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1. Effective rate constants for CYT-19 activity

We derive an expression of the Michaelis-Menten type for the effective rate constant, kﬁfl, that quantifies the CYT-19-mediated
unfolding of the misfolded (M state) ribozyme. The unfolding reaction can be broken down into a series of molecular events: (i)
the binding of CYT-19 to the ribozyme, (ii) the binding of ATP to the catalytic site of CYT-19, and (iii) the unfolding of the
M state ribozyme catalyzed by CYT-19. With kg’[[f and kM[C] denoting the unbinding and binding rates of CYT-19 to the M
state ribozyme, and kA1 and k41" [ATP] denoting the unbinding and binding rates of ATP to the CYT-19-ribozyme complex, the

reaction scheme of CYT-19-mediated unfolding reads,

KMIC] k5aF[ATP] keagmt
CM TCM—I+C+D, [S1]

M ATP
knﬁ kot’f

where T and D denote ATP and ADP, and CM and TCM are the CYT-19-ribozyme and ATP-CYT-19-ribozyme complexes,
respectively. Based on the structural and biochemical studies, which suggested that the CYT-19 catalyzed unwinding of RNA is
limited to short RNA duplexes, we assumed that the CYT-19 activity is non-processive (1, 2).

If the ribozyme molecules are initially in the M state (i.e. [M](f = 0) = [R](), and the concentrations [C] and [ATP] remain
effectively constant in time, the time evolution of the probability vector, ﬁ(t) = (IM]1(5), [CM](2), [TCM](1))” /[R] 1ot is described
by the differential equation with an initial condition ﬁ(O) =(1,0,0)7,

d =2 =
—P(t) = KP(1), S2
7 () @) [S2]
where
-iM[C] kM 0
K =| IC] -k — kSTP[ATP] kATP . [S3]
0 kTP[ATP] —kATP — Keaonr

The accumulation of the I state can be quantified using % [11(*) = kear mi[TCM](2), and the mean first passage time for the RNA
molecule to reach the I state is given by (1) = —K~'B(0) (see the SI Appendix Mean first passage time). The effective rate of
CYT-19-mediated unfolding of M state ribozyme is then given by ki,‘ﬁ = ()L

Provided that the binding and unbinding of ATP, CYT-19, and the ribozyme are pre-equilibrated prior to the final catalytic
reaction (i.e. kcamr << 1), we obtain the expression

IS~ keawn f(TATPY(0), [C1(0); Karp, Kn)s [S4]
with
[ATP]() [CI(®)
FAATPY(0). [C)0): Kire. Kno) = — @L ST [S5]
Km Karp  Km
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where Ky = kM./k3 is the dissociation constant of CYT-19 from the M state ribozyme, and Kxrp = k1" /kon " is the dissociation

constant of ATP from the CYT-19-ribozyme complex. Here, the binding and unbinding of the chaperone to RNA and ATP to
chaperone are assumed to be pre-equilibrated relative to the time scale of the other dynamics (3).

We note that the limit of slow unbinding of CYT-19 from the ribozyme (i.e. kg’éf < 1) leads to the expression used by
Chakrabarti et. al., (4)

M [ Keami[ATP]
off kan[C] K{P+[ATP]

x S6]
ML M keat i [ATP] ° [
kon[C] + m
where K4 = (keami + KA10) /KT . The effective rates of unfolding of native ribozyme (k) and ATP hydrolysis (k;‘frpﬂ) are

obtained based on the same argument used in deriving k;,‘;‘i.
Here, we the provide expressions for the effective ATP turnover rates, kf\f}P’M(t), kiﬁP’N(t), and kf\f}P’H(t), in Eq. 3 of the main
text. kng,M(t) and k?\f{"P,N(t) are, respectively, the effective ATP turnover rates catalyzed by CYT-19 bound productively to the M

and N states, and are given as

k3itp o (1) =kearp fF(LATPI(2), [C1(2); Kte, Ka), [S7]

with @ = M or N, where k¢, p denotes the ATP hydrolysis rate of CYT-19 bound productively to the ribozyme. CYT-19 bound to

the exposed helices consumes ATP with the effective rate constant kfgp,H(t)
keAf{“P’H(t) = kean S ([ATP](2), [C1(2); Katp, K1), [S8]

where k., 1s the ATP hydrolysis rate of the exposed helix-bound CYT-19. The dissociation constant of CYT-19 from the
helices is given by Ky. The mathematical form of f([ATP](¢), [C](¢); Karp, Ko) With @ = M, N, and H is given in Eq. S5, except
that the arguments are different.

2. Mass balance of CYT-19

Unlike the total chaperone concentration, [C]y, that stays constant in time, the concentration of free chaperone, [C](t), varies
with time. Specifically, we calculate [C](t) at each time point ¢ by the mass balance relation,

[Cliot = [CI(®) + [CM](?) + [TCM](®) + [CN](?) + [TCN](») + [CH](?) + [TCHI(?)

_ [ATP](0))([M](®) [NI@®) [HI@®)
_[C](t){1+(1+ )( Kot + Kn + Ky )}

S9
Katp 5]

where [CN](¢) and [CH](¥) are the concentrations of CYT-19 complexed with the N state and the exposed helices, respectively.
[TCN](¢#) and [TCH]() are the concentrations of complexes where ATP molecules are bound. [M](¢), [N](¢), and [H](#) denote
the concentrations of the free ribozymes in M and N states and free exposed helices without being complexed to chaperones.

Kx(= [C][N]/[CN]), Kpm(= [C]IM]/[CM]), and Ky(= [C][H]/[CH]) denote the respective dissociation constants from CYT-19.
By expressing the free ribozyme concentration in each state in terms of [C](?),

[CI©) , [ATPI() [C](t))“
Km Karp  Km

[, [ATPI() [C](t))‘l
Kn Kxrp Ky

M](?) = Mot (1 +

[NI(®) = [Nt (1 +

_ [CI©) | [ATPI() [CIO) ™
[HI(®) = [Hlot (1 + K + Kar K ) , [S10]
we solve for [C](?) in Eq. S9. For the model of CYT-19 activity on pre-RNA, the mass balance relation is given by
[Cle, = [C](t){l N (1 N [ATP](I))([MJ(I) N [M](7) N [N](t))}’ (S11]
Katp K, K, K~

where [M;], [M;] and [N] are the concentrations of free ribozyme in the M;, M, N states, and Ky;,, Ky, and Ky denote the
respective dissociation constants from CYT-19. Similarly to Eq. S10, the free ribozyme concentration in each state can be
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expressed as

[CIO) , [ATPl [C1<t>)‘1
Ky, Karp Ky,

[CI(D) N [ATP] o [C](t))1
Kwm, Karp  Ku,

[CI(D) N [ATP]y: [CI(D) )_l
Kx Karp Ky ’

M) = [Mllmt(l .

[M2](®) = [M2]iot (1 +

[S12]

[N](#) = [Nt (1 +

where we keep the ATP concentration, [ATP];, constant in time.

The IAM-based model in Ref. (4) was developed under the assumption that [C](t) = [C]. This was feasible in part because
the model was fit to the dynamics of RNA folding measured by Bhaskaran et. al. (5), in which the experiments were mostly
performed with a high CYT-19 concentration relative to the ribozyme concentration; [R]i = 200 nM and [CJ, ranged from O to
3 uM. However, in more recent works by Jarmoskaite et. al. (6, 7), the folding of ribozyme was mostly measured in conditions
where [C], was similar to, or smaller than, [R]i. Thus, to address all the available data on the folding of ribozyme from the
three experimental studies (5-7), we take into account the mass balance relation in Eq. S9.

3. Mean first passage time

We provide additional context to the thermodynamic cost to refold a misfolded ribozyme to the native state, (Ay—N) (Eq. 9 in the
main text). The cost associated with refolding the native ribozyme into the misfolded state, (An_m), can be obtained analogously.
In order to evaluate the cost of forming the N state from the M state, we set the transition rates out of the N state to O (i.e.
knm = keaent = 0 in Eq. 4). Furthermore, we assume that CYT-19 does not bind productively to the N state (i.e. [C](f)/Kn < 1).
Then, the relative concentrations of ribozyme in the I and M states, Py(¢) = [1](¥)/[R]wc and Py (7)) = [M](#)/[R]iot, €VOlVe in time,
following the equation,

4
dt

Pi()
Py(1)

Pi(1)
Pu(?)

Pi(t)
Py(1)

) [S13]

~ [—kIM—kIN K

kv —kﬁ,,ﬁl —kmn

where K is a 2 X 2 matrix, and the chaperone-mediated unfolding rate, kg,‘;f[, is assumed to be independent of time. The

ribozyme eventually transitions to the N state with the reaction rates ki and ky, so that the relative concentration of the
N state, Pn(f) = [N](#)/[R]wr, increases with rate dPn(1)/dt = kiwPi(t) + kynPm(2). With the initial condition Py (0) = 1,
P1(0) = Pn(0) = 0, the mean first passage time (MFPT) for the ribozyme to transition from the M state to the N state can be
written as (1) = fow (t%) dt, where (dPn(?)/dt) |;=; is the probability that the ribozyme transitions into the N state at time 7.
By using the equality Pn(f) = 1 — Py(#) — Pi(?) and integration by parts,

7y = - fo [r% (Pu(t +P1<t)>} dr
= —t(Pu() + PO | + fo (Pm(t) + Py(1)) dt
= f“ (Pm(D) + Pr(0)) dt. [S14]
0

The inverse of MFPT, ()", is the rate of N state formation from the M state.
For a given duration T, 7 fOT Py(tydt, + fOT Pu(1)dt, and 7 fOT Px(t)dt are the time-averaged probabilities for the ribozyme
to be found in the I, M and N states, respectively. Thus, the expression ]11_{130 (T‘1 fOT PM(t)dt) / (T‘1 fOT Pl(t)dt) quantifies

the ratio between the time-averaged probabilities of finding the ribozyme in the M versus I state. In other words, (7) can be
decomposed into two parts, (Ty) = fooo Pym(t)dt and (11) = fooo Py(t)dt, that represent the mean survival times in the M and |
states before reaching the N state. With an assumption that only CYT-19 that is bound to the M state hydrolyzes ATP with the

time-independent effective rate constant k;ffrP’M, the average ATP cost per refolded ribozyme is given by

(AMon) = Kiip v () [S15]

which is equivalent to Eq. 9 in the main text.
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To obtain the expression for (7)), we first define the eigenvalues A; and A, along with the corresponding eigenvectors v; and
v, of K in Eq. S13, so that 4;v; = Kv; and 4,v, = Kv;,. Next, we define the matrix of eigenvectors V = [vy, v,]. Then, the
solution to Eq. S13 can be written as

Pi(z - | P1(0 Pi(0
1(7) _ K 1(0) _ yeihy-l 1(0) ’ (S16]
Py(t) Pum(0) Pn(0)
/11’ 0 . . .
where A = . Assuming that 1;, 4, < 0, evaluating the integral leads to
0, X
< Py(t o >O
o =f 0 dr:f VetV |l
(tm) 0 [Pm() 0 71
0
=-VAT'V!
1,
= ! 0
1
1 keff
M [S17]

- kinks + kG + ki) | kg + ki |

Thus, (Am-n) = keAfpr,M(T M) = Avot /(D + kyn /KD, where @ = kin/ (ki + kiv) and Ay = ki\ffrp,M/ kel

4. Model fit to data

We provide more detail on how the theoretical model (Eq. 4) is fit to the experimental measurements from Refs. (5-7). The
quality of fit of the 10-dimensional array of parameters, 6 = [kcai M1, kcat NI> Keat 1> Keat P> KMN> Kiv, Kit, K, KN, K rpl” is evaluated
by the corresponding y? value,

i [HEO — )

x<0>_2( - ] [S18]
where i runs through each measured data point with mean y; and standard deviation o;. ,u?‘"del(é) is the simulated data point that
matches y;. The remaining parameters, kix and kny, are set by the constraints @ = 0.1 = kv /(kiv + knv) and kyn /knv = 10.

To fit the initial rate constants reported in Refs. (6, 7), we consider the initial condition with [M](0) = 200 nM, [1](0) =
[N](0) = 0 nM, [Clo¢ = 1 uM and [ATP],c = 0.5 mM. First, Eq. 4 is numerically solved while assuming that ATP concentration
remains constant in time. The proxy for the time required to reach steady state, **, is defined as the time point at which the
inequality {d In ([N](?)) /dt} ;= < 0.0025 holds, where ¢ is in minutes. Then, Eq. 4 is solved a second time from the initial
condition until time #*. For this second run, ATP concentration, [ATP](¢), is also modeled as a time dependent variable. The
initial rate of N state formation is evaluated at time f;y;, defined by [N](#ini) = [N](#*°)/3. Thus, the initial rate of N state
formation is [N](#ni¢)/finit» and the initial rate of ATP consumption is ([ATP](0) — [ATP](#init))/finit- For the experiments in which
all the ribozyme is initially in the N state, #,;; is analogously defined as ([N](#i;i) — [N1(0)) = ([N](#%) — [N](0)) /3.

For most of the measured initial rate constants, both the mean (u) and standard deviation (o) were reported. For the initial
rate constants reported without replicate experiments, the standard deviation is set so that the ratio @ = u/o is equal to twice the
average a value computed from the rest of the data points belonging to the same family of experiments. For the time course data,
the numerical solutions are directly compared with the measurements of the fraction of N state from Ref. (5) (Fig. S1A). No
replicate experiments were reported for the time course data, and the standard deviations are set to one-tenth the mean value, so
that o = /10 (see additional Dataset (SIdata.pdf) for all values used).

5. Markov Chain Monte Carlo (MCMC) sampling

We performed MCMC sampling to characterize the distribution of parameters that yield a good fit. To generate the starting point
for the MCMC algorithm, each element of the parameter vector is uniformly sampled from the log space with the following
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bounds: 1072 min™' < kegmm keant < 102 min™!, 10° min™ < ke, keap < 107 min™!, 10° min™' < kyn < 10° min™!,
10~ min™' < kpy < 102 min™!, 107! nM < Ky, Ky, Kx < 10* nM, and 10? uM < Karp < 10* uM. The bounds for kea 11, kearp»
knn, knvi, and Kapp are based on the previous experimental measurements as further detailed in Table. 1. For ke mr and ke N1, the
bounds are set to reflect the range of measured rates for N state formation. For Ky, Ky, and Ky, the bounds reflect the range of
CYT-19 concentrations assayed in the experiments. The remaining parameters are set by the constraints ® = kyn/ (kN +kpy) = 0.1
and kyn/knm = 10. By repeated random sampling, we generate the parameter vector 6, with a sufficiently good fit, X2(§1) < 104,
which is used as the starting point of the Metropolis-Hastings algorithm.

For the lth 1terat10n of Metropolis-Hastings algonthm we sample a candidate parameter vector @ from a multivariate Gaussian
centered at 9,, g(6'|9 ). The covariance matrix of g(G’IH ), X,isa 10x 10 d1ag0na1 matrix, in which each entry is proportlonal
to the range of the corresponding upper and lower bounds used to sample 0;. Specifically, for the j" parameter [4); j» We set

[X];; = 0.002 (loglo(u i) —log,o(l j)), where u; and /; are the upper and lower bounds. If the trial parameter yields a better fit

(.e. Xz(ﬁ') < /\/2(5,-)), we accept it and set Gi1 = 6. Otherwise, we determine the acceptance by generating a random number
B € [0, 1], and comparing it with exp (0.5 [)(2(67,-) —Xz(é)’)]). We set 6,1 = & if B < exp (O.S [Xz(ﬁi) —X2(§’)]); otherwise 6.1 = 6;
and start the (i + 1)™ iteration by resampling for the trial vector g.

In total, 400 independent trials of Metropolis-Hastings algorithm were performed, with 3 x 10’ iterations each. Out of the
400 trials that started at random initial points, 202 converged to near-optimal y? values, and generated ~10 instances of g with
)(2(5) < 350. The best fit-parameter array 5min, for which Xz(é)mm) ~ 310.5, is given in Table 1. The distribution of parameters
that yielded relatively small y? values, as well as the pairwise correlations between the parameters, are shown in Fig. S2.

6. Self-splicing yield

The minimal model of self-splicing in vivo in the main text describes the time evolutions of the concentrations of pre-RNA in
the I, M, N, and SP states, denoted by the column vector &(r) = ([1](¢), [M](?), [N](?), [SP](t))T. Here, in a slightly more general
model than that described in Eq. 11, we assume that the pre-RNA in the intermediate states I, M and N are degraded at the rate
kqi, and pre-RNA in the spliced state SP are degraded at the rate k4. Then, the pre-RNA molecules evolve with time as

de(t)

oo =W+ R [S19]
where W, is
—km — kN — kaji kst ks 0
W, = kv —kS — knin — kai knm 0 (S20]
kN kv —kSE — kv — ki —ks O
0 0 k. ks

By solving Eq. S19, we obtain the array of steady state concentrations, &* = ([I]%, [M]*, [N]*, [SP1)T = —‘W;lﬁ. Then,
with the total concentration [R5, = [1]* + [M]*® + [N]* + [SP]*, the self-splicing yield is given by
[SP]* M

- M s21
=Ry C N 521]

where
M =k, {kMN (kv + ki) + kin(kai + kf\fl)]

N =k ko + K58 (kai + kS + kan )}

+ ks {3 + Kl (kin = Raan) + Gk + ki + KD (ki + k) + (o + e + ki) (kkSy + ks) + Kai (ke + ki + Ky + okl + kv + ko + ks )}
When direct transitions between the M and N states are negligible (kyn, knm << 1), PSP is approximated to
ks

ks+k‘{kdl+km+/<keffl+ks+

J N [S22]

Kiva (ki +ko)+ha ki
kd,i +k§,[11i '

P, in Eq. S22 is maximized with respect to keﬂ;:

off \* kv (ks + (1 — k)kq;
(kl\/fl) :\/IM{ d}_kd,i

K

~ ,/M, [S23]
K
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where the approximation holds if kq; << kim, ks. When « = 0, P, is a hyperbolic function of kﬁfp saturating to its maximum

value. Qualitatively similar conclusions are drawn for the case with finite values of kyn and kny (Fig. 5B).

7. Dependence of 1P} on «

We discuss the x-dependence of APy that was used to quantify the steady state yield of native ribozyme over the folding time in

Ref.(4). The probability of ribozyme in the I, M, and N states, denoted by the column vector ﬁ(t) = ([0, IM1®), INIEO)T /[Rlr
evolve in time following %P(t) = W,P(t), where W, is

—kmv — kN kel ke
(Wo = kvt —k;’;fl — kmn knm . [S24]
kiN kmn —k$T — knm
When all the rates are constant in time, P(1) = ¢, i €M + cyilye™ + c3itze™', where 4; = 0 > A, > A3 are the eigenvalues of W,

and uy, up, and uj are the corresponding eigenvectors. Thus, if |1;| < |43], ﬁ(t) exponentially relaxes to the steady state, with the
relaxation rate A = |1,|. With the initial condition Px(0) = 0, Pn(?) is approximated as

Px(t) ~ Py (1-e™). [S25]

Provided that the transitions between the M and N states are negligible (kmn, knm << 1), 4 and Py are expressed as follows
with k(= k1 k) and @(= kin/ (kv + ki),

([lqM + (1 +0 -0l - \/[klM +1+00 - q))kggfl]z — 4Kl (1= @) [(Fovt + KET) (1 = @)k + klMd)])

A= , S26
2(1 - ) [526]
ki@
Py = M , [S27]
(knv + k) (1 = @) k + k@
For0 s ® < 1and 0 < @ < 1, AP can be expanded as a Taylor series of ® and 1 — @, respectively: For 0 5 ® <« 1,
ket ket 2 — Kkpy + (1 = kST
APy = ML [ U ﬁ) Mg 1+ 0@, [528]
kv + k]i/ll kv + k]i/ll kv + (1 — K)k;/[I
andfor0 < ® g1,
K keff 2
AP = ISP 4 () (1 - ®)+0[(1 - D). [S29]
For 0 < ® <« 1, the relative difference between the values of /IP;? with k = 0 and k = 1 is given as
APSS — (AP k keﬂr
( N)K=0 ( N)K:l — IM* v 2(1) +O[(I)2] . [830]

(ﬁpi\?)K:l (klM + kﬁ/tlfl)

Therefore, the difference between (APy)=0 and (APY)),=1 is negligible when 0 < ® < 1. Qualitatively similar conclusions for
the case with finite values of kyy and kny are shown in Fig. S3, in which we use the rate constants in Table 1.
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Fig. S1. Analysis of CYT-19-facilitated folding of T. ribozyme. The curves represent the fitted model, and the dots (except in panel (B)) represent the experimental data. The
error bars associated with the dots denote two standard deviations from the mean, and the error bars are omitted for data points generated from single trials. All curves are
computed with the best-fit parameters shown in Table 1. A. The fraction of N state ribozyme in time (Px(z)) at different concentrations of CYT-19, with the initial condition
[N](0) = [R]or = 200 nM. B. The fraction of N state ribozyme (Pn(7)) at different concentrations of CYT-19, with the initial condition [M](0) = [R];,r = 200 nM. The filled circles
represent the initial time points (ini) from which the initial rates [N](tinic)/tinit plotted in blue in Fig. 2C are derived. CD. The initial refolding rate (C) and ATP hydrolysis rate (D)
measured at different concentrations of ATP. EF. The initial refolding rate (E) and the initial ATP hydrolysis rate (F) of the mutant ribozyme devoid of P9-2 and P6b (denoted by
Maa and Ny,) are shown in green. The Mg?* concentration in each experiment was 2 mM for all but the condition [C,, = 0 in panel A.
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Fig. S2. The distribution of parameters that fit experimental data, generated by Monte-Carlo-Markov-Chain (MCMC) method. 400 independent trials of Metropolis-Hastings
algorithm were performed to sample the parameters in log space. The pair-wise correlations between all parameters are shown, with the color representing the goodness of fit,
)(2(67) (Eqg. S18). The black stars indicate the best-fit parameter vector §min. kMmN, ki, KeaoMts KeagNTs Kearr, @nd ke p @re in units of min~', and Ky, Kv, K, and Karp are in units
of uM. All axes are shown in log,, scale.
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Fig. S3. Dependence of AP} on «. A (top) Py and (bottom) 4, B APy as functions of k;flfl, plotted with different « values. The panels A and B are color-coded identically. The

PSS
N
coooo—

o p—

E 0|

<

SN N0 O

A104 C

= 102i

107210-"10° 10" 102 10° 10%

10721071 10° 101'102 10% 10*
f,g (min~1)

0.0,

10-210-710° 107 102 10° 10%
kf,g (min~!)

parameters other than A< and kST [: Kkﬁ,‘lrl] are setto kpy = 4.7 min™!, kv = 0.53 min~', kyy = 0.04 min~", and kxym = 0.004 min~!.
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