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ABSTRACT

Loop-mediated isothermal amplification (LAMP) has
proven to be easier to implement than PCR for point-
of-care diagnostic tests. However, the underlying
mechanism of LAMP is complicated and the kinetics
of the major steps in LAMP have not been fully eluci-
dated, which prevents rational improvements in as-
say development. Here we present our work to char-
acterize the kinetics of the elementary steps in LAMP
and show that: (i) strand invasion / initiation is the
rate-limiting step in the LAMP reaction; (ii) the loop
primer plays an important role in accelerating the
rate of initiation and does not function solely during
the exponential amplification phase and (iii) strand
displacement synthesis by Bst-LF polymerase is rel-
atively fast (125 nt/s) and processive on both lin-
ear and hairpin templates, although with some inter-
ruptions on high GC content templates. Building on
these data, we were able to develop a kinetic model
that relates the individual kinetic experiments to the
bulk LAMP reaction. The assays developed here pro-
vide important insights into the mechanism of LAMP,
and the overall model should be crucial in engineer-
ing more sensitive and faster LAMP reactions. The
kinetic methods we employ should likely prove use-
ful with other isothermal DNA amplification methods.

INTRODUCTION

Loop-mediated isothermal amplification (LAMP) is a pow-
erful nucleic acid amplification method that uses 4-6
primers with a strand-displacing DNA polymerase to gen-
erate concatemeric amplicons from DNA or RNA targets
(1). Similar to PCR, LAMP performs exponential amplifi-
cation of nucleic acid targets, but in contrast to PCR both

primer invasion and amplification occur at a single tem-
perature. LAMP has proven especially important in health-
care and food industries, where rapid point-of-care nucleic
acid detection is necessary but complex, specialized lab
equipment such as PCR machines are not readily accessible
(2-4).

Exponential isothermal amplification in LAMP is made
possible by the ability of the uniquely designed forward and
backward inner LAMP primers, FIP and BIP, to promote
formation of foldback stem-loop structures in the LAMP
amplicons (1), as illustrated in Figure 1. Each inner primer
is designed by juxtaposing two distinct regions of the target
sequence: the 3’-end region primes the first stage of ampli-
fication and is also responsible for binding new amplicons
during the exponential phase. Meanwhile, the 5'-end frag-
ment promotes formation of the foldback structures that
facilitate self-priming and further binding of new primers.
Amplification is aided by two outer primers, F3 and B3,
that are thought to initiate the exponential phase of ampli-
fication by binding upstream of the inner primers to sup-
port strand displacement DNA synthesis so that the dis-
placed strand can fold into the characteristic double stem—
loop dumbbell-like structure that includes a self-priming 3’'-
end and single-stranded loops. The loops in turn can bind
new inner primers that initiate further strand displacement
DNA synthesis, ultimately leading to formation of large
concatemeric amplicons.

Due to the isothermal and continuous nature of amplifi-
cation, LAMP is typically faster than PCR and yields 10°
to 10'° copies within an hour. This process can be acceler-
ated by adding additional loop binding primers (LP), stem
primers, or swarm primers (5), with some LAMP assays
being completed within 10 min. With the ability to detect
single digit template copies, LAMP is also considered one
of the most sensitive nucleic acid amplification methods ri-
valing PCR. Furthermore, since LAMP uses 4-6 primers
complementary to 6-8 regions on target nucleic acids, it
shows high target specificity, although spurious amplicons
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Figure 1. LAMP Overview. Three primers (shown as small colored boxes) for each side of the target DNA to be amplified (black) are added with Bst
polymerase and incubated at 65°C to start the reaction. During initiation, the primers anneal to their respective complementary regions in the target
DNA, leading to extension of the forward and backward internal primers (FIP and BIP, shown with grey and yellow middle regions, respectively), which
are then displaced by outer primers F3 and B3. Amplification of the displaced products in the opposite direction by the other internal primer results in
structures that fold back to form loops, providing multiple opportunities for extension, ultimately leading to large concatemer formation and exponential

amplification of the starting DNA.

resulting from unintended primer interactions can also
arise. To overcome the possibility of non-specific amplifica-
tion, we have previously engineered hemiduplex, oligonu-
cleotide strand displacement (OSD) probes that ‘light
up’ upon the initiation of strand displacement by single-
stranded loops in LAMP amplicons (6).

A better understanding of the underlying kinetics of
LAMP amplification would greatly assist with the design
of assays, which currently are optimized primarily through
trial-and-error. Numerous PCR kinetic models that have
provided better insight into its amplification mechanisms
and parameters which have facilitated device engineering
and process improvement (7-9). In contrast, kinetic anal-
ysis of the multistep LAMP process has only begun to be
investigated (10,11). It is generally believed that LAMP am-
plification is initiated when sporadic breathing of double-
stranded templates (at an amplification temperature of ca.
63-65°C) allows strand invasion by LAMP primers; how-
ever, to date there have been no kinetic studies to quantify
the rates of primer invasion or strand displacement synthe-
sis in the LAMP reaction. Herein we present our work to

characterize the elementary steps of the LAMP reaction
through pre-steady-state kinetic analysis. We have broken
the reaction down into a series of experiments that mimic
fundamental steps in the amplification reaction in order to
collectively describe the overall process. We propose a ki-
netic model that is consistent with both our kinetic data and
bulk LAMP progress curves.

MATERIALS AND METHODS
Materials and reagents

All chemicals used in this study were of at least 99% pu-
rity and were purchased from either Sigma Aldrich or Ther-
moFisher Scientific.

Enzymes

Bst-LF was prepared as previously described (12). Briefly,
N-terminal 6x His tagged full-length sequence of the Bst-
LF (PDB ID:3TAN) was expressed using the plasmid
pAtetO-Bst-LF (Addgene 1D: 145799). The plasmid was
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transformed into BL21(DE3) E. coli and a single colony
was picked and grown in Superior Broth™ (Athena Enzyme
Systems: 0105) at 37°C overnight. The next day 5 ml of the
overnight culture was inoculated into 500 ml of Superior
Broth™ and grown at 37°C with shaking at 230 RPM un-
til the ODygqy reached 1.0. Protein expression was induced
by adding aTc (Anhydrous Tetracycline) to 100 ng/ml and
protein was expressed at 18°C overnight with shaking at
230 RPM. The induced cells were pelleted by centrifugation
at 4000 x g for 10 min and resuspended in Resuspension
Buffer (50 mM phosphate buffer, pH 7.5, 300 mM NacCl, 20
mM imidazole, 1 x protease inhibitor tablet; Thermo Scien-
tific; A32965) at 10 ml buffer per gram of Escherichia coli,
and sonicated for a total of 4 min with a Branson 450 Dig-
ital Sonifier at 40% strength, 1 s on/4 s off cycle. The lysate
was then clarified by centrifugation at 35 000 x g for 30
min. The supernatant was then poured onto a gravity flow
Ni-NTA column (Immobilized metal affinity column, Ni-
NTA Sepharose; HisPur™ Ni-NTA Resin, Thermo Fisher,
Cat:88222, added 2 mL of resin per 30 ml of cell lysate). The
column was washed with 1 column volume of Wash Buffer
(50 mM phosphate buffer, pH 7.5, 300 mM NaCl, 50 mM
imidazole) and eluted with 5 column volumes of Elution
Buffer (50 mM phosphate buffer, pH 7.5, 300 mM NaCl,
250 mM imidazole; 5 ml). The purified enzyme was dia-
lyzed into Dialysis Buffer (40 mM Tris—HCI, pH 7.5, 100
mM NacCl, 1 mM dithiothreitol (DTT), 0.1% Igepal CO-
630) and loaded on a 10 ml HiTrap Heparin HP affinity col-
umn (Cytiva) using an FPLC (AKTA pure, GE healthcare).
Bound protein was eluted with a NaCl gradient in Elution
Buffer ranging from 100 mM to 2 M over 5 column vol-
umes. The eluted enzyme was dialyzed into Storage Buffer
(50% glycerol, 50 mM Tris—HCI, pH 8.0, 50 mM KCI, 0.1%
Tween-20, 0.1% Igepal CO-630, | mM DTT) and quanti-
fied by Bradford assay and SDS-PAGE Supplementary Fig-
ure S1.

LAMP-OSD data

LAMP-OSD data used for fitting in KinTek Explorer were
generated by amplifying different amounts of GAPDH plas-
mid DNA using Bst-LF DNA polymerase in ‘cellular’
reagent format (13,14). Cellular reagent is a molecular biol-
ogy reagent delivery system that uses dried bacteria, such as
E. coli, which have been engineered to overexpress proteins
of interest, directly as reagent packets in typical molecular
and synthetic biology and diagnostic reactions. Most con-
ventional and engineered enzymes, such as DNA and RNA
polymerases, reverse transcriptases, ligases and restriction
enzymes, can be produced as cellular reagents that upon
rehydration in water can be directly substituted for their
pure counterparts in standard protocols. By obviating the
need for protein purification or constant cold chain, cellu-
lar reagents provide a low cost locally sustainable alterna-
tive to pure reagents. Briefly, 25 wl LAMP-OSD reactions
in 1x isothermal buffer (New England Biolabs, Ipswich,
MA, USA) (20 mM Tris—HCI, 10 mM (NHy4),SO4, 10 mM
KCl, 2 mM MgSQOq, 0.1% Triton X-100, pH 8.8) contain-
ing 1.6 uM each of BIP and FIP primers, 0.4 wM each of
B3 and F3 primers, and 0.8 M of the loop primer, 0.8 M
betaine, 0.8 mM dNTPs, 2 mM additional MgSO,4, 100 nM

of OSD reporter, and Bst-LF enzyme in the form of ‘cellu-
lar’ reagents, which are comprised of 2 x 107 BL21 E. coli
bacteria that were induced to overexpress Bst-LF and then
dried overnight in the presence of a desiccant. OSD probes
were prepared for use in LAMP assays by annealing 100
nM fluorophore-labeled OSD reporter strands with a 2- to
5-fold excess of the quencher-labeled OSD strands by in-
cubation at 95°C for 1 min followed by cooling at the rate
of 0.1°C/sec to 25°C. Amplification kinetics was recorded
in real-time by incubating these LAMP-OSD reactions in a
LightCycler 96 real-time PCR machine (Roche, NC, USA)
maintained at 65°C and measuring OSD fluorescence at in-
tervals of 3 min.

Preparation of oligonucleotides for kinetic assays

Synthetic oligonucleotides were custom synthesized by In-
tegrated DNA Technologies (Coralville, IA, USA). Shorter
oligonucleotides (<50 nt) labeled on the 5’ end with 6-FAM
or Cy3 were ordered with standard desalting while longer
oligos (>50 nt) were ordered with PAGE purification. Oli-
gos were resuspended in Annealing Buffer (10 mM Tris—
HClpH 7.5, 50 mM NaCl, | mM EDTA) and their concen-
tration was determined by absorbance at 260 nm using the
extinction coefficients given in Table 1. Oligos were stored
at —20°C. Template oligos were annealed by mixing the two
strands at a 1:1 molar ratio in Annealing Buffer, heating
to 95°C, and cooling slowly to room temperature over the
course of 1 h. FAM labeled primers and unlabeled templates
were annealed by mixing the labeled primer and unlabeled
template at a 1:1.1 molar ratio in Annealing Buffer, heating
to 95°C, then cooling to room temperature over the course
of 1 h. Annealed oligos were stored at —20°C.

Kinetic experiments

All experiments were performed at 65°C in 1x isother-
mal buffer (20 mM Tris—HCI, 10 mM (NH4),SOy4, 50 mM
KCIl, 2 mM MgSOy, 0.1% Tween 20, pH 8.8 at 25°C),
supplemented with 1 M betaine (ThermoFisher Scientific,
Waltham, MA, USA) and an additional 2 mM MgSO,. Un-
less otherwise stated, concentrations given in the main text
and figure legends are concentrations after mixing. EDTA
was used to quench the reaction in all experiments and the
final concentration of EDTA after quenching was at least
0.2 M. Slow reactions were performed by hand mixing one
solution with another at a 1:1 ratio to start the reaction then
aliquots were removed into EDTA to collect time points.
Fast reactions were analyzed by rapid quench on a Kin-
Tek RQF-3 instrument (KinTek Corp., Austin, TX, USA)
with a circulating water bath set to 65°C. Unless otherwise
noted, all experiments were performed with 0.6 M EDTA
in the quench syringe and Isothermal buffer without mag-
nesium in the drive syringes. Quenched samples were an-
alyzed by capillary electrophoresis as previously described
(15). Briefly, using a 96-well plate, 1.25 wl of quenched
sample was diluted into 10 pl of HiDi Formamide (Ther-
moFisher Scientific, Waltham, MA, USA) containing the
Cy3 labelled internal standard for sizing (Table 1). Pre-run
electrophoresis was carried out at 15 kV for 3 min, then sam-
ples were injected at 3.6 kV at 65 °C for 4-30 s (depend-
ing on the concentration of fluorescent oligo in the sample)
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Table 1. Oligonucleotides used in this study

Template Oligo name Sequence 5'—3’ (length in bp) > 260nm (M~ em™1)
GAPDH FAM-FIP [6-FAM]-CGCCAGTAGAGGCAGGGATGAGGGAAACTGTGGCGTGAT 413,560
(39)
FAM-F3 [6-FAM]-GCCACCCAGAAGACTGTG (18) 194,860
FAM-LR [6-FAM]-TGTTCTGGAGAGCCCCGCGGCC (22) 217,260
LT-1 TTGGCAGCGCCAGTAGAGGCAGGGATGATGTTCTGGAGAGCCCC 940,500
GCGGCCATCACGCCACAGTTTCCCGGAGGGGCCATCCACAGTCTTC
TGGGTGGCAG (100)
LT-1C CTGCCACCCAGAAGACTGTGGATGGCCCCTCCGGGAAACTGTGG 912,700
CGTGATGGCCGCGGGGCTCTCCAGAACATCATCCCTGCCTCTACTG
GCGCTGCCAA (100)
LT-2 CTCTCCAGAACATCATCCCTGCCTCTACTGGCGCTGCCAA (40) 355,100
HT-1 CCTTGGCAGCGCCAGTAGAGGCAGGGATGAGGGAAACTGTGGCG 936,500
TGATGGCCGCGGGGCTCTCCAGAACATCATCCCTGCCTCTACTGGC
GCTGCCAAGG (100)
A. aegypti FAM-BIP [6-FAM]-TAGGTATAGACGTAGATACTCGAGCATTCCTGTAGGAAC 492,660
AGCAATA (46)
FAM-B3 [6-FAM]-TTGAGTTCCGTGTAAAGTTG (20) 215,760
FAM-LF [6-FAM]-GCTTATTTTACTTCAGCAACTATAAT (26) 269,860
HT-1 TAGGTATAGACGTAGATACTCGAGCATTCCTGTAGGAACAGCAATA 963,300
ATTATAGTTGCTGAAGTAAAATAAGCTCGAGTATCTACGTCTATAC
CTA (95)
LT-1 TAGGTATAGACGTAGATACTCGAGCTTATTTTACTTCAGCAACTAT 1,086,500
AATTATTGCTGTTCCTACAGGAATTAAAATTTTTAGTTGATTAGCA
ACTTTACACGGAACTCAA (110)
LT-1C TTGAGTTCCGTGTAAAGTTGCTAATCAACTAAAAATTTTAATTCCT 1,102,500
GTAGGAACAGCAATAATTATAGTTGCTGAAGTAAAATAAGCTCGAG
TATCTACGTCTATACCTA (110)
- Cy3 Internal [Cy3]-CCGTGAGTTGGTTGGACGGCTGCGAGGC (28) 266,800

Standard

on an ABI3130x] instrument equipped with a 36 cm array
and nanoPOP-6 polymer (Molecular Cloning Laboratories,
San Francisco, CA, USA). After injection, the voltage was
stepped up to a run voltage of 15 kV over 40, 15 s steps
and electrophoresis was carried out for 25 min. Experiments
were carried out at least three separate occasions to ensure
reproducibility; the best data set is shown.

Data fitting and analysis/figure preparation

Electropherograms were analyzed with GeneMapper soft-
ware 5 for peak integration and sizing/quantification was
performed with a program we previously developed. (15)
Preliminary conventional data fitting was performed in the
software using built-in analytic functions. The equation for
a linear function is y = Ay + bt, where A is the y value
at time zero, b is the rate and ¢ is time. The equation for
a single exponential is y = Ay + 4;(1 — exp(-b;?)), where
Ay 1s the y-value at time zero, A; is the amplitude, b, is the
decay rate and ¢ is time. The equation for a double expo-
nential is y = Ay + A;(1 — exp(-b1?)) + Ax2(1 — exp(-ba1)),
where A is the y-value at time zero, 4| and A4, are the am-
plitudes of the first and second phases, »; and b, are the
decay rates of the first and second phases, and ¢ is time. The
equation for a single exponential burst is y = 4y + A(1 -
exp(=bt)) + byt, where Ay is the y value at time zero, A4, is
the amplitude of the exponential phase, b, and b, are de-
cay rates of the exponential and linear phase, respectively,
and 7 is time. Diagrams in the figures were prepared with
Inkscape v1.2 (www.inkscape.org). KinTek Explorer soft-
ware (www.kintekexplorer.com) was used in preparing fig-
ures showing kinetic data.

Data in Figures 3 and 4 were fit using a simple model
for processive DNA synthesis using KinTek Explorer sim-
ulation and data fitting software v11 (www.kintekexplorer.
com) (16-18) as described previously (19,20). Briefly, start-
ing by equilibrating DNA binding with the enzyme, we then
add nucleotides and model each step in processive synthesis,
showing the rise and fall of each intermediate. The lines in
each figure show the best fit derived by nonlinear regression
based on the numerical integration of the rate equations.

Modeling the bulk OSD-LAMP data in Figure 5 was
done in KinTek Explorer using the following minimal
model as an input. Each line represents a step in the model
and the forward reaction goes from left to right while the
reverse reaction goes from right to left as written.

(1)S1 =S2
(2) S2 = Pl

(3) P1 + N = PIN

(4) PIN = P1 + P2
(5) P2+ N = P2N

(6) P2N = P2 + P3
(7)P3 + N = P3N

(8) P3N + N = P3NN
(9) P3NN = P3 + P4

S1 and S2 correspond to starting materials that do not
produce a fluorescence signal in the assay. All species with
a P indicate products containing loops to which the OSD
probes hybridize and provide a fluorescent signal in the
assay. N corresponds to nucleotide binding/addition steps
which we model as occurring in only two steps for sim-
plicity. The observable function used to relate the concen-
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tration of species to a measurable signal in the reaction
was defined as the sum of all P species, with an offset
to account for an initial starting fluorescence value and a
fluorescence scaling factor. Namely, the observable signal
was modeled mathematically by the function: al + (b1 *
(P1 + PIN + P2 + P2N + P3 + P3N + P3NN + P4)), ac-
cording to the model described above. The al term scales
the observable signal to match the starting fluorescence of
the data and the bl term scales the magnitude of the signal
change going from the starting material to product. Reac-
tions numbered 1, 2, 4, 6 and 9 were modeled as irreversible
by setting reverse rate constant to 0 because in the presence
of nucleotides and low concentrations of pyrophosphate,
the polymerase reaction is essentially irreversible (21). Nu-
cleotide binding rate constants (k3, ks, k7, kg) were locked at
10 uM~! s~! as reasonable estimates for this second order
rate constant based on previous DNA polymerase studies
(22-24). The reverse rates (k.3, k.5, k.7, k.g) were allowed to
float as independent parameters in the fitting to afford esti-
mates of equilibrium binding constants, i.e. K3 = k3/k_3. Ini-
tial concentrations of species were as follows: SI =1 x 1077
wM; N = 1 wM. N was set at 400-fold lower concentra-
tion than used in the experiment as amplicons were approx-
imately 400 nt in length so 1 N incorporation was used to
represent 400 nucleotides incorporated into the product as
an approximation. Rates for k4 and k¢ were locked at 100 s~!
so that they did not limit the overall rate of the reaction. A
reasonable fit to the data was obtained with k; = 1 x 1077
S_l, ky, = 0.02 S_l, k3, ks and k7 = 10.7 S_l, kg = 0.05
s~! and k9 = 1 s7!, as shown in Figure 6. Here, we de-
fine a reasonable fit as one where the simulated curve goes
through the center of the data points, supported by x > anal-
ysis (18). While the parameters in the model were not well
constrained by the data, this particular model was chosen
as it provided the bestfit with the least number of steps that
can still describe the data. The simulation shows that the
minimal model can account for the data with reasonable es-
timates of the net rate constants based on measurements of
fundamental steps in the amplification reaction.

RESULTS
Investigating primer invasion and initiation in LAMP

We began our studies by investigating the initiation phase
of the LAMP reaction. As described above and in Figure
1, the primer FIP invades the dsDNA template and is then
extended by the polymerase, which sets off a series of ad-
ditional reactions that result in concatemer formation and
exponential amplification. While this reaction can occur at
either end of the growing amplicon, as a model system we
chose to investigate reactions that occurred on only one half
of a typical LAMP reaction. Herein we refer to initiation
as encompassing FIP/BIP primer invasion and the subse-
quent extension steps that must occur prior to exponential
amplification. A model DNA template and primers (F3,
FIP and LR) were based on a LAMP assay for GAPDH
that had previously been used to characterize improved Bst
polymerase variants (12). We also tested our assays with a
template and primers that had significantly lower GC con-
tents, previously employed in a LAMP assay designed to de-

tect A. aegyptiin mosquito populations ((25);Supplemental
Figures S3-S6).

We began by mixing a solution of 5'-[6-FAM] labelled
FIP and dNTPs with a double-stranded linear template
LT1/LT-1C (defined in Figure 2A and Table 1). Bst-LF
polymerase was included in the reaction at 65°C. Samples
were collected at various time points by stopping the reac-
tion with EDTA, and products were resolved and quantified
by capillary electrophoresis via fluorescence detection of the
FAM-labeled FIP primer. The resulting electropherograms
are shown in Figure 2B.

Surprisingly, after a 30-min incubation, no extension of
FIP was observed. Similar experiments with F3 and LR
primers were performed (Figure 2C and D), and yielded
similar results, but with F3 showing extension of up to only
10 bases, much shorter than the expected full-length prod-
uct (89 nt). Of course, since LAMP is typically performed
with multiple primers in the same reaction, we next moni-
tored extension of FAM-labelled primers when both F3 and
FIP were added to the linear DNA template (Figure 2E). In
this experiment, extension to full length products were fi-
nally observed after 30 min.

Since our model LAMP GAPDH reaction also includes a
loop primer, we repeated the experiment with all 3 primers:
LR, F3 and FIP, and the results are shown in Figure 2F.
Full-length product formation was observed after only 10
min. Control experiments without added template (Supple-
mentary Figure S2) showed that most of these products did
not form in the absence of template, and so the observed
product peaks were likely specific amplification products.
This was somewhat surprising, in that in the original pa-
per the proposed mechanism suggested that loop primers
should participate only in the exponential phase of ampli-
fication (26), and not necessarily during initiation. To test
the generality of our findings, we also measured initiation
on a template previously used to detect 4. aegypti from
mosquito samples (25) (Supplementary Figure S3). Full-
length extension from BIP was observed after a 30-min in-
cubation, but most of the product formed corresponded to
erroneous amplification, as the major peak was also de-
tected when no template was added (Supplementary Fig-
ure S4). It should be noted that background amplification
in the absence of template is a common problem for LAMP
(27,28). Adding the B3 primer accelerated the reaction to
the point where a full-length product was observed after
10-15 min, although with low amplitude. When all three
primers were added, a product peak corresponding to full-
length product was observed after only 5 min. Taken to-
gether these results show that the strand invasion/initiation
reaction of LAMP is slow but is greatly accelerated by ad-
dition of all three primers to the half-reaction.

It should be noted that the observed reaction patterns
align with what is also seen in a bulk LAMP reaction: when
all primers are present a product is seen after 5 min, and
this product is then rapidly, exponentially amplified on a
15- to 30-min timescale. To relate the single turnover ex-
periments in this paper to bulk GAPDH LAMP amplifi-
cations involving multiple turnovers, we ultimately created
a model in KinTek Explorer which reasonably accounts for
the main aspect of LAMP amplification curves as described
below.
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Figure 2. Multiple primers are required for efficient LAMP initiation. (A) Schematic of template DNA and primers used to measure initiation. The strand
that each primer anneals to is shown in the box around the template DNA (black) in the same color as the corresponding primer. FIP is shown annealed
to the red region, however the tail of FIP in green can also anneal to the green boxed region next to the LR annealing region. (B) Initiation reaction
with template DNA and FIP. Initiation reactions in (B)—(F) were performed by mixing a solution of 1 wM indicated primer(s), 250 nM template DNA
LT-1/LT-1C and 600 nM Bst-LF polymerase with 400 wM dNTPs to start the reaction. Samples were quenched by mixing with EDTA. Reaction times are
given in blue on the right side of each electropherogram. For each electropherogram in panels (B)—(D), retention time is given on the x-axis with increasing
retention times from left to right, and fluorescence intensity the y-axis. No extension was observed on the timescale of the experiment. (C) Initiation reaction
with template DNA and F3. Extension by up to 10 nt (marked with an orange star) was observed after a 30-min incubation. (D) Initiation reaction with
template DNA and LR. Extension by up to 5 nt was observed after a 30-min incubation. (E) Initiation reaction with F3 and FIP. Minor extension of F3 by
up to 10 nt was observed up to 15 min. Extension to full length extension products was observed after 30 min. Sizes of products are given in green next to
the corresponding peaks in the electropherogram. (F) Initiation reaction with F3, LR and FIP. Extension to full length products (marked with an orange

star) was observed after 10 min when all three primers were added to the reaction.

Kinetic analysis of strand displacement synthesis

After LAMP is initiated, strand displacement synthesis
during exponential amplification occurs throughout in-
creasingly large concatemers. We investigated the kinetics
of primer extension and strand displacement within both
single-stranded and double-stranded regions (Figure 3). In
these experiments, FIP was annealed to a linear template
leaving a 10 nt single-stranded gap prior to encountering a
double-stranded DNA region. The extension and displace-
ment reaction proved to be orders of magnitude faster than
the primer invasion initiation reaction, so the experiment
was performed in a quench flow instrument to resolve the
kinetics of polymerization during a single turnover. Poly-
merase extends the primer in the single-stranded region at
rates of ~500 nt per second up to 3 nt before hitting the
double stranded region, at which point the rate slowed to
an average of 125 nt/s as strand displacement synthesis en-
sued. To our knowledge, these are the first single turnover
kinetic experiments on Bst-LF at its optimal temperature
of 65°C, where it should act as a fast and processive poly-
merase. Results with the 4. aegypti linear template proved
comparable (Supplementary Figure S5). Our data establish
that primer extension and strand displacement activities are
not rate-limiting for product formation in LAMP.

Hairpin primer extension is also fast

Next, we investigated whether extension from the loop
primers would be rate-limiting. Due to the odd structure
and lack of similar experiments in the literature, it was un-
known if a hairpin structure would affect the rate of poly-
merization. Quench flow experiments were performed by
mixing dNTPs with a solution GAPDH FAM-LR/HT-1
(Table 1) that had been preincubated with Bst-LF (Fig-
ure 4). The average rate of polymerization through single-
stranded region was around 600 nt per second while the
strand displacement rate was around 125 nucleotides per
second on average, comparable to what was previously ob-
served with the linear template. Some stalling was observed
in regions of high GC content (as demonstrated by inter-
mediate peaks that formed then slowly disappeared on the
timescale of the experiment). This experiment was repeated
with the A. aegypti hairpin template (Supplementary Fig-
ure S6), which again showed fast polymerization kinetics,
although the amplitude of product formation was lower
than was seen for the GAPDH substrates, likely due to
low GC content (27%) of the loop primer, which could af-
fect the fraction of primer annealed to the template un-
der our conditions leading to a lower amount of product
formed.
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Figure 3. Primer extension and strand displacement synthesis are fast. (A) Schematic of template DNA and primers used to measure extension. The
DNA template is shown in black, consisting of LT-1 annealed to LT-2. The gap between the 3’ end of FIP and the 5’ end of LT-2 is 10 nt. (B) Rapid
quench time course of strand displacement synthesis on linear DNA template. A solution of 75 nM FAM-FIP/LT-1/LT-2 and 400 nM Bst-LF polymerase
was mixed with 400 .M dNTPs to start the reaction in the quench flow. Samples were quenched with EDTA and analyzed by capillary electrophoresis.
For each electropherogram for each individual time point, retention time is given on the x-axis with increasing retention times from left to right, and
fluorescence intensity the y-axis. Lengths of products corresponding to major peaks are shown in red. Reaction times are given on the right-hand side of
the electropherograms in blue. Pausing at the 46 nt product occurs ~3 bases before the start of the double stranded region. (C) Time course of primer
extension reaction on single stranded template region. A plot of the concentration of each species from 39 to greater than or equal to 46 nt are shown,
corresponding to the products formed during the primer extension reaction on the single stranded region of the template. Solid lines through the data
are best fit curves to the fit by numerical integration of the rate equations in KinTek Explorer, giving an average rate of extension of 500 nt/s. (D) Time
course of strand displacement synthesis reaction. A plot of the concentration of species from 39 to full length 89 nt product are shown, fit by simulation in
KinTek Explorer represented by the solid curves going through the data points. The average rate of strand displacement synthesis derived from the fitting
is approximately 125 nt/s.
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Figure 4. Synthesis from loop primer is also fast. (A) Schematic of template DNA and primer used to measure loop primer extension. The hairpin template
HT-1is shown in black, and the FAM labeled loop primer LR is shown in blue, annealed in its approximate position in the loop region of the DNA template.
(B) Rapid quench time course of strand displacement synthesis on hairpin DNA template. A solution of 75 nM FAM-LR/HT-1 and 400 nM Bst-LF
polymerase was mixed with 400 wuM dNTPs to start the reaction. The reaction was quenched with EDTA at various times and products were analyzed by
capillary electrophoresis. For each electropherogram for each individual reaction time point, retention time is given on the x-axis with increasing retention
times from left to right, and fluorescence intensity the y-axis. Electropherograms from different time points are shown with sizes of prominent peaks shown
in red and time points are given in blue on the right-hand side of the electropherograms. (C) Time course of primer extension reaction in single stranded
hairpin region. A solution of 75 nM FAM-LR/HT-1 and 400 nM Bst-LF polymerase was mixed with 400 uM dATP, dTTP and dCTP to start the reaction
in the quench flow. After various reaction times, samples were quenched with EDTA and analyzed by capillary electrophoresis. A plot of the concentration
of each species from 22 to 27 nt is shown. The average rate of polymerization in this region of the template was 600 nt/s. This fast rate of polymerization
in the single-stranded region is more accurately resolved in this experiment than in the experiment in (B) where all nucleotides were added.

Primer binding is slow but not rate-limiting observed as a function of increasing template DNA concen-
trations, with a second order rate constant of ~0.2 puM~!
s~! (Figure 5B, C). With this second order rate constant and
the concentration of primers typically used in LAMP reac-
tions, the net pseudo-first-order rate of primer annealing to
the single stranded loop is considerably slower than rates
of polymerization. However, the rate of primer binding is
still much faster than rates of primer invasion and initiation
(Figure 2), in which the primer invades a double stranded
template region on a 5-10 min timescale. We also tested
primer annealing rates on a linear, single stranded template,
and had similar results (Supplementary Figure S7).
Although primer binding in these experiments might
limit the observed rate, another possibility is that poly-
merase interactions with the primer/template complex are
slow and the order of binding (enzyme or primer first) is
not known. To measure the net rate of polymerase bind-
ing to the annealed primer/template DNA, we mixed solu-
tions of Bst polymerase at different concentrations with a

Since polymerization with both linear templates and hair-
pins was fast even during strand displacement synthesis,
we next investigated whether primer or polymerase binding
steps limited the overall rate of the reaction (Figure 5). We
first measured the kinetics of primer extension under con-
ditions where annealing to a single-stranded loop template
could be rate-limiting (Figure 5A). The primer/loop species
would be similar to the substrate formed after F3 elongation
and strand displacement leading to the exponential ampli-
fication phase. A solution containing Bst polymerase and
hairpin template DNA (in molar excess) was mixed with
FAM-LR and dNTPs to initiate polymerization, and the
kinetics of extension were monitored as above. Primer ex-
tension in these experiments should be fast, as shown above
(Figure 3), and thus observed kinetics should be rate-limited
by annealing of the primer to the single-stranded loop re-
gion. A linear increase in the rate of product formation was
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Figure 5. Primer annealing is slow but not rate limiting while enzyme binding is fast. (A) Schematic of reaction to measure primer annealing kinetics. The
hairpin template HT-1 is shown in black and the FAM-LR primer is shown in blue. Bst-LF polymerase is shown in grey surface representation from pdbid:
7k5t. (B) Time course of primer annealing, monitored by extension of LR. A solution of 0.1, 0.2, 0.3 or 0.4 uM HT-1 and 0.2, 0.4, 0.6, 0.8 WM Bst-LF
polymerase was mixed with 50 nM FAM-LR and 400 .M dATP, dCTP and dTTP to start the reaction. At various times the reaction was quenched with
EDTA and products were analyzed by capillary electrophoresis. Each concentration of template DNA is shown as a different color of data points from red
at the lowest to yellow at the highest concentration. Data at each concentration are shown fit to a single exponential function. (C) Observed rate of primer
annealing versus concentration of template DNA. The rates are shown fit to a linear function, giving a second order rate constant for primer binding
of approximately 0.2 uM~! s~1. (D) Schematic of reaction to measure polymerase binding to annealed primer/template kinetics. The hairpin template
annealed to the FAM-LR primer are shown in black and blue, respectively. Bst-LF polymerase is shown in grey surface representation from pdbid: 7k5t.
(E) Time course of polymerase binding to primer/template monitored by primer extension. A solution of 0.1-0.4 wM Bst-LF polymerase was mixed with
50 nM HT-1/FAM-LR and 400 .M dATP, dCTP and dGTP to start the reaction. At various times the reaction was quenched with EDTA and products
were analyzed by capillary electrophoresis. Data at a single enzyme concentration are shown since the time course of product formation does not change

with increasing enzyme concentration on this timescale. Data are shown fit to a single exponential burst equation.

solution containing pre-annealed primer/template. The
concentration of Bst-LF polymerase was in excess and
therefore should have determined the observed rate if poly-
merase binding was indeed rate-limiting. As seen in Figure
5E, the observed reaction occurred at a rate that was too
fast to resolve on the timescale of the experiment, indicat-
ing that Bst-LF binding was much faster than the rate of
primer binding, as measured in Figure 5B and C. Interest-
ingly, the amplitude of the fast phase of product formation
in Figure SE was around 70% of what would have been ex-
pected for full product turnover, despite a large excess of
enzyme. Thus, the polymerase may be bound at sites other
than the 3’ end of the primer 30% of the time and would
then slowly dissociate to allow binding at the primer termi-
nus for efficient extension.

DISCUSSION

DNA amplification in LAMP is initiated when the FIP and
BIP primers bind to their complementary sequences in their
target nucleic acid sequences. Hybridization of FIP and BIP
can be hampered when the target is double-stranded DNA
or in structured RNA. While random breathing of struc-
tured nucleic acids at a typical LAMP amplification tem-
perature (65°C) can potentially provide sufficient access to
single-stranded regions for FIP and BIP primer binding,
our data suggest that other LAMP primers, such as F3 and

B3 (Figure 1), are crucial for efficient strand invasion by FIP
and BIP. Similarly, the inclusion of additional primers (LF
and LR) that target loop sequences in the amplicon stem-—
loop structures (26) have been shown to improve the speed
and efficiency of LAMP.

The need for improved strand invasion is also apparent
from studies that show improvements in the speed and ef-
ficiency of LAMP with the addition of stem primers that
bind to the amplicon stem region (between the FIP and BIP
binding sites; (29)) and swarm primers that target regions
opposite FIP and BIP (5). Overall, our data suggest a criti-
cal role for any of a variety of accessory primers in enhanc-
ing primer invasion of double-stranded targets, presumably
by facilitating strand separation of duplex DNA or RNA.

Our study has now demonstrated that the initial primer
invasion step is in fact a key, rate-limiting step and that
target invasion by a single primer is very inefficient. First,
based on kinetic measurements on linear templates, the rate
of unimpeded synthesis relative to strand displacement syn-
thesis was reduced only by a factor of 5, and thus the rate
of processive synthesis under either mode was not rate-
limiting. Similarly, polymerization kinetics through hair-
pins was very fast and processive. The values observed are
consistent with the role of Bst DNAP as an enzyme that
is adept at strand displacement. Although T7 DNA poly-
merase with an active proofreading exonuclease cannot ef-
ficiently do strand displacement synthesis, the exonuclease-
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Figure 6. Model for main kinetic steps in the LAMP reaction. Left: Schematic of LAMP reaction broken into kinetically significant steps. Template DNA
is shown in black while F3, FIP, and LR primers are shown in pink, red and green, and blue, respectively. Approximate times to complete each step of the
reaction are given next to each step. Right: Simulation of observed fluorescence in bulk LAMP reaction based on kinetic parameters determined in this
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deficient variant, Sequenase, shows a ~20 fold reduction in
the rate of polymerization going from unimpeded synthe-
sis to strand displacement synthesis (30). HIV reverse tran-
scriptase is inhibited 100- to 1000-fold when encountering
hairpins in RNA or DNA templates (at 37°C) but slowly
reads through the hairpins in a reaction is dependent on
the spontaneous melting of base pairs ahead of the poly-
merase (31,32). Our new data extend the understanding of
strand displacement synthesis for DNA polymerases, which
remain largely under characterized (33).

It should be noted that the Bst enzyme had some dif-
ficulties with sequences that had either high or low GC
content, albeit for different reasons. While high GC con-
tent primers anneal very efficiently to the single-stranded
regions of template DNA, high GC content during strand
displacement synthesis in the double-stranded region next
to a loop caused stalling of the polymerase as it struggled
to unwind the upstream duplex. In contrast, low GC con-
tent reduces efficient annealing of the primer from which
the polymerase extends and limits the amount of product
that is formed even though strand-displacement synthesis
is faster. This tradeoff in GC content and the efficiency of
different steps of the reaction underscore the importance
of optimal GC content in primer design, even in the pres-
ence of 1M Betaine. While optimal LAMP primer design
frequently must be determined via iterative feedback with
experiments, GC contents that are either too high (>65%)
or too low (<30%) may inhibit polymerization. The assays
reported here can help to find the optimal GC content.

Second, measurements to determine whether primer an-
nealing to a single-stranded template or polymerase bind-
ing to a pre-annealed primer/template could limit the rate

of turnover in the exponential phase of LAMP revealed that
primer annealing (with a second order rate constant of 0.2
wM~! s71) is much slower than polymerase binding. Al-
though the second-order rate constant is seemingly slow,
recent estimates of average primer hybridization rates deter-
mined by a graphene biosensor are almost identical to our
measurement (34). Our observed rate of primer annealing
to a single-stranded region is at least 50- to 100-fold faster
than the rate primer invasion of a double-stranded template,
so primer annealing does not limit the overall rate of the
amplification reaction. Forming single-stranded templating
regions for primer binding is therefore a key feature in fast
amplification during the exponential phase of the reaction.

A recent study developed a kinetic model for the expo-
nential phase of LAMP, but did not detail the steps involved
in initiating amplification (35). Similarly, others have pro-
posed more complicated models based on investigating the
distribution of different concatemer lengths and the effect
on exponential amplification (11). Another study used dig-
ital LAMP (dLAMP) to determine the role of non-specific
amplification and in turn optimize conditions to achieve
more specific amplification (10). Our study extends this
work, by breaking the reaction down into simple steps and
advancing a fundamental kinetic scheme for LAMP. The
value of this approach can be seen in comparison with a
study that optimized LAMP to detect 35Sp and NOSt in
transgenic maize, which found that loop primers were able
to substitute for displacing primers thereby corroborating
our results (36).

Overall, we have broken down the LAMP reaction into its
major kinetic steps, as summarized in Figure 6. To demon-
strate the connection between our kinetic experiments and
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the fluorescence readout from the OSD probes (6) in the
bulk LAMP reaction we set up a simulation in KinTek Ex-
plorer (16,17) using the model laid out in the Materials and
Methods section. The first initiation steps were made to be
rate-limiting, followed by exponential amplification from
the products of initiation. Initial concentrations were set
up to mimic the conditions used in the bulk LAMP assay,
with a femtomolar concentration of input template DNA.
The output observable was defined to represent the amount
of product formed and was related to the OSD assay by
the number of loops to which the OSD probe binds to. Al-
though the fitted rate constants are not uniquely defined by
the data, the agreement between the data and the model
show that we have captured the essence of a complicated
series of reactions in a few simple kinetic steps.

This model provides a ready way to begin to understand
and improve LAMP reactions. For example, it predicts that
heat denaturation of template nucleic acid should provide
better access to the rate-limiting primer invasion step. In this
regard, we have previously shown that LAMP can be ac-
celerated by performing amplification with improved poly-
merase variants at a higher temperature (72-74°C) (12).
Similarly, the acceleration of LAMP by chaotropes (urea,
guanidinium) that denature DNA secondary and tertiary
structures (37,38), might be partly due to facilitation of
primer invasion during both initiation and in the formation
of foldback structures during exponential amplification (i.e.
binding of FIP, BIP, LF and LR). Phosphorothioate modifi-
cations are thought to enhance LAMP, particularly at lower
temperatures, by improving the formation of stem loops
from duplex ends and enhancing subsequent primer bind-
ing (39). In fact, the inclusion of both chaotropes and phos-
phorothioate primers enables LAMP to proceed even at low
temperatures, such as 40°C, where the rate-limiting barrier
of primer invasion would be otherwise very difficult to over-
come (39).

While our kinetic model retrodicts many empirical
achievements, it also provides a potential route forward to
a more quantitative understanding of how to design LAMP
amplicons and primers for more facile amplification. Unlike
PCR, where primer design has been relegated to predictive
algorithms, the generation of optimal LAMP primers still
currently relies heavily on experimental trials. As we further
include kinetic data on the formation of foldback structures,
we will work towards a more complete, and predictive, ki-
netic model.
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