The same amount of limiting cis dsDNA was used for di-
rect comparison of trans cleavage efficiency of different en-
zymes. Specifically, the RNP (50 nM) was formed in 1x NEB-
uffer r2.1 (without NaCl) in the presence of 1 mM TCEP and
supplemented with NaCl to a final concentration of 50 mM
after inclusion of the NaCl carryover from the enzyme stor-
age buffer. Modulation of trans nuclease activity by dNTPs
or NaCl was tested by inclusion of dNTPs or NaCl at the
concentration specified in the corresponding figures. After 15-
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min incubation at the room temperature, the RNP was put
on ice and added with 200 nM reporter and 2 or 5 nM cis
DNA (specified in figure legend). The reaction mixture was
aliquoted to at least 3x wells on a 96-well plate to incubate
on a Bio-Rad CFX 96 following a general protocol: initial in-
cubation at 55°C for 10 s followed by 100 cycles of 55°C for
30 s (unless specified otherwise) plus plate read by the SYBR
channel.

The trans nuclease reaction rates were obtained from initial
data points when fluorescence signal increase was in the linear
range, by fitting a linear regression formula:

y=kx+ a

Where a is the fluorescence at the earliest time point, and
k is the slope (ARFU/cycle) representing the initial rate for
trans nuclease activity when reaction was in the steady state.

Cas12a cis-cleavage kinetic assay

To determine the cis nuclease kinetics, Cas12a reactions were
carried out under single-turnover condition with excess ac-
tive RNP and limiting DNA. All assays were carried out with
perfectly-matched cis dSDNA substrate E1-PCR, which has a
5-HEX on the target strand and 5-FAM on the nontarget
strand to monitor cleavage of both strands.

The active site titration experiments were carried out as de-
scribed before for Cas9 nucleases with minor modifications
[25, 26]. Due to the trans nuclease activity on dsDNA, the cis
substrate could be digested by activated Cas12a so care was
taken to limit reactions to a short time, or reactions were per-
formed with 150 mM NaCl to reduce trans activity.

The cis cleavage rate of Cas12a was determined by rapidly
mixing a pre-formed RNP complex (60 nM, active RNP) with
an equal volume of DNA (20 nM) in 1 x NEBuffer r2.1 using a
KinTek RQF-3 (KinTek Corporation, Snow Shoe, PA) at either
55°C (YmeCas12a and variants of) or 37°C (LbaCas12a). The
reaction was allowed to proceed for the specified period before
quenching with 100 mM EDTA, then supplied with 0.1 unit
of Proteinase K at 37°C for 15 min to release DNA. Reactions
were diluted 5x with water for cleavage analysis by capillary
electrophoresis [27].

The catalysis rate was obtained by fitting the time de-
pendence of product formation with a single exponential
equation:

[DNA] A x (1 - e-’“)

Where A is the amplitude, and k is the observed cleavage
rate on cis dsDNA substrate Rpcis. Since the cis cleavage
kinetics are carried out by mixing RNP with dsDNA in the
presence of divalent cation Mg?*, the reaction undergoes pro-
cesses including, but not limited to, R-loop formation, enzyme
conformational changes, as well as scission of the phosphodi-
ester bonds. Thus, k.pscis represents a lower limit of actual
catalytic rate of the RuvC nuclease, and we use this rate to
reflect the activation rate of RuvC nuclease by the cis sub-
strate (as compared to activation by trams substrate in the
trans cleavage kinetic assay). All cis kinetic parameters are
listed in Supplementary Table S2.

cleaved =

Michaelis—Menten kinetics

After formation at room temperature, the RNP was cooled
on ice. Subsequent reaction setup was carried out on ice. The
RNP-DNA cis complex was prepared by mixing 20 nM pre-
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formed RNP with 1 nM cis substrate, then mixed with the
reporter varying between 50 nM and 8000 nM, as indicated
in figure legends. Each reaction was aliquoted to 5x wells
in a 96-well plate and incubated on a Bio-Rad CFX 96 in-
strument preheated at 37°C (for LbaCas12a) or 55°C (for
YmeCas12a and its variants). Fluorescence signal was ob-
tained every 30 s in the SYBR channel. Background-subtracted
fluorescence was obtained by subtracting the buffer-only sam-
ple from the raw fluorescence readings from each reaction.
Average of the background-subtracted fluorescence from all
five repeats was then converted to reporter concentration cal-
ibrated from a standard curve and plotted against time. The
initial data points were fitted with a linear regression to obtain
initial reaction velocity (nM/s). The initial velocities were fur-
ther plotted against the reporter concentration and fitted with
Michaelis—-Menten equation:

v/[Elp = (kear x [S]/(Km + [S]

Where v is the initial reaction velocity, E is the total enzyme
concentration (RNP-DNA cis complex, 1 nM, determined by
the limiting cis DNA concentration in the bimolecular reac-
tion), S is the frans substrate (reporter) concentration. From
this equation, we obtain the steady-state kinetic parameters
K., and k¢,. The Michaelis constant K, is not a direct mea-
surement of substrate binding affinity, but a reasonable ap-
proximation without detailed information on the trans cleav-
age mechanism. The parameter k¢, represents the apparent
catalytic rate of trans nuclease activity on the trans substrate,
which is a lower limit on the true catalytic rate of the trans
substrate. The specificity constant, k¢, /Ky, is obtained by di-
vision of the two. Note that in this study, K;,, and k. obtained
from Michaelis—Menten plot refer to the trans nuclease activ-
ity specifically and not the cis activity.

The standard curve was generated by digesting the reporter
series of 50, 120, 200, 300, 400, 500, 600, and 700 nM with
2 unit of Dnase I at 37°C for 30 min. After the 30-min incu-
bation, the reactions were moved to a Bio-Rad CFX 96 and
monitored fluorescence in SYBR channel for 15 cycles. Fluo-
rescence signals from cycles 4-11 were averaged to minimize
random drift of signal and subtracted of the background flu-
orescence from buffer-only samples. The reaction plate was
kept at room temperature in dark after the initial plate reading
and monitored the fluorescence again after 3 h. There was no
change in the fluorescence readout, indicating that the diges-
tion was complete. All Michalis—Menten kinetic parameters
are listed in Supplementary Table S3.

Structural analysis of YmeCas12a

AlphaFold2 structure predictions of YmeCas12a were per-
formed using the Colabfold platform [28, 29]. Plots for mul-
tiple sequence alignment coverage and predicted Local Dis-
tance Difference Test (pLDDT) for each residue can be found
in Supplementary Fig. S9. Rank_1 was selected from the top 5
ranked predictions for subsequent analysis due to its low pre-
dicted aligned error (PAE) score and conformational similarity
to the experimentally established post-cis Cas12a structures
that we are interested in this study. The confident and contin-
uous pLDDT scores across each domain of the YmeCas12a
predicted structure (Supplementary Fig. S9) was sufficient to
facilitate hypothesis generation for rational engineering. The
predicted structure was compared to X-ray crystal structures
of Cas12a in complex with guide RNA and cis DNA, specif-

ically the Lachnospiraceae bacterium Casl2a (LbaCas12a)
complex with crRNA and tsDNA (PDB: 5XUS) and the Fran-
cisella novicida Cas12a (FnoCas12a) complex with crRNA
guide and dsDNA target substrate (PDB: 611K) [30, 31]. Struc-
tural superimpositions of the YmeCas12a predicted structure
to the experimental structures were performed for Ca atoms
with the align algorithm in PyMol (The PyMOL Molecular
Graphics System, version 2.0 Schrodinger, LLC) with default
parameters. PyMOL was used for structural interpretation
and illustration.

Mutagenesis

Mutagenesis of YmeCas12a was carried out with the expres-
sion plasmid for YmeCas12a by using a Q5% site directed
mutagenesis kit or NEBuilder® HiFi assembly following the
recommended procedures. Oligo nucleotides used for muta-
genesis are listed in Supplementary Table S1.

Results and discussion

Wild-type YmeCas12a cannot enable efficient
LAMP-coupled one-pot nucleic acid detection

The LAMP reaction requires incubation at a single tempera-
ture near 65°C. To assess the feasibility of one-pot LAMP-
Cas12a coupled test, we decided to pair LAMP with a pre-
viously reported thermostable Cas12a ortholog YmeCas12a
[22], which denatures at ~66°C as Cas12a—crRNA RNP. Con-
sidering that the RNP needs to be activated by the LAMP
product (cis substrate) before cleaving the fluorescent reporter
(trans substrate, Fig. 1A) in a one-pot workflow, we first in-
vestigated the durability of the RNP activity at high temper-
atures. The #rans nuclease activity was monitored after in-
cubating the RNP between 55°C and 64°C for 5, 10, and
20 min or with no heat treatment (0 min, as control) before
addition of the cis (target DNA) and #rans (intramolecularly
quenched FAM-containing reporter) substrates, which gener-
ates FAM signal upon cleavage (Supplementary Fig. S1a). We
observed that the YmeCas12a RNP complex maintained high
activity for up to 20 min at 55-58°C and gradually lost ac-
tivity at higher temperatures, consistent with previous results
(Supplementary Fig. Sla, left) [22]. In contrast, the RNP of
mesophilic ortholog LbaCas12a was almost completely inac-
tive after 5-min incubation at 55°C (Supplementary Fig. S1b,
right). The overlap in working temperatures of YmeCas12a
and LAMP reactions provided an opportunity to establish
LAMP-Cas one-pot nucleic acid detection. Indeed, in a one-
pot reaction that couples RT-LAMP and YmeCas12a, FAM
fluorescence from YmeCas12a trans cleavage of the reporter
was observed when target RNA was present (Fig. 1B and
Supplementary Fig. S2). The onset of Cas12a signal coincided
with the SYTO 82 signal that monitored dsDNA formation
from the LAMP reaction, indicating that significant accumu-
lation of the LAMP product was needed to activate Cas12a
for trans cleavage activity.

Interestingly, when a small amount (1 ul) of the LAMP re-
action product was added to a Cas12a reaction (50 ul) in
a two-pot assay, robust FAM signal from Casl12a reaction
was observed immediately, in contrast to the weaker signal
from the one-pot assay (compare Fig. 1B and C). This im-
plies that LAMP reaction components inhibit Cas12a activ-
ity in the one-pot context. To test this hypothesis, we indi-
vidually added each of the main LAMP reaction components
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Figure 1. Performance of YmeCas12a wild-type in LAMP-Cas12a coupled reactions. (A) Schematic of nucleic acid detection by LAMP-Cas12a coupled
one-pot reaction. After sample addition, the reaction mixture containing both LAMP and Cas12a reagents was incubated at a constant temperature for
amplification (LAMP reaction) and detection (Cas12a reaction) in a single reaction workflow. Cas12a-mediated detection was enabled by

crRNA-guided specific recognition of the cis substrate (LAMP product) and subsequent nonspecific trans cleavage of a fluorescent reporter. The reporter
fluorescent signal indicates the presence of the target nucleic acid in the sample. (B) Performance of YmeCas12a wild-type in the RT-LAMP-Cas12a
one-pot reaction in detection of RNA. Traces shown are FAM fluorescence generated from Cas12a trans cleavage of the reporter. In one-pot reactions,
components for both RT-LAMP and YmeCas12a were prepared in a single reaction mixture. After addition of the substrate, reactions were incubated at
55 °C to monitor the FAM fluorescence. Synthetic RNA substrate diluted in 5 ng/ul Jurkat RNA was used as positive control at 200 copies/ . Jurkat
RNA was used as no-template control (NTC). (C) Performance of YmeCas12a in the two-pot reactions with RT-LAMP followed by Cas12a in detection of
target RNA. RT-LAMP reaction was set up the same way as for one-pot, except for the omission of Cas12a components. After RT-LAMP reaction, 1

wl of product was removed to a 50 ul of Cas12a reaction to monitor the FAM fluorescence from the reporter. The Cas12a reaction was added with either
LAMP product only (positive or NTC), or positive product supplemented with the indicated component in the same concentration as in one-pot reactions.

to the Cas12a reaction in a two-pot assay. We observed that
the inclusion of dNTPs significantly inhibited Cas12a sig-
nal (Fig. 1C), consistent with a previous report [17]. Con-
versely, Cas12a appeared to inhibit the LAMP reaction in
the one-pot setup, as evidenced by the delayed LAMP signal
onset in the one-pot reaction compared to the LAMP-only
reactions (Supplementary Fig. S2). These results reflect the
competition between the two reactions. In one-pot reactions,
Cas12a binds and cleaves the LAMP product, inhibiting am-
plification, while high dNTP concentrations support LAMP
but inhibit Cas12a activity. Additionally, Bst DNA polymerase
may displace Cas12a from the cis product, further disrupting
Cas12a activity, as seen in studies of Cas9 and DNA poly-
merase interactions [32]. Therefore, careful balancing of the
two reactions is required for successful one-pot assay. While
YmeCas12a showed sufficient thermostability and trans nu-

clease activity for detectable signals, the one-pot reaction re-
quires further optimization for efficient molecular diagnostic
purpose.

YmeCas12a shows less efficient trans nuclease
activity than LbaCas12a

To optimize the one-pot reaction, we decided to analyze the
trans nuclease kinetics of YmeCas12a and compare it to the
well-studied mesophilic and highly active LbaCas12a. Four
target sites were designed on the SARS-CoV-2 E gene of the
previously reported LAMP amplicon with a TTTV proto-
spacer adjacent motif (PAM) (Fig. 2A) [33], which is compat-
ible with both Cas12a enzymes (YmeCas12a requires a TTV
PAM and LbaCas12a requires a TTTV PAM) [22, 30]. We
then compared the trans nuclease activities of YmeCas12a and
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Figure 2. YmeCas12a is less efficient than LbaCas12a in cleavage of the trans substrate. (A) Schematic of SARS-CoV-2 E gene LAMP amplicon with four
guide RNAs designed to be compatible with both YmeCas12a and LbaCas12a for comparative studies. (B) Example traces showing the trans nuclease
activity of YmeCas12a and LbaCas12a at the four target sites. Cas12a (50 nM) was complexed with each of the four different crRNAs (100 nM, same
color code as in panel (A)), activated by 5 nM cis dsDNA, and incubated with excess reporter (200 nM) to monitor the trans cleavage activity. The trans
cleavage rates calculated from the initial time when fluorescence change was linear are shown on the right. (C) Effect of dNTPs on the initial trans
cleavage rates. Reactions were performed under the same condition as for panel (B) except for the inclusion of dNTPs. Note that a typical LAMP
reaction includes 1.4 mM each dNTP Fold difference in the initial trans cleavage rates of YmeCas12a in comparison to LbaCas12a in the presence of 1.4
mM dNTPs is shown on the right. Error bars represent standard deviation from two independent experiments.

LbaCas12a at their respective optimal reaction temperatures
(Fig. 2B). Cas12a was loaded with each guide to form RNP
(50 nM), activated by a limiting amount of cis DNA (2 nM),
and then allowed to react with excess trans reporter (200 nM).
Thus, the initial rate of the relative fluorescence unit change
(ARFU) approximates the trans nuclease activity of the spe-
cific RNP independent of the RNP concentration. The trans
nuclease activity of YmeCas12a showed marked differences
among the four guides (13-fold, 0.8-10.4 ARFU/min, Fig.
2B). Comparatively, LbaCas12a showed 2-20 times higher
activity with less variation among the guides (2-fold, 14.6—
34.3 delta ARFU/min). It is worth noting that crRNA4, the
guide with the highest frans nuclease activity, was the only
guide that enabled YmeCas12a in LAMP-Cas one-pot detec-
tion of SARS-CoV-2 (Supplementary Fig. S3a), implying that
high Cas12a #rans nuclease activity is a prerequisite for suc-
cessful one-pot nucleic acid detection.

We further tested the trans nuclease activities of
YmeCas12a and LbaCasl2a in the presence of dNTPs.
The trans nuclease activity of YmeCas12a showed inhibition
by dNTPs in a dose-dependent manner, whereas LbaCas12a
seemed more tolerant to the dNTPs (Fig. 2C). Specifically,
in the presence of 1.4 mM dNTPs, the typical concentration
in a LAMP reaction, YmeCas12a showed ~10- to 80-fold
lower activity than LbaCasl12a. We titrated dNTPs in the

one-pot reaction and found that, despite the inhibition,
Casl12a exhibited higher signal in the presence of higher
dNTP concentration (Supplementary Fig. S3b, left). This was
likely due to the more efficient LAMP reactions (faster LAMP
signal) driven by higher dNTPs (Supplementary Fig. S3b,
right). Therefore, inhibition of YmeCas12a trans activity by
dNTPs, the essential component for LAMP reaction, may
pose a challenge for one-pot integration. A similar inhibitory
trend of the trans activity was also observed by monovalent
salt NaCl (Supplementary Fig. S4), which suggests that
binding of the #rans substrate could be limiting YmeCas12a
activity under these conditions. Considering that high dNTPs
is required for efficient LAMP reactions, we decided to char-
acterize YmeCas12a in greater detail instead of focusing on
optimizing the one-pot reaction condition. We reasoned that
a better understanding on the mechanisms governing trans
nuclease activity in general would be useful for developing
strategies to improve the activity.

The RuvC nuclease of YmeCas12a is not
intrinsically less efficient than that of LbaCas12a by
cis reaction kinetics

The distinct trans nuclease activities of YmeCas12a and Lba-
Cas12a in response to increasing concentrations of dNTPs
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Figure 3. YmeCas12a initiates cis cleavage as efficiently as LbaCas12a. (A) Example time course of cis dsDNA cleavage by YmeCas12a. Single turnover
reactions were carried out with excess active RNP (60 nM) and limiting cis dsDNA (20 nM) in the presence of 10 mM Mg?*. Reactions were quenched
with 100 mM EDTA at different time points. Reaction products of both strands of the cis dsDNA were measured (dots) and fit with a single exponential
equation (lines). (B) Comparison of the observed cis cleavage rates of YmeCas12a and LbaCas12a. The RuvC nuclease domain sequentially cleaves the
ntsDNA and tsDNA before trans activity; so, kinetics of both strands were compared. Error bars represent standard deviation from numeric fitting of
results from a single experiment. Full dataset can be found in Supplementary Table S2.

and NaCl and across different targets indicated that the regu-
lation of the two effectors is different. Since the single RuvC
nuclease domain is responsible for sequential cis and #rans nu-
clease activities (Fig. 1A) [3, 31, 34, 35], we hypothesized that
the observed #rans nuclease differences reflect the intrinsic dif-
ferences in the respective RuvC nucleases. If true, we should
expect the two enzymes to show distinct cis activities corre-
lated to the trans activities. Therefore, we determined the re-
action kinetics of the cis substrate cleavage for the two en-
zymes. Specifically, single-turnover reactions with excess RNP
(60 nM active RNP) and limiting cis dsDNA substrate (20
nM) were performed in a rapid quench instrument. Reac-
tions were carried out for 0.01-10 s before quenching. The
rates of cis cleavage reaction were obtained by plotting the
amount of product generated over time and fitting with a sin-
gle exponential equation (Fig. 3A; Supplementary Fig. S5 and
Supplementary Table S2).

The RuvC nuclease cleaves cis dsDNA sequentially (Fig.
3B, top) [35-39]. The nontarget strand DNA (ntsDNA) is po-
sitioned at the active site after R-loop formation, ready for
cleavage (Fig. 1A). Following ntsDNA cleavage, conforma-
tional changes reposition the target strand DNA (tsDNA) in
the active site. Thus, the intrinsic RuvC nuclease kinetics are
likely reflected by the cleavage kinetics of the ntssDNA (and not
the tsDNA). Regardless, we plotted the cleavage rates of both
DNA strands when YmeCas12a and LbaCas12a were loaded
with the different guides (Fig. 3B, bottom). Comparison of the
ntsDNA cleavage rates showed that YmeCas12a initiated cis
target cleavage faster than LbaCas12a in three out of the four
tested guides. Similarly, YmeCas12a-mediated cleavage of the
tsDNA was at least as fast as that of LbaCas12a. These results
indicated that the cis DNA substrate activates YmeCas12a at
least as efficiently as LbaCas12a. This is in stark contrast to,
instead of in correlation with, the observed frans cleavage ki-
netics (compare Figs. 3B and 2B). The lack of correlation be-
tween the cis and trans cleavage rates further imply that these
two activities are relatively uncoupled, despite both being cat-
alyzed by the same RuvC nuclease. Therefore, to gain deeper
insight into the factors that specifically limit #rans nuclease
activity, we focused on the YmeCas12a post-cis cleavage re-
action kinetics.

YmeCas12a trans nuclease activity is limited by its
affinity to the trans substrate

Since Casl12a trans nuclease activity appeared to be relatively
uncoupled from its cis activity, we decided to isolate the en-
zyme in its trans nuclease state to better characterize the trans
cleavage kinetics. Without the tranms substrate, the post-cis
complex was found to be stable for >4 h at room tempera-
ture in a trams-active state (Supplementary Fig. S6). We ex-
amined the steady-state kinetics of the trans nuclease activ-
ity for both LbaCas12a and YmeCasl12a by mixing a lim-
iting amount of post-cis complex (1 nM) with excess trans
reporter in varying concentrations (50-4000 nM) (Fig. 4A,
and Supplementary Fig. S7). Comparing the same target (cr-
RNA2), YmeCas12a showed a ~4-fold lower catalytic effi-
ciency (kea;) relative to LbaCas12a, and its approximate affin-
ity to the trans substrate (K,) was 20-fold lower. The differ-
ences in catalysis and affinity lead to 77 times lower specific
activity (kcar/Kn) of YmeCas12a compared to LbaCas12a
(Fig. 4B), in agreement with the earlier observations (Fig. 2B).
Since YmeCas12a showed variable trans cleavage activities
across targets (Fig. 2B), we further investigated the steady-
state kinetics of YmeCas12a with the other three guides (Fig.
4C; Supplementary Fig. S7 and Supplementary Table S3).
Among the four guides, the kinetic parameters for catalytic ef-
ficiency (keac) and the affinity to the trans substrate (Ky,) was
~4- and 11-fold difference, respectively, which led to ~48-fold
difference in specific activity (kear/Km). Together, these results
suggest that trans substrate affinity is the main determinant
for trans nuclease activity of YmeCas12a, and it explains the
differences in trans activity variations between guides and its
lower trans activity compared to LbaCas12a.

To ensure the observed activity of YmeCas12a was not bi-
ased by the structured reporter (NZ-GT) in these tests, which
was selected for high trans activity with LbaCas12a with
low background [40], we also performed steady state kinetic
analyses using the linear reporter T25 (Supplementary Fig.
S8 and Supplementary Table S3). Consistent with the NZ-
GT reporter, the activity of YmeCas12a with the T25 re-
porter showed guide-dependent variations in specific activity
(kear/Km,16-fold), mainly driven by the differences in Ky, (8-
fold) rather than k¢, (2-fold). These results indicate that poor
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Figure 4. YmeCas12a trans cleavage kinetics is restricted by poor binding ( Ki) to the trans substrate. (A) Michaelis-Menten kinetics of YmeCas12a and
LbaCas12a on the trans substrate at the same cis target site (both with crRNA2). Data point was shown as dot, and the curve fitting was shown as line.
(B) Fold difference of the Michaelis—Menten kinetic parameters between YmeCas12a and LbaCas12a. (C) Comparison of Michaelis—Menten kinetic
parameters of YmeCas12a at four different target sites. Maximum fold difference between the four sites is shown on the right. All steady-state kinetic
reactions on the trans substrate were carried out with limiting RNP-DNA complex (Eg, 1 nM) with excess trans substrate ranging from 50 to 4000 nM to
obtain the initial trans cleavage rates (o, nM/s). The initial velocities were further plotted against the reporter concentration and fitted with
Michaelis—-Menten equation to obtain the Michaelis-Menten kinetic parameters k., and K. Parameters k.t and K, were averaged from at least two
independent repeats. Errors from fitting were not shown for simplicity. Full dataset can be found in Supplementary Table S3.

trans substrate binding appears to be the primary constraint
on YmeCas12a frans activity. Therefore, we focused on im-
proving the trans nuclease activity by enhancing trans sub-
strate binding.

Engineering the helix-loop-helix motif improves
YmeCas12a trans nuclease activity

A structural model of YmeCas12a was generated with Al-
phaFold2 (Fig. 5A and Supplementary Fig. S9), and compared
with X-ray crystal structures of two orthologs in post-cis
cleavage states. The predicted YmeCas12a structure aligned
well with that of LbaCas12a in complex with crRNA and
tsDNA (PDB: 5XUS; RMSD¢, = 3.0 A) and FnoCas12a in
complex with crRNA and both strands of cis dsDNA (PDB:
611K; RMSDc, = 4.94) [30, 31].

Structural analysis highlighted variation in the helix-loop-
helix (HLH) region of the REC1 domain (Fig. 5B, top), which
rotates after cis substrate binding and directs substrate DNA
to the nuclease (Nuc) lobe [36,38]. The YmeCas12a HLH mo-
tif was extended relative to LbaCas12a and FnoCas12a (Fig
5B, middle). Of note, the longer motif clashes with the nts-
DNA in the aligned FnoCas12a complex. A multiple sequence
alignment showed insertions of >10 amino acids in this re-
gion of YmeCas12a compared to homologs. Furthermore, this
motif was enriched with polar side chains (Fig. 5B, bottom),
indicating that it might interact with the nucleic acid sub-
strate. We hypothesized that the longer motif in YmeCas12a
could potentially inhibit ¢rans substrate binding. We swapped
the HLH motif of LbaCas12a (aa 82-98, purple in Fig. 5B,
bottom panel) with YmeCas12a (aa 98-117, orange in Fig.
5B, bottom panel) based on the structural alignment to min-

imally interrupt the overall structure and named the chimera
YmettH,

The Yme™H construct maintained thermostability
(Supplementary Fig. S10a) and exhibited ~2-fold higher
trans activity relative to wild-type YmeCas12a regardless of
the presence of ANTPs (Fig. 5C and Supplementary Fig. S10b).
Curious if the mutation affected cis substrate cleavage, we
determined the cis-cleavage kinetics. The cis-cleavage rates
of the variant on either strand were very similar to that of
wild-type YmeCas12a (Fig. 5D and Supplementary Table S2)
and were not correlated with the changes in trans activities,
consistent with our observation that the cis and trans ac-
tivities were relatively uncoupled. We further measured the
steady state kinetics of YmeM™™ and found that its improved
trans activity was solely due to ~2-fold higher affinity to the
trans substrate (2x lower K.,) without affecting ke, (Fig.
SE and Supplementary Table S3). Altogether, these results
demonstrated that engineering the unusually long HLH
motif of YmeCasl2a improved its trans nuclease activity
without compromising nor relying on improving the cis
activity.

Another HLH variant, derived from sequence alignment
rather than structural alignments, did not show improvement
over the wild-type YmeCas12a, even though the sequence was
only two amino acids down shifted from the YmeH'" design
(Supplementary Fig. S11a). Further shortening of the HLH
motif by removing an additional helix turn (or four amino
acids) from Yme™"H, did not enhance trans nuclease activity
either (Supplementary Fig. S11b). We also explored other re-
gions of YmeCas12a that showed obvious structural differ-
ence to LbaCas12a, but these variants were rendered mostly
inactive (Supplementary Fig. S12).
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Figure 5. YmeCas12a trans activity improves by structure-guided helix-loop-helix tip swap. (A) YmeCas12a protein domain schematic and the predicted
structure by AlphaFold 2 (AF2) with the same domain color code. The overall protein can be roughly divided into the REC and Nuc lobes. (B) Structural
alignment of YmeCas12a with post-cis complex of LbaCas12a (PDB: 5XUS) or FnoCas12a (PDB: 611K). Insets of the REC lobe helix-loop-helix (HLH) tip
illustrate the uniquely longer tip of YmeCas12a compared to orthologs (middle). Multiple sequence alignments of five Cas12a orthologs (bottom) shows
the insertion in YmeCas12a. The YmeCas12a amino acids 98-117 (dark orange) were swapped with LbaCas12a amino acids 82-88 (dark purple) to
generate variant Yme™". The charged residues in this region are highlighted in red. (C) Initial trans cleavage rates of loop-swap variant Yme'tH
compared to YmeCas12a wild-type in the presence of 1.4 mM dNTPs. The fold change is shown on the right. (D) Reaction kinetics of YmeHH with the
cis dsDNA substrate. The fold change is shown on the right. (E) Comparison of Michaelis-Menten kinetic parameters of Yme"" and YmeCas12a at the
same target site (both with crRNA3). Parameters ket and K, were averaged from at least 2 independent repeats.

YmeCas12a trans nuclease activity improves by
introducing positively charged residues and fusion
to DNA-binding protein

Nonspecific nuclease binding to DNA is mainly driven by
electrostatic interactions [41]. Indeed, the ntsDNA binds to
a positively charged groove on the surface of RuvC and
Nuc domains in the LbaCas12a and FnoCasl12a structures
(Supplementary Fig. S13) [31]. We hypothesized that by in-
troducing positively charged residues to the surface of RuvC
and Nuc domains of YmeCas12a that face the ntsDNA, the
trans substrate binding could be enhanced. We performed lo-
cal alignments of the RuvC and Nuc domains of YmeCas12a
and LbaCas12a (5XUS; RMSD¢, =1.3A) to analyze basic

side chain difference (Fig. 6A). The lysine (K) and arginine
(R) residues either facing the ntsDNA or close to the active
site that were present in LbaCas12a but absent in YmeCas12a
were selected for mutagenesis. Five positions were mutated in
YmeM ' to the most conserved residue in a multiple sequence
alignment or to the LbaCas12a equivalent (Fig. 6B) and the
variants were assessed for trans cleavage activity (Fig. 6C).
Among the variants, G1019K and I11155R each improved the
trans nuclease activity ~2-fold, compared to parent enzyme
Yme"' (Fig. 6C and Supplementary Fig. S14). Interestingly,
the G1019K mutation is on the “lid region” that undergoes a
loop-to-helix transition after cis substrate binding to unblock
the nuclease active site pocket for catalysis [35, 36, 39]. The
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alignment of the five Cas12a orthologs were shown on the bottom with the changed residue framed in red. (C) Relative trans cleavage activity of the
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introduced positive side chain could be poised to stabilize the
trans substrate for cleavage.

Affinity to nucleic acids could also be improved by attach-
ing a DBP to the target protein. Intriguingly, a recent study
showed that fusion of RNA-binding protein to Cas13a im-
proved Cas13a trans activity by improving affinity to its RNA
trans substrate [42]. Thus, we designed N- and C-terminal
DBP fusions to Yme"™H as well as an internal fusion in a
flexible loop between the Nuc and RuvC domains (Fig. 6D,
top). Because the NZ-GT reporter has a stem-loop structure,
we tested both dsDNA (Sso7d) and ssDNA (ET-SSB) binding

proteins. Fusion of Sso7d to the C-terminus and fusion of ET-
SSB to either of the C- or N-terminus improved #rans nucle-
ase activity in general (Fig. 6D and Supplementary Fig. S14).
The effect of internal fusion, however, was variable and often
detrimental. This is unsurprising as the internal fusion could
easily disrupt the overall structure and render enzyme inac-
tive or prevent substrate from accessing the active site. Even
though further enhancement of trans nuclease activity may be
achievable by testing additional DBPs and different linkers,
these results confirm that fusion of DBP to Cas12a is an effec-
tive strategy in improving its frans nuclease activity.
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Figure 7. Characterization of en-Yme and its application in LAMP-Cas12a coupled one-pot diagnostics. (A) Performance of en-Yme in comparison to
YmeCas12a wild-type in one-pot reactions coupling with RF-LAMP in detection of target RNA. Reactions were performed under the same condition with
crRNA4. (B) Initial trans cleavage rates of en-Yme in the presence of dNTPs. Rates of YmeCas12a wild-type in the presence of 1.4 mM dNTPs (empty
boxes) under the same condition are included for comparison. Relative rates of trans cleavage in the presence of 1.4 mM dNTPs are shown on the right.
Dashed line indicates fold change of 1 (or no change). (C) Catalytic efficiency keat/ Ky of en-Yme in comparison to YmeCas12a on the trans substrate.
The parameters kg and K, were averaged from at least two independent repeats. (D) Reaction kinetics of en-Yme in comparison to YmeCas12a with
ntsDNA of the cis dsDNA substrate. Relative fold change of the ntsDNA cleavage rates is shown on the right.

Next, we tested whether combining these various strategies
would have an additive effect in improving #rans activity (Fig.
6E). The double combinatorial variants G1019K/I1155R,
G1019K/C-Ss07d, and G1019K/N-ET-SSB each showed ~2-
fold higher trans activity compared to Yme"', Adding
I1155R to G1019K/N-ET-SSB to create the tri-partite vari-
ant G1019K/N-ET-SSB/I1155R did not yield further activ-
ity gains and instead caused protein instability during pu-
rification. Given its high #rans activity and robust expression
and purification, we selected G1019K/I1155R, hereafter en-
gineered YmeCas12a (en-Yme), for further evaluation in one-
pot nucleic acid detection.

Combinatorial variant en-Yme exhibits robust
performance in one-pot reaction

Encouraged by the improved trans nuclease activity of en-
Yme, we tested it in one-pot reactions with RT-LAMP for

RNA detection. Under identical conditions, en-Yme elicited
a significantly stronger fluorescence response compared to
wild-type YmeCas12a (Fig. 7A and Supplementary Fig. S15).
Both enzymes detected RNA target as low as 5 copies/ul,
but en-Yme showed a much better signal-to-noise ratio. In-
terestingly, although Yme™™! also exhibited increased trans
activity, this did not translate into improved one-pot per-
formance compared to the wild-type. Only en-Yme, with
markedly higher trans activity, enhanced one-pot detection,
highlighting the need for high trans activity to enable effec-
tive one-pot reactions.

To understand the underlying mechanism that contributed
to better performance of en-Yme in LAMP-Cas one-pot re-
action, we investigated the kinetics of this variant. Like
YmeCas12, en-Yme frans nuclease activity was also inhib-
ited by dNTPs in a dose-dependent manner (Fig. 7B, left).
Despite the inhibition, the activity of en-Yme was 4- to 16-
fold higher over that of YmeCas12a under the same condi-
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tions (Fig. 7B, right). Similarly, en-Yme trans nuclease activity
was less affected by the presence of NaCl (Supplementary Fig.
S16a). Steady-state kinetic measurements with the #rans sub-
strate showed that en-Yme had a 5- to 52-fold higher spe-
cific activity (Re/Km) than YmeCas12a, depending on the
target site (Fig. 7C and Supplementary Table S3). Interest-
ingly, the k.,; of en-Yme improved across the four targets
(1.5- to 6-fold improvement over YmeCas12a), showing over-
all low target-dependent variation (1.1-fold maximum differ-
ence; Supplementary Table S3). Higher affinity to the #rans
substrate (K,,) was also observed across all four targets (4- to
8-fold). Therefore, the enhanced #rans nuclease activity of en-
Yme resulted from both higher catalytic activity and tighter
binding to the trans substrate. We also observed that the cis-
cleavage rate on either strand was very similar to that of
YmeCas12a (0.8- to 1.6-fold difference for ntsDNA, Fig. 7D;
0.4- to 1.2-fold difference for tsDNA, Supplementary Fig.
S16b), and were not correlated with the changes in #rans
kinetics.

Compared to wild-type, en-Yme showed improved trans
nuclease activity in the presence of 1.4 mM dNTPs across all
four targets, where the trans activity was comparable or higher
relative to YmeCas12a with its best guide, crRNA4. Since cr-
RNA4 was the only guide that showed sufficient #rans activity
to enable YmeCas12a in LAMP-Cas one-pot nucleic acid de-
tection (Supplementary Fig. S3), we tested en-Yme with the
other three guides. However, under the same reaction condi-
tions, only crRNA4 supported specific detection of the target
(Supplementary Fig. S17). These results highlight the com-
plex nature of one-pot reactions, where the two competing
reactions must be carefully balanced. They also underscore
the importance of guide selection in development of one-pot
diagnostics [6, 7].

In summary, by combining multiple strategies, we have en-
gineered an efficient variant of thermostable Cas12a that en-
ables robust one-pot LAMP-Cas nucleic acid detection. Com-
pared to wild-type, en-Yme exhibits higher #rans nuclease ac-
tivity across all tested targeting sites, improved tolerance to
salt and dNTPs, while maintaining its cis activity.

To evaluate whether the improved performance of en-Yme
in the LAMP-Cas12a on-pot assay is broadly applicable, we
extended our test to mpox, a DNA virus (Supplementary
Fig. S18) [43]. Consistently, the en-Yme-based test yielded a
markedly stronger signal than Yme-Cas12a under identical
conditions and achieved a tenfold improvement in sensitiv-
ity, with a detection limit 200 copies/ul compared to 2000
copies/pl (Supplementary Fig. S18). These findings indicate
that the enhanced activity of en-Yme is not restricted to spe-
cific targets or guide RNAs, but is broadly effective for nu-
cleic acid detection, underscoring the generalizability of our
mechanism- and structure-guided engineering approach.

Conclusion

LAMP is widely used for fast, simple, and sensitive nucleic
acid detection in point-of-care (POC) settings. By coupling
LAMP with Cas12a, detection specificity and sequence dis-
crimination for SNPs and variant calling can be improved [135,
17,44]. For POC nucleic acid detection, user-friendly one-pot
assays that minimize cross-contamination and simplify test
workflows are essential. To develop a robust LAMP-Cas12a
one-pot molecular diagnostics assay, we engineered the ther-
mostable YmeCas12a for enhanced trans nuclease activity.

The optimized enzyme demonstrates improved #rans nuclease
activity across all tested target sites and significantly boosts
signal in LAMP-Cas12a one-pot reaction. Its enhanced nu-
clease activity and thermostability allow it to be directly inte-
grated into the LAMP workflow, operating at a temperature
lower than LAMP’s optimal but effectively balancing both re-
actions, ensuring neither is compromised and no extra steps
are needed.

Cas12a nucleases uses a RuvC nuclease domain for both
cis and trans DNA cleavage, but understanding of the regu-
lation and interplay between these activities remained incom-
plete. Our kinetic resolution of the two steps fills in this gap
and suggests that cis and trans DNA cleavage steps are rela-
tively uncoupled, consistent with previous studies indicating
that RuvC resets after each round of cis reaction (ntsDNA
then tsDNA) [35, 36]. The observed kinetic difference in each
step is likely caused by the large conformational rearrange-
ments that Casl12a enzyme undertakes between the cis and
trans reactions [3, 36, 45-47], which influence both substrate
binding and phosphodiester bond scission efficiency. Rather
than the previously considered diffusion-limited reaction [4],
the trans nuclease activity has been found to be far less effi-
cient [48]. In agreement, our kinetic study reveals that poor
trans substrate binding is the key limiting factor in Cas12a
trans activity. It is important to point out that the observed
kinetics for cis and trans reactions measured here are not a di-
rect readout of catalytic rates, but the combination of multiple
steps for each reaction. The kinetic rates therefore represent a
lower limit of activating the RuvC active site for cis or trans
substrate cleavage. Nonetheless, our kinetic study performed
here provides important guidelines to engineer Cas12a for ef-
ficient trans nuclease activity.

One-pot reactions that couple amplification and Cas nucle-
ase activity must balance these two interdependent yet mu-
tually inhibitory processes. Cas12a relies on the accumula-
tion of LAMP product (cis substrate) for activation of trans
nuclease activity, but activated Cas12a can cleave the LAMP
product, both in cis and in #rans, which in turn inhibits am-
plification. On the other hand, high dNTPs concentrations re-
quired by LAMP inhibit Cas12a trans activity, and the DNA
polymerase in LAMP reactions could dislodge Cas12a from
the cis substrate, deactivating Cas12a. Consistent with this, a
recent study showed that lower RNP concentrations, coun-
terintuitively, improved the sensitivity in one-pot reactions
coupling recombinase-aided amplification (RAA) and Cas12a
[49]. Similarly, efficient one-pot reaction coupling recombi-
nase polymerase amplification (RPA) and Cas12a was demon-
strated by using suboptimal PAMs [50], on the basis that sub-
optimal PAMs slow down Cas12a reaction to favor amplifica-
tion at early stage thus generating enough amplicon for detec-
tion. Our results with the en-Yme variant in LAMP-Cas12a
one-pot reactions (Fig. 7A and Supplementary Fig. S17) also
suggest that while high trans activity is essential, it is not
enough for successful one-pot detection. Therefore, improve-
ment of the Cas trans nuclease activity is best performed early
in the one-pot assay development. Once the trans nucleases
activity meets a critical threshold, a sensitive and efficient one-
pot reaction requires balanced kinetics of the two competing
reactions, which could be achieved empirically by optimiza-
tion of conditions like RNP concentration, temperature, and
additives [7, 17, 20, 51].

In conclusion, we demonstrate a framework for engineering
highly efficient Cas12a enzymes by combining kinetic stud-
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ies of its cis and trans nuclease activities with integrative en-
zyme engineering approaches. These strategies are potentially
applicable to other Cas nucleases, both to better understand
the reaction mechanisms and regulation, and to enhance their
trans nuclease activity for specific applications. Additionally,
our findings lay the groundwork for future development of
multiplexed isothermal nucleic acid detection, such as in com-
bination with thermostable Cas12b and Cas13a.
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