22

23

24

25

26

27

28

29

30

31

32

33

34

35

Supplementary Materials: Catalytic DNA Polymerization Can Be
Expedited by Active Product Release

Pepijn G. Moerman®, Momcilo Gavrilov?, Taekjip Ha

2,34 5,6,*

, and Rebecca Schulman'

L Chemical and Biomolecular Engineering, Johns Hopkins University, Baltimore, MD 21218, USA
2 Biophysics & Biophysical Chemistry, Johns Hopkins University, Baltimore, MD 21205, USA
3 Biomedical Engineering, Johns Hopkins University, Baltimore, MD 21218, USA
4 Howard Hughes Medical Institute, Baltimore, MD 21205, USA
5 Chemistry, Johns Hopkins University, Baltimore, MD 21218, USA
6 Computer Science, Johns Hopkins University, Baltimore, MD 21218, USA
" Correspondence should be addressed to: rschulm3@jhu.edu

1 Supplementary Methods

1.1 Materials

Bst Large Fragment DNA polymerase was purchased
from New England Biolabs (NEB). RepX helicase was
produced and purified in house as described in the He-
licase Production section below. All DNA strands were
ordered as desalted 100 nM solutions without further pu-
rification from Integrated DNA Technologies (IDT), ex-
cept for strands labeled with the quencher Iowa Black
FQ, which were HPLC purified. All strands were used
as provided. 10x Thermopol buffer, 1 M MgSQOy4, 10 mM
ATP solution and 100 mm ATP solution were purchased
from NEB. TAE (Tris-Acetate-EDTA, 50x) was ordered
from Thermo Scientific. 1 mM dNTP solutions were
ordered from Promega Corporation. All reporter com-
plexes (see Fig.2b, Fig.4a) were annealed (held at 90 °C
and cooled down to 20 °C at 1 °C per minute) at 10 pMm
with a 1.2x excess of quencher strand. Hairpin strands
were used as provided and not annealed or snap cooled.
All DNA and enzymes were stored at —20 °C. Annealed
DNA complexes were stored at 4 °C.

1.2 Helicase production

Escherichia coli Rep helicase is a two-domain enzymze
that has two conformations: open and closed. Only the
closed conformation is associated with helicase activity.
Arslan et al. showed that cross-linking the two domains
of RepX into the closed conformation enhances its heli-
case activity and processivity[2]; they named this cross-
linked enhanced helicase RepX.

Rep helicase was purified and crosslinked as described
previously [2], using a standard Ni-NTA purification
column, followed by a single-stranded DNA cellulose
column, BMOE (bismaleimidoethane) crosslinking, and
dialysis. Briefly, a pET28a(+4) vector containing Rep-
DM4 was transformed into E. Coli BL21(DE3). Cells

were grown and induced at OD600 = 0.6 with 0.5 mM
IPTG and harvested after an overnight incubation at
18°C. Cell pellets, previously stored at —80°C, were re-
suspended in a sucrose-based lysis buffer and sonicated
followed by centrifugation at 34,864xg. N-terminally
6xHis-tagged Rep protein was purified using an Ni-NTA
column and eluted with 150 mM imidazole-containing
buffer, followed by loading the protein into a single-
stranded DNA cellulose column, washing, and elution
with 1 M NaCl. The presence of the 6xHis should not
affect any downstream application. The protein con-
centration was always kept below 4 mg/ml (50 mM) to
avoid aggregation, and the final Rep protein was stored
at —20°C or —80°C with 50% glycerol. Rep crosslinking
(RepX) was performed using 10 mM BMOE crosslinker
solution in DMF. Optimal crosslinking was achieved at
a Rep concentration of 2025 uM and the final molar
ratio of Rep and BMOE was 1 to 5. Excess imidazole
and crosslinker were removed by overnight dialysis in 600
mM NaCl. Rep-X was finally stored in 50 pL aliquots
at —80°C in storage buffer (50% glycerol, 600 mM NaCl,
50 mM Tris, pH 7.6).

1.3 Sample preparation

We followed the experimental protocol for the primer ex-
change reaction outlined by Kishi et al.[1]. Unless oth-
erwise indicated, all PER rate measurements were per-
formed in solutions containing 100 pM of each dCTP,
dATP, and dTTP, 1x Thermopol buffer, 8 U/uL Bst
Large Fragment DNA polymerase and an additional
12.5 mM MgSQOy to a final concentration of 14.5 mM. No
dGTP is added to any experiments so that the need for
the polymerase to incorporate a guanine into the nascent
strand acts makes a cytosine and effective stop sequence.
A typical experiment contains 200 nM of reactant or
primer strand, 200 nM of reporter complex and 10 nM
of hairpin strand, but we have varied the concentrations
and details are provided at the relevant experiments. In
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experiments using helicase to speed up PER, the sample
contained 100 nM RepX helicase and 1 mM ATP. Other-
wise the buffer conditions are the same as in experiments
without helicase. Experiments to test RepX function on
various reporter complexes contained 10 mm Tris-HCI,
50 mM NaCl, 10 mMm MgCl,, and 100 nM reporter com-
plex, with varying amounts of ATP and RepX helicase.
All solutions are mixed by vortexing, except those con-
taining Thermopol buffer or enzymes. Instead, those are
mixed by pipetting 90 % of the sample volume 3 times
up and down within the well.

1.4 Fluorescence measurements

Fluorescence measurements are performed using a Syn-
ergy H1 platerader by Biotek, operated using the Genb
3.08 software. The platereader was loaded with either
Corning low volume 384-well polystyrene plates, or con-
ical 96-well plates. The sample volume was 35 pL in the
384-well plates and 50 pL in the 96-well plates. In each
experiment all ingredients except the hairpin are mixed
and the fluorescent signal is measured. Then the hairpin
is added to initiate the polymerization reaction and fluo-
rescent signal is measured with 30 second intervals. After
the experiment, 1 pM of product strand is added to sat-
urate all the reporter and measure the maximum signal.
The product concentration over time is then calculated
as [Pl = (F(t) — F(0))/(Fuas — F(0)).

1.5 Gel electrophoresis experiments

To measure the PER rate without reporter complex, gel
electrophoresis was used to report the product concentra-
tion. In this experiment, a total reaction volume of 60 pL
was prepared in a 100 nL. Eppendorf tube. FAM-labeled
primer strands were used. Aliquots were taken every 5
minutes and the reaction was stopped by adding load-
ing buffer in formamide and heat denaturing the sam-
ple at 95 °C for 5 minutes. The samples were then
loaded into a 15 % polyacrylamide gel in a bath of 1x
Tris/Borate/EDTA (TBE) buffer heated to 65 °C. Then
100 V was applied for 2 hours and the gels were imaged
using a SynGene Genebox gel imager operated with the
Genesys software. Gels were not stained so that only
FAM-labeled strands were visible.



2 Supplementary Table: DNA sequences

The table below contains all DNA sequences used in this work and shows the figures in which each sequence is
used. The domains are color coded such that domains of the same color are complementary. The light and dark
blue sequences are primers and binding domains that vary in length to control the binding energy between the
reactant and the catalyst. The red and light purple domains are template domains that control the sequence of
the nascent chain. The green and purple sequences are reporter strands. Modifications are in bold: InvdT is an
inverted dT modifcation on the 3’ end that prevents DNA polymerase from extending the sequence, FAM is a 3’ or

5 end fluorescein modification and IaBkFQ (Iowa Black FQ) is a quencher.

Name

1 Primer 1

2 Product 1

3 Quencher 1

4 Reporter 1

5 HP1_length_18
6 HP1_length_16
7 HP1_length_14
8 HP1_length_12
9 HP1_length_10
10 HP1_length_8
11 HP1_length_6
12 Primer 2 FAM
13 Product 2 FAM
14 Primer 2
15 Product 2
16 Quencher 2
17 Reporter 2
18 HP2_length_20
19 HP2_length_18
20 HP2_length_16
21 HP2_length_14
22 HP2_length_12
23 HP2_length_10
24 HP2_length_8
25 HP2_length_6
26 HP2_length_4
27 R1
28 R1'
29 R2
30 R2'
31 R1_fullcomplement
32 R2_fullcomplement

Sequence

TTACACTACTCTCTTATT

TTACACTACTCTCTTATTACTAAATTCA

/51aBkFQ/ TTACACTACTCTCTTATTACTA /3InvdT/
TGAATTTAGTAATAAGAGAGTAGTGTAA /36-FAM/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAGAGTAGTGTAA /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAGAGTAGTGT /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAGAGTAGT /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAGAGTA /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAGAG /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAGAG /3InvdT/
ACTAAATTCAGGGCCTTTTGGCCCTGAATTTAGTAATAAG /3InvdT/
/56-FAM/ ATTTAATTATTATATTTATT

/56-FAM/ ATTTAATTATTATATTTATT AACCTCATCC
ACCATTTAATTATTATATTTATT

ATTTAATTATTATATTTATT AACCTCATCC

/51aBkFQ/ ACCATTTAATTATTATATTTATTAACC /3lnvdT/
GGATGAGGTTAATAAATATAATAATTAAATGGT /36-FAM/
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATAATAATTAAAT
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATAATAATTAACC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATAATAATTCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATAATAACCCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATAATCCCCCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATATACCCCCCCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAATACCCCCCCCCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATAAACCCCCCCCCCCCCC
AACCTCATCCGGGCCTTTTGGCCCGGATGAGGTTAATACCCCCCCCCCeecccC
/56FAM/ TGAAGTTTGGTGGTGAGATG

CACCACCAAACTTCA /3IABKFQ/

TGAGATGAAGTTTGGTGGTG /36-FAM/

/51ABKFQ/ CACCACCAAACTTCA

CATCTCACCACCAAACTTCA

CACCACCAAACTTCATCTCA

Figures
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
2,5,52,55,57
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S6

S6
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3 Supplementary Discussion 1:
Derivation of PER rate without
helicase

Here we derive Equation (3) in the main manuscript from
Equations (1) and (2). We are looking to predict the re-
action rate dependence on the length of the domain that
facilitates binding between the reactant and the catalyst
for a given initial reactant concentration Ry and catalyst
concentration Cy.

To solve for the three unknown constant concentra-
tions in equations 1 and 2 in the main manuscript, [RC],
[PC], and [C], we use a mass balance equation for [C]—
the total catalyst concentration Cjy is conserved and given
by Cy = [C] + [RC] + [PC]—and find

Co
)= 0 NG
1+ [RIKy 5 +[PIKs
Kir
where we substitute the equilibrium constants K; = Zi:
and K3 = % Equation (S1) is a Langmuir adsorp-

tion isotherm where [C] takes the role of available sorp-
tion sites, and [P] and [R] represent gaseous adsorbate
molecules.

Because the only irreversible step in PER is the con-
version of primer to product on the catalyst, the overall
PER rate is r = ko[RC]. Plugging this equality and
into equation (S1), and assuming quasi-steady state (i.e.
[RC] and [PC] remain constant during the reaction) so

that [RC] = [R][C] 20, we find
r=—kalR]] f = 50@ (52)
kir 1 + [R]Kl 1+'i<32r + [P}Kg

We simplify Equation (S2) using the fact that the equi-
librium constants K7 and K3 are approximately equal
(iie. K; =~ K3 = K), because the same domain is re-
sponsible for their binding, as shown in Figure 2. For
the same reason ks, ~ ki, = k.. We furthermore use
that when the catalyst concentration is low [RC] and
[PC] are small compared to the initial reactant concen-
tration, [Rpl, so that [R]+[P] = Ry. Then equation (52)
reduces to

r = ko [RCy—

= s3
"I+ 21+ RK (83)

Using the fact that r = 7%, equation S3 becomes
an ordinary linear differential equation that can simply
be solved to find

[R] = Rg exp(—t/7) (S4)

[P] = Ro(1 — exp(—t/7)) (S5)

where 7 = (ki2 + k%)(g—g + %%) is the typical timescale

at which the reaction proceeds. Specifically, 7 indicates
the time it takes for 1 —1/e = 63% of the reactant to be
converted to product.

To investigate the dependence of 7 on DNA length
and temperature we use that k; is independent of DNA
length, sequence, or concentration under typical reaction
conditions[3]. We can then rewrite 7 as

1 K

1, K Ry 1
ky kg

?O—FKCO

T =

(S6)

4 Supplementary Discussion 2:
Connecting the model to exper-
iments

To compare equation (3) to our experiments, we need
estimates for k; and ko, and a relation between K (the
equilibrium constant of reactant-catalyst and product-
catalyst binding) and the length of the binding domain
on the catalyst in number of nucleotides.

We use that the hybridization rate between reac-
tant or product strands and catalyst strands ky ~ 3 X
105 M !s ! as measured by Zhang and Winfree[3].

For the relation between K and the binding domain
length we use that K = exp[—AG°/kgT]. The free en-
ergy of hybridization, AG°, is roughly proportional to
sequence length. In our experiments, the primers are
composed of only A, C and T nucleotides with no ad-
jacent C’s, so few sequence-specific effects are expected.
Under these conditions thermodynamic data show that
at 25°C AG ~ 9 kJ/mol — (n — 1) x 5.9 kJ/mol, and at
37°C AG =~ 8.5 kJ/mol — (n — 1) x 4.8 kJ/mol, where
n is the length of the primer in nucleotides.

Plugging these numbers into equation (3) results in an
expression for 7 as a function of n with only ko as an
adjustable parameter. We use ko as a fit parameter but
have an order-of-magnitude estimate of its value based
on measurements by Deng et al.[4]. They measured that
at 25°C a 500-nucleotide template is copied in 1400 s.
Assuming that this rate is linear in domain length, that
corresponds to ky ~ 10 2 s ! for a 10-nucleotide do-
main. We found that values of ks = 2x 10 3s 1 at 25°C
and ks =8 x 10 3s ! at 37°C, produce good agreement
between our model and the data.

5 Supplementary Discussion 3:
Derivation of PER rate with he-
licase

In this section we derive equation (6) in the main
manuscript from equations (4) and (5). We start, as in
Supplementary discussion 1, from the two rate equations
that describe the changes of [RC| and [PC]| over time
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(equations (1) and (2)), but include terms to account for
the unwinding of the product-catalyst complex at rate ky,
(see Fig. 3a) and the unintended removal of the reactant
from the catalyst with a leak rate k; = L x kp:

d[ZC] = kyf[R)[C] = (k1 + ko + k))[RC] = 0. (ST)
d[gtc] = ks [P][C] — (kzy+kp)[PC] 4 ko [RC] = 0. (S8)

Here kj, is a rate constant with units s ' and the
leak parameter L is a dimensionless constant between
0 (perfectly selective for product-catalyst complex and
no reactant-catalyst unwinding) and 1 (non-selective
for product-catalyst complex, unwinds reactant-catalyst
complex at equal rate). We make the same assumptions
as in section 2.1 that the on rates k1 and ksy are approx-
imately equal and independent of the length of the bind-
ing domain. We also assume that ki, =~ ks, and there-
fore that K1 ~ K3. Combined with conservation of mass,
Cy = [C]+[RC]+[PC], and under the quasi-steady-state
assumption which states that [PC], [RC], and [C] remain
constant during the reaction, equations (S7) and (S8)
give a steady-state unoccupied catalyst concentration

Co

k2
1 + kr+kn

[C] =

. (89)
Jr[ ]k.—lf:kh

k
1+ Rl o

Next, we use that the rate of reactant consumption is
4B _ _1,[RC] and that Ry = [P] + [R] to find

d[R] _ _[ ] kgkf cVO
dt ke +ke+kp 1+ (A~ B)[R + BRy’
(S10)
where A = kr+kif+Lkh 1+ k’r’fkh and B = kir]ifk‘h are

constants that are lumped for brevity.

Equation (S10) only has an analytical solution for [R]
as a function of t if A— B = 0. This is the case if k, =0
and there is no unwinding by helicase, as we have seen
in Section 2.1 of the main manuscript. A and B are also
equal if L = 0 and the helicase unwinds the reactant-
catalyst complex and the product-catalyst complex with
equal rates. Here, we make the rather crude approxima-
tion that A — B = 0 also for L # 0 and kp > 1. This
approximation ignores differences in binding strength be-
tween the reactant and product with catalyst, so that
when reactant gets converted to product, the free cata-
lyst concentration does not change. Making this simpli-
fication allows us to obtain an analytical solution for the
PER rate as a function of K and kp,

d[R]

gtk Co
e kp + ko + k14

RoK ’
142

(S11)

but the analytical approximation will overestimate the
reaction rate for selective helicases with high activity (see

Supplementary Fig. S1). The solution to equation (S11)
is an exponential decay with typical timescale
1

1 K Kk 1 R 1
Bt i R T Gl

2 f fr2 0 ol+4 K

(S12)

Under our approximation, the reaction rate is captured
by a single time scale 7, similar to the case without he-
licase described in section 2.1 of the main manuscript.
The only difference is that in the presence of helicase, T
is a function of k;, and L. Indeed, when considering the
case of kj, = 0, equation (S12) reduces to the expression
for 7 in equation (3) in the main manuscript, in which
no helicase action was considered.

We conclude by estimating the error introduced by
our simplification. To that end, Supplementary Figure
1 compares the predicted change in reactant concentra-
tion [R] over time calculated using the numerical solu-
tion to equation (S10) (continuous line) to that calcu-
lated using the approximate analytical solution to equa-
tion (S11) (dotted line). We find that if L = 0 (shown in
panel a), where the difference is expected to be largest,
the approximate analytical solution overestimates the
rate by approximately 200 % for k;, = 10 2 s !, by
30 % for k, = 10 3 s !, and by only a few percent
for kj, =10 3 s *. Panel b shows that if the helicase is
not selective, the difference between the numerical and
approximate analytical solution vanishes. Fitting equa-
tion (S12) experimental data, we use kj, = 1.3x10 3s !
and L = 0.1, so we expect we overestimate the rate no
more then 30%, a small effect compared to the rate in-
crease of 2 orders of magnitude due to the addition of
helicase that the model captured.

T(kh) =
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Supplementary Figure 1: Comparison between the numerical solution to equation (S10) (continuous lines) and
the analytical solution to equation (S11) (dotted lines). The comparison is made at three different helicase rate
constants: ky =10 4s ! (black), kp, =10 3s ! (red), and k;, = 10 2 s ! (blue). For reference, in the comparison
to experiments we use k;, = 1.3 x 10 2 s '. The case of a selective helicase with L = 0 is depicted in panel
(a) and the case of a non-selective helicase with L = 1 is depicted in panel (b). The other parameters used are:
Co =100 nM, Ry =200 nM, =298 K, ky =3x10 "M 's ! ks =2x10 3s !, and the binding domain length
is 18 nucleotides.



6 Supplementary figures
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Supplementary Figure 2: Catalytic reaction rate as a function of temperature. The binding domain on the catalytic
hairpin is a 10 nucleotide AGT sequence (HP_length_10 in Supplementary Table 1.)
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Supplementary Figure 3: Gel electrophoresis measurements of the PER rate as a function of time. The first two
wells contain reactant and product strand respectively, except in the gels with 16 and 18 nucleotide long binding
domains and 100 nM helicase. Each well is separated by 5 minutes and the first well is immediately after addition
of RepX (0 minutes).
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Supplementary Figure 4: We measure the PER rate using a reporter complex that reacts with the PER product
and results in a fluorescent signal. To ensure that the reaction between product and reporter is not rate limiting,
we measured the PER rate also using gel electrophoresis where no reporter is required. The graph shows the
fraction of converted reactant over time measured both in gel electrophoresis and fluorescence experiments. The
rate measurements agree fairly well. Experimental conditions are 100 nM of reactant and reporter and 10 nM of
catalyst strand.
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Supplementary Figure 5: Conversion of fluorescence signal to product concentration. a) Raw data of fluorescence
obtained in an experiment where 100 nM reactant gets converted to product via PER with 10 nM hairpin with a
10-nucleotide binding domain, in the presence of 100 nM reporter complex and 100 nM RepX helicase. After the
product is formed, it quickly reacts with the reporter complex to produce a fluorescent signal (Fig. 2b). After
100 minutes, 300 nM of product strand is added to saturate the 100 nMm of reporter and obtain the fluorescent
signal that corresponds to a completed reaction. b) The concentration of activated reporter as a function of time
is calculated from the raw data in panel (a) as [Activated reporter|(t) = F(t) — F(0)/(Fmaz — F(0)0, where F(t)
is the raw fluorescence counts over time. Since the reaction between reporter and product (ky.p ~ 10 3 nm s 1)
is much faster than the production of product (k..; < 10 4 nm !s 1), the active reporter concentration over time
is a reasonable estimate of the product concentration over time.
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Supplementary Figure 6: Polymerization is not the rate-limiting step in PER. The graph shows fluorescence
increase, which signals increased PER product, as a function of time. All PER rate measurements use a polymerase
concentration of 8 U/pL. Here, we decreased the polymerase concentration down to 16-fold and find that decreasing
the polymerase concentration does not systematically decrease the reaction rate, indicating that polymerization is
not the rate limiting step. Instead, higher DNA polymerase concentrations appear to slightly decrease the initial
rate which could be related to the viscosity of the fluid, as the DNA polymerase is stored in a 50% glycerol mixture.
The reaction mixture contained 200 nM reactant and reporter and 10 nM hairpin with a 14-nucleotide binding
domain. The reaction was performed at 37 °C.



