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Appendix Methods

Mathematical Model Development

The ssDNA and dsDNA models describing RAD51 polymerisation on ssDNA and

dsDNA, referred to as the n-mer models, each consist of an equilibrium sub-model

and a kinetic sub-model. The equilibrium sub-model was formulated using second

order mass-action kinetics via the rule-based modelling language BioNetGen [4], and

consists of 16 non-linear ODEs describing the formation of RAD51 polymers in so-

lution up to a maximum length of 16 (i.e. the predicted maximum number of RAD51

molecules binding to a DNA 50-mer [6]). Each ODE describes the rate of change in

concentration of a RAD51 polymer in solution with respect to time. They are non-

linear because monomeric RAD51 is consumed in the process of polymerisation to

form RAD51 polymers. In this sub-model, any RAD51 n-mer (1 ≤ n < 16) can bind to

any other RAD51m-mer (1 ≤ m < 16) to form a RAD51 (n+m)-mer (1 < n+m ≤ 16).

In addition, any RAD51 k-mer can fall apart in every possible combination ofm-mers

and n-mers (k = n + m) (e.g. a pentamer can fall apart to form a monomer and a

tetramer, or a dimer and a trimer). The single dissociation constant (KD) describing

all of these pairwise interactions is a fit parameter derived from the SPR data. The

model is evaluated at equilibrium to calculate the concentration of each RAD51 poly-

mer in solution, prior to the SPR injection. The concentration distribution of RAD51

polymers in solution depends on the fit parameter KD and on the RAD51 monomer

concentration (i.e. the RAD51 SPR injection concentration). The predicted concen-

trations of RAD51 polymers are then inserted into the kinetic sub-models.

The ssDNA and dsDNA kinetic sub-models describe the formation of RAD51 poly-

mers on ssDNA and dsDNA, respectively. Importantly, during SPR injections the con-
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centrations of RAD51 polymers in solution in the flow cell remains constant because

RAD51 is continuously replenished by flow. For this reason, the kinetic sub-models

were formulated using first order mass-action kinetics via the rule-based modelling

language BioNetGen [4] and each consist of 17 linear ODEs. Each ODE describes

the rate of change in mean concentration of a DNA-bound RAD51 n-mer on the SPR

chip with respect to time, where 1 ≤ n ≤ b and b is the maximum number of RAD51

binding sites on the DNA molecule (Appendix Table S1).

All data and scripts are freely available via Open Science Framework (https://osf.io/28cqv/).

Appendix Table S1: DNAmolecule names and lengths, with corresponding maximum RAD51 polymer
lengths (b) and n-mer model (NM) ODEs used for SPR data fitting. SPR data obtained using the
ssDNA dN-5 and dN-11 oligos was not included in the data fitting because they were identical to the
data obtained using the ssDNA dN-8 oligo and described no RAD51 binding to these oligos. NA: not
applicable. ESM: equilibrium sub-model.

Molecule Name Length (nt or bp) b NM ODEs

ssDNA dN-5 5 1 NA

dsDNA dN-5p 5 1 ESM, 10 - 11

ssDNA dN-8 8 2 ESM, 5 - 7

dsDNA dN-8p 8 2 ESM, 10 - 12

ssDNA dN-11 11 3 NA

dsDNA dN-11p 11 3 ESM, 10 - 13

ssDNA dN-14 14 4 ESM, 5 - 8

ssDNA dN-17 17 5 ESM, 5 - 8

ssDNA dN-50 50 16 ESM, 5 - 9

ssDNA dT-50 50 16 ESM, 5 - 9

ssDNA dA-50 50 16 ESM, 5 - 9

dsDNA dN-50p 50 16 ESM, 10 - 14

https://osf.io/28cqv/
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Assumptions

For the equilibrium sub-model, we assume

• any RAD51 n-mer (1 ≤ n < 16) can bind to any other RAD51 m-mer (1 ≤ m <

16) to form a RAD51 (n+m)-mer (1 < n+m ≤ 16)

• any RAD51 k-mer can fall apart in every possible combination of m-mers and

n-mers (k = n+m)

• the dissociation constant betweenRAD51 polymersKD is independent of RAD51

polymer length: KD(n,m) = KD(1, 1) = KD. This assumption was previously

applied in [2]

For the ssDNA and dsDNA kinetic sub-models, we assume

• Each ssDNA or dsDNA molecule can accommodate a RAD51 polymer of max-

imum length b, where b is the maximum number of RAD51 binding sites on the

DNA molecule (Appendix Table S1)

• RAD51 only nucleates once per DNA molecule (i.e. each DNA molecule only

accommodates a single polymer of length n, where 1 ≤ n ≤ b). In other words,

polymer elongation is faster than nucleation. This is a valid assumption given

that the longest ssDNA and dsDNA molecules used in this study are 50 nt and

50 bp long respectively, and RAD51 nucleation was shown to occur on average

once every 500 bp in reactions with a 1 RAD51 : 3 bp molar ratio [5]. In the

case of the experiments using WT RAD51 and the ssDNA dN-50 or dsDNA

dN-50p, we used a 150 nM RAD51 concentration. Considering an average

10 RU of immobilised dsDNA and a dN-50p molecular weight of 31.157 kDa,

the molar ratio in my experimental system is far lower compared to that in [5],
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and hence nucleation is expected on average to occur only once on a DNA

molecule: [bps]= 50(
Rlig

100Mlig
)[3] = 50( 10RU

(100)31157Da) ≈ 160 µM.Hence 150nM RAD51
160µM bps ⇒

1 RAD51 molecule per ≈ 1100 bps on the SPR chip.

• Any RAD51 n-mer (1 ≤ n ≤ b) can adsorb onto DNA from solution. If n < b,

further RAD51 polymers in solution can elongate the DNA-bound n-mer to form

a DNA-bound (n∗)-mer (1 < n∗ ≤ b)

• The rate of adsorption of RAD51 n-mers on DNA is the same as the rate of elon-

gation of RAD51 n-mers on DNA. This rate is described as the polymerisation

rate constant kp

• RAD51 dissociation occurs via the removal of single RAD51 protomers and of

short, unstable RAD51 nuclei. This is a valid assumption when considering

that in all the SPR experiments in this study ATP hydrolysis is inhibited via the

addition of Ca2+, leading to very slow RAD51 filament disassembly which can

be approximated as disassembly via monomer removal or via the removal of

short, unstable RAD51 nuclei

Description of ODEs - Equilibrium Sub-Model

A previous study applied a closed form expression to evaluate the concentration of

RAD51 n-mers as a function ofKD and the RAD51monomer concentration [2], but did

not provide a derivation of the expression. For this reason, we preferred to develop

a comprehensive ODE model using BioNetGen [4] that takes account of all n-mer +

m-mer interactions. The BioNetGen code for the equilibrium sub-model is as follows:
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In the first section ( ) all model parameters, including kinetic rate

constants, are defined. In the second section ( ), all possible

RAD51 polymer lengths in solution are defined. In the third section ( ),

the initial condition forR1 is defined (R1(0) = = RAD51 injection concentration).

In the fourth section ( ), all allowed RAD51 polymerisation re-

actions in solution are defined with their associated kinetic rate constants. The final

section ( ) defines the desired model outputs (in this case nRn for

n = 1, ..., 16).
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The resulting ODEs for the equilibrium sub-model in compact form are as follows:

for n = 1:

dR1

dt
= kd(

1

2
R2 +

16∑

3

Ri)− kaR1(2R1 +
15∑

2

Ri) (1)

for 2 ≤ n ≤ 8:

dRn

dt
= kd(

2n−1∑

n+1

Ri +
1

2
R2n +

16∑

2n+1

Ri −
⌊n
2

⌋
Rn)− ka[Rn(

n−1∑

1

Ri + 2Rn +
16−n∑

n+1

Ri)−
⌊n

2 ⌋∑

1

RiRn−i]

(2)

for 9 ≤ n ≤ 15:

dRn

dt
= kd(

16∑

n+1

Ri −
⌊n
2

⌋
Rn)− ka(Rn

16−n∑

1

Ri −
⌊n

2 ⌋∑

1

RiRn−i) (3)

for n = 16:

dR16

dt
= ka

8∑

1

RiR16−i − 8kdR16 (4)

with initial conditions R1(0) = RAD51 SPR injection concentration, R2,...,16(0) = 0.

Rn is the time-dependent concentration of RAD51 n-mers in solution, ka and kd are

the association and dissociation rate constants of the RAD51 protomer-protomer in-

teraction, and ⌊.⌋ is the floor function (e.g. ⌊2.7⌋ = 2). To fit the KD of the RAD51

protomer-protomer interaction, ka was set to 1 and the kd was fit by simulating the
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model at equilibrium. Hence, KD = kd
ka

= kd.

Description of ODEs - Kinetic Sub-Models

The ODEs for the general ssDNA and dsDNA kinetic sub-models were both gener-

ated via the same BioNetGen code:
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In the first section ( ) all model parameters, including kinetic rate

constants, are defined. In the second section ( ), all possi-

ble RAD51 polymer lengths on ssDNA and dsDNA are defined. In the third section

( ), the initial condition for S0 and D0 is defined (S0(0) = D0(0) =

= 1). In the fourth section ( ), all allowed RAD51

polymerisation reactions are defined with their associated kinetic rate constants. The

final section ( ) defines the desired model output (in this case
∑16

1 iDi).
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The resulting ODEs for the general ssDNA kinetic sub-model in compact form are

as follows:

dS0

dt
=

b∑

1

kdi Si − kpS0[
b∑

1

i(b+ 1− i)Ri] (5)

dS1

dt
= −kd1S1 + kpbR1S0 − kpS1

b−1∑

1

Ri + ksS2 (6)

dS2

dt
= −kd2S2 + kp[R1S1 + 2(b− 1)R2S0]− kpS2

b−2∑

1

Ri + ks(S3 − S2) (7)

for 3 ≤ n ≤ 15:

dSn

dt
= −kdnSn + kp[

n−1∑

1

RiSn−i + n(b+ 1− n)RnS0]− kpSn

b−n∑

1

Ri + ks(Sn+1 − Sn)

(8)
...

dS16

dt
= −kd16S16 + kp[

15∑

1

RiS16−i + 16(b− 15)R16S0]− ksS16 (9)

With initial conditions S0(0) = 1, S1,...,16(0) = 0.

Similarly, the ODEs for the general dsDNA kinetic sub-model in compact form are as

follows:
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dD0

dt
=

b∑

1

kdiDi − kpD0[
b∑

1

i(b+ 1− i)Ri] (10)

dD1

dt
= −kd1D1 + kpbR1D0 − kpD1

b−1∑

1

Ri + ksD2 (11)

dD2

dt
= −kd2D2 + kp[R1D1 + 2(b− 1)R2D0]− kpD2

b−2∑

1

Ri + ks(D3 −D2) (12)

for 3 ≤ n ≤ 15:

dDn

dt
= −kdnDn + kp[

n−1∑

1

RiDn−i + n(b+ 1− n)RnD0]− kpDn

b−n∑

1

Ri + ks(Dn+1 −Dn)

(13)
...

dD16

dt
= −kd16D16 + kp[

15∑

1

RiD16−i + 16(b− 15)R16D0]− ksD16 (14)

With initial conditions D0(0) = 1, D1,...,16(0) = 0.

Sn and Dn (n = 1, ..., 16) represent the time-dependent concentration of ssDNA-

bound and dsDNA-bound RAD51 n-mers on the SPR chip, respectively. S0 and D0

represent the concentration of unbound ssDNA oligos and dsDNA oligos on the SPR

chip, respectively. The adsorption of a RAD51 i-mer onto a DNA molecule (i ≤ b)

can occur on any b + 1 − i sequence of i DNA binding sites. In addition, the ad-

sorption of a RAD51 i-mer can initiate via any of its i protomers first binding to its

corresponding DNA binding site with any of the b + 1 − i sequences, and therefore

the terms kpS0Ri (5 - 9) and kpD0Ri (10 - 14) are multiplied by i(b + 1 − i). The Rn

values are constants that represent the concentration of RAD51 n-mers in solution

and are derived from the equilibrium sub-model (1 - 4). At the end of the RAD51 SPR
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injection, all Rn values are set to 0. kdn (1 ≤ n ≤ 16), kp, and ks are the kinetic rate

constants describing the dynamics of the ODE models. kdn represents the adsorption

reverse rate constant for each n-mer on a DNA molecule with b DNA binding sites

(i.e. the one-step dissociation of RAD51 n-mers from DNA), kp is the polymerisation

rate constant, and describes the rate of adsorption and elongation of each n-mer on

DNA, and ks is the rate of RAD51 single protomer dissociation from DNA. The val-

ues of these rate constants are obtained by fitting the ODE model outputs (
∑b

1 iSi

and
∑b

1 iDi) to their respective data sets (Appendix Table S1) either via ABC-SMC or

least-squares fitting. The initial conditions S0(0) and D0(0) were set to 1 to match the

SPR data normalisation, such that (max
∑16

1 iSi) = (max
∑16

1 iDi) = 16 (see Meth-

ods section in main text).

Model Selection

The general ssDNA and dsDNA and kinetic sub-models (equations 5 - 9, equations

10 - 14) were used as templates to generate a set of ssDNA and dsDNA kinetic

sub-models. In particular, we started from the simplest possible ssDNA and dsDNA

kinetic sub-models that describe RAD51 polymerisation on DNA via 3 fit parameters:

kp, KD, and ks acting as both the single RAD51 protomer dissociation rate constant

and the reverse adsorption rate constant for all RAD51 n-mers (KSM A: Appendix

Table S2). We then generated further kinetic sub-models by either 1) sequentially

increased the number of different adsorption reverse rate constants, or 2) varying

the reactions regulated by specific adsorption reverse rate constants (KSMs B-I: Ap-

pendix Table S2).
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Appendix Table S2: The set of ssDNA and dsDNA kinetic sub-models derived from the general ssDNA
kinetic sub-model and the dsDNA kinetic sub-model. Rows describe the simplifications applied to the
general ssDNA and dsDNA kinetic sub-models (equations 5 - 9, equations 10 - 14) to obtain sub-
models A-I, and the total number of fit parameters for each sub-model. Total fit parameter counts
include the KD from the equilibrium sub-model. NA: not applicable. KSM: kinetic sub-model. ESM:
equilibrium sub-model.

KSM ssDNA Fit Parameters dsDNA Fit Parameters

A kd1...16 = ks 3: ks, kp, KD kd1...16 = ks 3: ks, kp, KD

B kd1...3 = ku
kd4...16 = ks

4: ks, ku, kp, KD kd1 = ku
kd2...16 = ks

4: ks, ku, kp, KD

C kd1...3 = ku
kd4,5 = ks
kd6...16 = 0

4: ks, ku, kp, KD kd1 = ku
kd2 = ks
kd3...16 = 0

4: ks, ku, kp, KD

D kd1...3 = ku
kd4 = kq

kd5...16 = ks

5: ks, ku, kq, kp,
KD

kd1 = ku
kd2...16 = 0

4: ks, ku, kp, KD

E kd1...3 = ku
kd4 = kq
kd5 = ks
kd6...16 = 0

5: ks, ku, kq, kp,
KD

kd1 = ku
kd2 = kq

kd3...16 = ks

5: ks, ku, kq, kp,
KD

F kd1…3 = ku
kd4 = kq
kd5...16 = 0

5: ks, ku, kq, kp,
KD

kd1 = ku
kd2 = kq
kd3 = ks
kd4...16 = 0

5: ks, ku, kq, kp,
KD

G kd1...3 = ku
kd4 = kq
kd5...16 =
kr1

6: ks, ku, kq,
kr1, kp, KD

kd1 = ku
kd2 = kq
kd3...16 =
kr1

6: ks, ku, kq,
kr1, kp, KD

H kd1...3 = ku
kd4 = kq
kd5 = kr1
kd6...16 = 0

6: ks, ku, kq,
kr1, kp, KD

kd1 = ku
kd2 = kq
kd3 = kr1
kd4...16 = 0

6: ks, ku, kq,
kr1, kp, KD

I kd1...3 = ku
kd4 = kq
kd5 = kr1
kd6...16 =
kr2

7: ks, ku, kq,
kr1, kr2, kp, KD

NA NA
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To fit the model to the data, we used an implementation of ABC-SMC [7] with a dis-

tance function defined by the sum-of-squared-residuals (SSR). To identify a point

estimate of the parameters, we used the modes of the distributions. Each ssDNA

kinetic sub-model was individually fit to the WT RAD51 ssDNA dN-X data (ssDNA

dN-8, dN-14, dN-17, dN-50), and each dsDNA kinetic sub-model was individually fit

to the WT RAD51 dsDNA dN-Xp data (dsDNA dN-5p, dN-8p, dN-11p, dN-50p).

The Akaike Information Criterion (AIC) is considered a standard tool used for model

selection. In the case of sum-of-squares fitting, the AIC for each model can be cal-

culated using the following equation [1]:

AIC = x log
(
SSR
x

)
+ 2p (15)

Where x represents the number of data points, SSR represents the sum-of-squared

residuals, and p represents the number of parameters in the model. Specifically, the

AIC score is a trade-off between fit quality (i.e. the SSR value) and simplicity (i.e. the

number of parameters p). Models are ranked from lowest AIC to highest AIC, and

the model with the lowest AIC score best describes the data with the lowest number

of parameters. In our scenario, each SPR curve consisted of 12512 data points, and

each model was simultaneously fit to four SPR curves, meaning that the total x was

x = 4(12512) = 50048 data points. In this situation, the SSR and the number of data

points strongly contribute to the AIC score, while the penalty factor 2p (3 ≤ p ≤ 7)

has a negligible impact on the AIC score (i.e. AIC ≈ x log
(SSR

x

)
). As a result, the

AIC is not sensitive to the number of parameters and given that the number of data

points did not vary, we simply used the SSRs directly to identify the best-fit ssDNA

sub-model (F - Appendix Table S2) (Fig. 3A in main text) and dsDNA sub-model (D
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- Appendix Table S2) (Fig. 3B in main text) (Appendix Fig. S1A-B).
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Appendix Figure S1: Selection of ssDNA and dsDNA kinetic sub-models. A. Sum-of-squared resid-
uals (SSRs) for the ssDNA kinetic sub-models. Each kinetic sub-model together with the equilibrium
sub-model was fit to one repeat of the ssDNA dN-X datasets via ABC-SMC. The chosen kinetic sub-
model is indicated in red. B. SSRs for the dsDNA kinetic sub-models. Each kinetic sub-model together
with the equilibrium sub-model was fit to one repeat of the dsDNA dN-Xp datasets via ABC-SMC. The
chosen kinetic sub-model is indicated in red. A-B. KSM: kinetic sub-model.

The ssDNA kinetic sub-model F (Fig. 3A in main text) and dsDNA kinetic sub-model

D (Fig. 3B in main text) were then simultaneously fit to the ssDNA dN-X data and

the dsDNA dN-Xp data to obtain best fit parameter values (Fig. 3A-B in main text).

Although the ku fit for ssDNA dN-X was undetermined (Fig. 3A in main text), the prob-

ability density of ku derived from the ABC-SMC fit (Fig. EV1 in main text) nonetheless

suggests dN-X ku ≫ dN-X ks. For this reason, the ssDNA kinetic sub-model F was

further simplified to remove the ksS2 and ksS3 terms from equations 6 - 8.

ABC-SMC simulations were also carried out in MATLAB 2016b to simultaneously

fit the F86E RAD51 ssDNA dT-50, dN-50, dA-50 and the dsDNA dN-50p SPR data

using the ssDNA and dsDNA kinetic sub-model A (Fig. 5D in main text).
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