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Constructing the model

We constructed a translocation and elongation scheme using information from high-resolution
structures of T7 RNAP elongation complexes (1, 2). Our assumptions in constructing the
model are listed explicitly below (denoted Al to A9). In main Figure 2 we show the kinetic
scheme. For easy illustration and comparison, we have inserted molecular images from Figure
3 of (1), showing close views around the active site for generally highly populated kinetic
states (I, I, IV and V).

Structural basis

In structural studies of RNAP, the product complex with PPi bound (state V in main Figure 2)
was regarded as the pre-translocation state that follows directly after the chemical step of
phosphoryl transfer (1). In this structure, the O-helix is in the same ‘closed’ conformation as
in the substrate state (IV). It was suggested that, upon PPi dissociation, the O-helix undergoes
a ‘pivoting’ rotation to its ‘open’ configuration, so that Tyr639 at the C-terminal end of the O-
helix delivers a power stroke, pushing the 3"-end of the RNA out of the active site thus
driving translocation (1).

However, the above interpretation carries some debatable assumptions as (i) the opening of
the O-helix is a rigid-body rotation and (ii) the O-helix opening and PPi dissociation happen at
the same time—and simultaneously with translocation. Recent molecular dynamics (MD)
studies of DNAP Pol I (3), however, suggest that PPi release precedes translocation and
triggers the opening transition of the O-helix. The O-helix is bent during the opening
transition, with its N-terminal end (distal to the active site) opening first; the C-terminal end
(proximal to the active site) of the O-helix remains stable during the initial opening, and later
moves in concert with DNA translocation (3). Accordingly, in our model, we assume
(Assumption A1) that PPi dissociation happens before translocation, and immediately after
PPi release, there is a pre-translocated state (I or I' in main Figure 2) in which the O-helix is
partially opened.



The high-resolution structures also show two configurations of Tyr639: one with the side
chain outside the active site (OUT), and the other with the side chain inside the active site
(IN). The OUT and IN configurations of Tyr 639 are presented respectively in the
substrate/product complex (IV or V) and the post-translocation/pre-insertion complex (II" or
III). In the IN configuration, the Tyr639 side chain has its aromatic ring partially stacked with
the RNA-DNA hybrid base pair at the 3"-end RNA. Essentially, when Tyr639 is IN, it is
closer to the pre-insertion site of the incoming nucleotide than it is in the OUT configuration
(see Figure 1b). In our scheme, we assume (Assumption A2) that RNAP has four relevant
configurations before and after translocation: I or I pre-translocation, and II or II' post-
translocation. In I and I1, the Tyr639 is OUT, while in I’ and II’, Tyr639 is IN.

Translocation energetics
We also assume (Assumption A3) that the RNAP can move diffusively along the

translocation path I <> II (see main Figure 2). That is, the forward and backward rates of
translocation are the same when Tyr 639 is OUT, or the free energy difference between I and
Il (¥ = Edl - EAIN is~0. Note that when sequence effects are considered during
elongation the free energy difference ¥ becomes sequence dependent and fluctuates about
zero. In general, along path I < II, the ratio between forward rate k,, and back rate k, is:
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In the pre-translocated state (I and I'), the active site is occupied by the 3’-end of the RNA. In
MD simulations, the 3’-end of the RNA appears highly flexible (4). Supposedly, if the Tyr
639 side chain is to ‘squeeze into’ the active site (OUT — IN or I — I'), it may only require a
free energy at the level of thermal fluctuation (Assumption A4),i.e., =5y =& ~ | kpT.
Moreover, NMR studies showed that the side chain of the tyrosine can flip/vibrate at a
frequency ~10* per second (5). Hence we also assume (Assumption A5) that the fluctuations
of Tyr 639 between IN and OUT are very fast and approach thermal equilibrium. The ratio
between in (from I — I') and out (from I' — I) rates, @, and @, , is modulated by « as:

_ —alkgT : 4 -1
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In contrast, in the post-translocated states (II and II'), the 3"-end of the RNA has moved out
of the active site. The stacking interaction between the aromatic ring of the Tyr639 and the
end bp of the RNA-DNA hybrid makes the IN configuration (I1") energetically more stable
than the OUT one (II). The stabilization appears essential for keeping Tyr 639 IN most of
time when the incoming nucleotide binds into the pre-insertion site (2). The out rate from II'

— II, w, , is thus related to the in rate from I = II', @, , by S+
(Wl = By m Byl = By )+ Bl = BY) © 0, /o, =", Consequently, the
translocation path I” — II” is energetically favorable, as there is an energy drop of

Fp=CymBp =L+l —-Oywma+ > U, Hence, we call path I’ = II” “facilitated’. Along
the path, the ratio between the forward rate k,, and the back rate £k, is:

k /k — e(a+ﬂ)/kBT
2'+ 2'—
Nucleotide pre-insertion

As T7 RNAP finishes the translocation step, the O-helix opens fully at the post-translocated
state (I or I1"). Before the incoming NTP is stably inserted (in I'V) into the active site, there



exists a pre-insertion intermediate state (1, 2) (III) in which the NTP binds to a pre-insertion
site adjacent to the active (insertion) site. Structural examination shows that Tyr639 is
captured with IN configuration in the pre-insertion structure III (2); when Tyr639 is OUT (as
in IV or V), the side chain moves farther from the pre-insertion site (see main Figure 1b).
Thus, the NTP pre-insertion can be achieved without steric hindrance—either the Tyr639 is
IN or OUT: II" — III or IT — III (Assumption A6). However, pre-insertion at IN (II" — I1I)
is more likely due to the local stability of I1” (i.e. Eyr < Epy~ Ej).

Note that in multi-subunit RNAPs, configurations II" and II correspond to the post-
translocated state with the bridge helix bent and straight (6-8), respectively. Our structural
examination shows that the bent configuration (II1") of the bridge helix has steric clashes with
the pre-inserted nucleotide (see main Figure 1b). In the pre-insertion state, the bridge helix is
captured straight (9). Hence, nucleotide pre-insertion in the multi-subunit RNAP can only
happen through II — III but not I1" — I11.

Overall kinetics

In the pre-insertion state, the O-helix remains open. To reach the substrate insertion state IV,
the O-helix closes, and the transition can be quite slow (1, 2, 10). We assume (Assumption
A7) that the O-helix closing III -1V is the rate-limiting step in the nucleotide addition cycle
(at a high enough NTP concentration). Following the nucleotide insertion, polymerization
takes place quickly to produce the product complex, state V. Subsequently, PPi release from
the product complex V leads to the pre-translocation state (I or I") readying the system for the
next translocation step. Assuming PPi concentration is low in the vicinity of the active site
(Assumption A8) (< 0.1 uM e.g.) (11), then the pyrophosphorylase reaction, (i.e., the reverse
of PPi release) is very slow.

This kinetic scheme can be described mathematically using master equation and solved for the
steady state (see SI). Equivalently, one can numerically simulate the cycles using kinetic
Monte-Carlo methods (12). The rate parameters used in the model are listed in SI Table S1:
some of them are adopted from transient state kinetic measurements (10) and some of them
can be tuned and fitted with the single molecule experimental data (11, 13). When forward
tracking (or back tracking in multi-subunit RNAP) is considered (see main Figure 1c), we
further assume (Assumption A9) that the forward tracking (or back tracking) proceeds via
configuration I1” (or I") (35).

Using master equation approach
Following the kinetic scheme in Figure 2 in main, we define the probability distribution of

; .
intermediate states I, I, II', IL, IIL, IV, and V as & =\ &; E B Py P P Pl Hence, the
master equation describing the kinetics can be written in a matrix form as:

d
FE—ME (S1)

where M is a 7x7 transition matrix



—k_—ky. o, o, 0 k. 0 0 ki,
o, -0, —k,, ky. 0 0 0 0
0 ky, —ky_—w, ~ky, @, ky_ 0 0
M= k,, 0 o, —k, —w, —k, k, 0 0
0 ky., k,, —k, —k, —k,, k, 0
0 0 0 0 ky, —k, —k, k.
k,_ 0 0 0 0 ks, ke —k,

In particular, the forward and backward translocation rates along path I< Il and I'e< 11"

are described as:
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(S2)

The IN and OUT rates of the Tyr 639 side chain at pre- and post-translocated states are:

g, Mo g Cdym = 0 n@zE EMEED Equatron.d HHZ s = 0 a@;ﬁi EMEED Equatrond 222 g = G EF-&H EMEED Equatlon.:
(S3)

As defined in the main text, & B &y = &, gm b=Ey, ¥ ® &g = & are free energy

differences (unit: kgT) among pre- and post-translocated states I, I’, II’, and II. The above

convention ensures that the transition rates follow detailed balance at thermal equilibrium.

At the steady state (non-equilibrium in general), the probability distribution
¢ = (B B* RF Bf P& B Y satisfies:

MET=0 (S4)

Hence, one obtains the solution £ . The elongation rate ¥ (nt/s) is proportional to the steady-
state probability flux /

veip) | (S5)

with la the periodic length 1-nt, and
F = Fikie = Bk = Bikse — Bikg- = Fitkgs — Firkg- = Bikns — Fiika- + B ks — Bhike'e = B kge — Bikz-



Corresponding to the master equation description, one can generate trajectories of elongation
by running kinetic Monte-Carlo simulations (12). The steady state can be quickly reached, and
the simulation make it easy to monitor a variety of properties, such as error rates, forward
tracking events, etc..

Deriving elongation rates for two ratchet schemes

Below we derive approximate solutions of elongation rates for T7 and multi-subunit RNAPs,
using two slightly different ratchet schemes shown in Figure S1. To focus on rate dependence
on translocation energetics, we simplify the elongation scheme (see main Figure 2), leaving
only pre-translocated states (I and I'), post-translocated states (II and I1’), and a NTP loaded
state (III*). Transition IIT* to I represents a convolution of NTP insertion (slow), phosphoryl
transfer, and PPi release (nearly irreversible at low [PPi]), hence, we assume III* — I slow
(rate-limiting, see A7) and irreversible ( k1*+ =k, and k,_ ~0; see A8). We also assume Ty639

side chain fluctuates much faster (see AS) than the RNAP translocation rates, so that I and I’
or Il and II' are close to equilibrium (P, ~ e “*' P, and P, = """ P,).
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Figure S1 Ratcheting schemes with two parallel translocation paths in RNAP transcription
elongation. After NTP loading, a generic ‘catalytic’ transition III*—I happens, which is slow
and nearly irreversible. (a) In T7 RNAP, NTP can bind either II' (Tyr639 IN) or II (Tyr639
OUT) to IIT*. (b) For a multi-subunit RNAP, NTP binds only at I (bridge helix straight) but
not I’ (bridge helix bent).

For T7 RNAP (Figure S1a), NTP binds at either II' (Tyr639 IN) or II (OUT), i.e., through
either II'— III* or I III* (see A6). Since the binding rate is likely diffusion-limited,

ky, =ky.. = kyyp - [NTP]. For unbinding, k; =k, e*""" as E, —E,. = B+y. Solving the
master equation of the simplified scheme, we obtained P, ~ ¢”*' P, and

k. +k., +k

~ 3— 3'— 1+
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v=1k [NTP]/((1+e"" + 7T 4 PRIy (k- ks + k) /(K + ke ™" )+ [ NTPY).
Using K, =k, [kyyp» and K, = K, [1+e P77 [14 e #7"%] (average of dissociation ITT*

— II" and IIT* — II), one obtains:

V= ZOkcat [NTP]
- e/l ekl kca (1+ e—(7+ﬂ)/kgr)2
(l+ 1 (y+ﬁ)/k3T )[ko L D 1 _(7+ﬂ)/kBT 2]+[NTP]
+e NTP +(e ) (S6)

where /p = 1 nucleotide (nt) is the periodic length of translocation, k. is the effective maximal
rate of ‘catalysis’ (~ 130 s for T7 RNAP (11)), ko, is the NTP binding /pre-insertion rate

(fitted to ~ 2 pM™' s, see section below) , and K is the dissociation constant at the NTP
binding/pre-insertion site, measured at ~ 80 &M (10). The translocation energy associated
with Brownian motions is defined y=E, — E, ~ Qwith fluctuations around zero caused by
DNA sequence effects. Since the 3'-end of the RNA is quite flexible (4), we assume
thata=E, — E, ~1 k,T (thermal fluctuation level), so that it is easy to ‘squeeze’ Tyr639 IN
when the active site is still occupied by the 3’-end of the RNAP at pre-translocation. The key
parameter is the post-translocation free energy bias B=E, -E ~E,—-E >0, which is
fitted to 2 £ 1 kgT (see section below). Note that when DNA sequence effects are considered,
y and -f are affected identically while B +y (=E, — E,, /), the post-translocation free energy

bias (y#£0), still keeps sequence independent. Accordingly, when the load force is applied to
the RNAP as in the single molecule experiments (11, 13), the force increases y and —f3
identically, while B + v is force-independent.

For the multi-subunit RNAP (Figure S1b), NTP binds without steric hindrance only at IT
(bridge helix straight), i.e., through II— III* but not II'— III*. We obtained
k, +k,

P, ~=>—/—%P,.,so that
3+
v= lokcm[NTP]/((l tesT 4 ol eVhsT | e(”ﬂ)/k”’T)(k;_ +k,)/ kI%TP +[NTP]). With K, = k:_/kgn,
one obtains:
e Ik, ,[NTP]
(1+ T 4 7kl g ) kBT)(—’%’“ +K,)+[NTP]

NTP (S7)

Note that the above calculation has not considered pauses or back-tracking pathways for the
multi-subunit RNAP during elongation.

If we cast the formula in the form of a Michaelis-Menten expression:

v=v_ [NTP]/(K, +[NTP]) we see that, even though the translocation is not rate limiting in
the elongation cycle, its local energetics can affect the elongation rate through the ‘apparent
Michaelis constant’ K, . For T7 RNAP, we see in main Figure 3c that increasing the post-



translocation free energy bias 3 beyond 2 kgT does not improve the elongation rate much (e.g.
< 5% increase) as the rate is already close to its saturation value (as p +y — +o):

Vv > 1k

cat

k
[NT P]/(k“” + K, +[NTP]). On the other hand, in comparison to a pure Brownian
ET

ratchet (y = 0, o—>+oo, and B — oo, i.e., path I <>II only), the 3 kgT free energy bias (o + B)
along I' > II', or an overall ~ 1.3 kgT for both paths, does improve the elongation rate
somewhat (e.g. ~ 14% increase).

For multi-subunit RNAPs, however, it is likely that 3 or  + vy < 0; the elongation rate still stays
close to its saturation value (as p +y — — o0):

vi=1lk

cat

ET

[NTP]/((1+ """ + kT )(% +K,)+[NTP]). When the bent configuration (II') of

the bridge helix is stabilized by some inhibitory factor relative to the straight conformation (II)
such that B +v> 0 (E,;> E ), the elongation rate can be significantly reduced, due to the

exponential term 7" in the apparent K ,,(see Eq. S7).

Setting and tuning parameters

Parameter | Definition Default Notes Extras
value

7o RNAP translocation | 5000 s >10°s; Elongation rate ¥
rate from I to II translocation non- | insensitive to 7,
(see Eq. S2) rate-limiting

% Oscillation rate for 50000 s Tyrosine side- v insensitive to ®o;
Tyr 639 side chain or even chain flipping rate | very low oo can
fromItoI' (see Eq. | larger on the order ~ 10* | induce pauses though
S3) s'(5)

a Free energy for 1 kgT Assumption A4: a | ¥ ipsensitive to o
Y639 side chain small amount at
move IN when the thermal
active site is still fluctuation level
occupied with 3°
RNA,
w=Er—Er>(

yij Free energy 2 kgT The most essential | v jg sensitive to B;
difference tuning parameter, | ranged between 1.4 to
= B —Ef: called tuned for apparent | 2.5 kyT as tuning
‘post-translocation Kwm in current average v within +5
bias’ as y~0 scheme (see text) | s (a k=2 uM's

1
)
y Translocation free 0 Assumption A3: non-zero and

energy (under
diffusion)

Brownian motion
along path [ <11

fluctuating under
DNA sequence




v By — B effects
K., NTP binding rate 2 uMs! 1~10 uM's™" for | v s sensitive to
constant: some known k°
kn. = kg, = k3o [N NTPases; tuned NS
for apparent Kor rangleqlat 1.4 ~ 2.5
in the single —path | KM s as tuning
scheme (see text) | averageyv
within 5 nt/s
ky. NTP unbinding rate | 178 s By fia'a 1+e 77
via III - 1T “ E’EE tuned p =D I+ (e 7Y
to ¥EFUM by B | where Kp = B0 1M
10)
k, NTP unbinding rate | 24 s~ . Both £, and &,
vialll - 11 o = g =¥
fey— m @R+ ¥Rg . siilce ’ depend on 3
=&y mF+y
ks NTP insertion / O- 2205 Measured in (10) | Pasazxl] is sensitive to
helix closing rate and assumed rate- | ku,
limiting (see
Assumption A6)
ka. Reverse rate for 210 Choose below 220 | Constrained by
NTP insertion s'l; Pamaze1 as well as
tuned for Fmael total free energy (see
Eq. S9)
ks Catalytic rate of 1000 s Choose ~ 10° s, | Constrained by
polymerization fast; A
reaction tuned for Fmae!"
ks. Reverse rate for 135s™ i ks Constrained by total
polymerization lﬂt‘ E ~2kgT free energy constraint
reaction likely small (e.g.
~1 kBT for F 1
ATPase (14))
ki+ PPi release rate 1200 s . m feqm Constrained by
© " Elei~ 1200 Frsraze (]
UM measured in
10)
k. Reverse (PPi 0.1s" Use [PPi]~ 0.1 Set %&pr ~ 1 pM''s™,

binding rate
F1- — EBpi* [PPi]

uM ( [PPi] low
(11))

the same order as
k%
NTP

Table S1 Parameter setting for current elongation scheme of T7 RNAP.

The above table lists all parameters we used for T7 RNAP elongation-translocation. The
maximum elongation rate ¥max[1 had been fitted to ~ 130 nt/s from experiments(11).
Parameters 42 ®a# were tuned accordingly together under the constraints of Fmax= and free




energy consumption (see below Eq. S9), and were kept consistent with the rate-limiting
assumption (A6). These parameters are not quite relevant to the translocation part. Parameter
kfrs was first estimated according to the three-state (single translocation path) scheme from
(11). Note that the experimentally fitted elongation rate can be written as:

Vv lOkcat[NTP] (88)

(1+e" )(lfg‘”+KD)+[NTP]

NTP

where fefcae ™ ¥mae . The dissociation constant of NTP at the binding/ pre-insertion
site K, was later on measured as ~ 80 ¥/ (10). Next, Balong with p were tuned in current

scheme to fit the experimental results (11). Indeed, we estimate Kp , the dissociation constant
1+e—(ﬂ+7)/ksT

1+(e—(ﬂ+}/)/kBT )2

average of that through path III — II' (¥g:With a'welght' 1 ) anq that through path III — II
(}.;'; gt&+7}8 EMEED Equatieu.t EEE with a ‘weight’ g~44 718 EMEED Equation.t BEB ) in T7 RNAP.

through path IIl — II' by: K, ~K,, . We regard the measured K, as the

Since K, had been measured experimentally (10), Ep can be determined by £ It turns out that

[ is the most essential tuning parameter in current model. fwas tuned 1.4 ~2.5 kgT when
k,?,TP is set at 2 uM™'s™ (if we allow the average rate vary within 5 nt/s), hence, we use 3~ 2
kgT. Varying k,?,TP (1.4 ~2.5 uM™'s™, determined using the three-state single-path scheme)
allows S adopt values from about 1 kgT to a little over 3 kgT. Hence we present current
estimation of fas 2+1 kgT.

Note that in the single molecule experiments, the standard errors of the mean values of the
transcription rates are largely within 5 nt/s (~85% data points (13)). With a 5 nt/s rate
variation (as mentioned above), we can fit 3 to 1.4 ~ 2.5 kgT, so that the overall or average
translocation energy bias (simply estimated as (a+f)/2) is about 1 ~ 2 kgT. Even if the
standard errors of the rates rise close to 10 nt/s (15% data points (13)), the overall
translocation energy bias can still be tuned in between 0 ~ 3 kgT, showing that the energy bias
exists but is small according to the experimental data.

The standard free energy consumption for a NTP addition cycle, as estimated from (10, 15),
sets an important constraint for above parameters:

0
AG, = kBT(lnkNiHn@+ ln&+ ln%) ~4~7k,T (S9)
k
3 4 5— PPI

With above default values of the parameters, &&a~@& &sl” .| At a relatively high concentration
of NTP (588 uM) and a low concentration of PPi (0.1 uM), the free energy drop for each step



, N NTP kyrp[NTP]

is, for example, NTP pre-insertion (II—III): AG™" =k,TIn-*=———-=~3.9 k,T (note that
3,

for II'>IIL, BF¥TF i 2 kT less as that was spent in translocation); NTP insertion (III—1V):

AG™" = k,Tn i‘”

4—

~0.05 k,T (almost no free energy change); the polymerization /catalysis

(AVV): AG“ =, T ln% ~2 k,T ; PPirelease (V—I):
5
L_ ~94 k,T.Hence,AG,,, =AG,+k,TIn [[NTP]

AGPPI:kBTln 5
ppr PP
default NTP concentration.

~15k,T at the

PPi]

Comparing nucleotide selection strategies

In the nucleotide addition cycle, the nucleotide selection starts at the pre-insertion state (III)
(2). Upon pre-insertion, a wrong nucleotide is more likely to be rejected than a correct one.
We call this selection method #1: the wrong nucleotide has a larger unbinding rate, ¥3- or
k31—, than the correct nucleotide (see Table S2). Following pre-insertion, insertion of the
nucleotide (III — IV) takes place slowly as the O-helix closes. If a wrong nucleotide is not
rejected upon pre-insertion, it may further slow down the O-helix closing (selection method
#2: decreased K=+ ) or lead to a less stabilized insertion state (selection method #3: increased
ks-). Moreover, inserting a wrong nucleotide into the active site may prevent an appropriate
configuration for phosphoryl transfer at the RNA 3’-end. Thus the chemical transition (IV
—V) can be slowed (selection method #4: decreased %=+ ). Some or all of these mechanisms
may contribute to the nucleotide selection.

Here we examine which kinetic steps in the elongation scheme (see Figure 2) are more

Y

efficient than others in selecting correct nucleotides. We define quantities 7, = k_l; (i=3,4)

i—

and 77/ = k—’j (=4, 5) for individual selection mechanisms, with ‘w/c’ labeling the rate for the

wrong/correct nucleotide. When the wrong nucleotide destabilizes the pre-insertion (III) or
the substrate insertion state (IV), it gets an enhanced rate of rejection from the state
comparing to that of the correct nucleotide, so that 7= or 7s becomes larger than 1. On the
other hand, when the wrong nucleotide has a reduced rate of the insertion or polymerization,
N4 or Ma becomes smaller than 1. In Table S2, we list error rates calculated from
simulations for different selection mechanisms, i.e., using different sets and values of T+ 1
and/or " ® 1 | Equal concentrations of four nucleotides are considered in the simulation. We
show individual error rates at the pre-insertion, insertion, and the product state (P&'?rw ,
Pﬁm, #Emm), with the final error rate pe.or = o — Originally, when there exists no

nucleotide selection for the RNAP (case #0), all 1 are equal to 1. As for each cycle only one
of four nucleotides matches the template, peyror ~ 75%.

10



For each case (#1 to 8), we choose 77, =10 to 100 and/or 77'=0.1to 0.01. 77,=10 means that
for a backward transition starting from state i, the wrong nucleotide is less stabilized at state i
than the correct one, or faces a lower backward activation barrier than the correct one

(byﬂg minl0 - 2.3 kgT). While 7;=0.1 means that for a forward transition toward state i, the
wrong nucleotide is more stabilized at i-1 (the state prior to 7) or faces a higher forward
activation barrier than the correct one (also by & ).

First we compare cases #1 to 4. The individual selection mechanisms use the same amount of
energy in selection (24 ). One sees that the selection against the wrong nucleotide at the pre-
insertion (#1) or during its insertion (#2) gives a lower (one tenth) error rate, i.e., more
efficient, than the other two (#3 and 4) implemented after the nucleotide being inserted (#3
and 4). Also, case #1 allows a higher elongation rate than case #2 to 4.

Index __ k', _ ﬂ Elongation pg’r . pi fr . peVr o Order of
= ke = ke rate (nt/s) error rate

0 e R 75% | 74% | 74% | 107=10°

1 7; =100 106 51% [52% |54% |10

2 ni=001 |27 84% | 5.0% 5.2% 10~

3 1, =100 34 84% | 22% 23% 10"

4 7:=001 |18 84% | 97% | 22% 10"

5 7, =100 75 =0.01 | 100 52% [0.06% |0.07% |10*

6 7;=10 77 =001 |78 35% [ 0.03% |0.01% |10*
n, =100

7 7, =100 7;=0.1 |99 51% [04% |0.04% |10°
n,=10 n;=0.1

8 7., =10 99 57% 10.05% |0.05% |10*
75, =100 77 = 0.01

Table S2 Error rates of elongation simulated under different nucleotide selection
mechanisms.

In case #5 we show an efficient two-step selection mechanism that leads to an error rate ~10
as experimentally measured (16). In this case a high elongation rate is also maintained. Other
cases with the same error rates either consume more energy (#6 and 7, i.e., less efficient) or
have a low elongation rate (#6, when M= = 100'),

In case #8 we consider that the ‘strength’ of the selection upon pre-insertion (III) varies
depending on which states (I or II") the wrong nucleotide being rejected to. If the nucleotide
is rejected to II without Tyr 639 participation (or OUT), the selection can be weak, e.g.,

1, ,, =10. If the rejection involves Tyr 639 ‘sensing’ (III — II"), the rejection becomes

11



stronger, €.g.,77; ,,, = 100. Note that in cases #1 to 7, however, we use 7, ,, =17, ., =15,
without considering this specific selection from Tyr 639.

Simulating sequence-dependent translocation

For each step of RNAP translocation, there are three sources of free energy changes that are
sequence dependent: (a) Unwinding 1-bp DNA downstream of the transcription bubble, and
rewinding 1-bp DNA upstream; (b) Unzipping 1-bp RNA-DNA hybrid upstream as 1-nt RNA
transcript is released from the RNAP, and moving of 1-nt template DNA (unpaired,
downstream) toward the active site adjacent to the 3’-end of the RNA; (c) Constant folding
and unfolding (secondary and tertiary changes) of the RNA transcript. The RNAP-DNA/RNA
interactions are assumed independent of sequences.

In current implementation, we only examine sequence effects of translocation at terminator
right after formation of an RNA hairpin or loop (assuming that the elongation complex has
not been perturbed during the hairpin/loop formation process). Hence, we ignore part (c) as
the RNA hairpin or loop just forms and would not change shortly.

Below, we show calculations of translocation energetics including part (a) and (b) at two
terminator sequences: T-® (17) and a threonine attenuator (pTZ19thr) (18). Both terminators
are characterized by a stretch of consecutive T residues, and RNA transcripts ahead of the
corresponding U-stretch can form a stem-and-loop or hairpin structure. The size of the RNAP
is estimated at 20-nt length along DNA. The RNA-DNA hybrid is of 8-nt length. The ssDNA
regions upstream and downstream of the RNA-DNA hybrid are estimated as 2-nt and 1-nt,
respectively.

(a) The free energy for unwinding or rewinding of DNA is calculated from mfold (19) (at
T=27 °C, and [Na'] = 1M), taking into account both base-pairing and nearest-neighbor
stacking effects. Assuming that the free energy for stabilizing two neighboring bps is
Ez)N , at position 7, then rewinding 1-bp (at position i) and unwinding 1-bp downstream

(at position i +12, due to the ssDNA regions and the 8-nt RNA-DNA hybrid) result in

a free energy change:
AGpy, =Epy, — EID+117,24 (S10)

(b) The free energy for unzipping RNA-DNA hybrid is calculated using parameters from
(20) (Table 3 in (20) at T=27 °C, and [Na'] = 1M). Introducing 1-nt unpaired
nucleotide on the template DNA adjacent to the 3’-end of the RNA brings about some
stacking stabilization, which we estimate as half of the stabilizing free energy for an
RNA-DNA bp as in (21). When the upstream DNA rewinding is at position i, the
RNA-DNA hybrid unzipping happens at position i+3 (2-nt ssDNA region in between),

with free energy cost —F }’;Z”. > while the 1-nt DNA nucleotide adjacent to the 3’-end of

the RNA is at position i+10. The free energy change is:

i 1 i+ i+
AGhybrid = EEhy}y(:id - Eherid (S11)
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Therefore, taking into account of sequence effects for each step of translocation, the free
energy change ¥ B &z — & along path I — II includes the sum of the two free energy terms
above: y=AGy, +AG) .-
At the same time, we also consider the facilitated translocation path I’ — II’ (see Figure 2 in
main text). Comparing to path I — II, there is an additional stabilizing effect at post-
translocation, due to Tyr 639 side chain partially stacking with the RNA-DNA hybrid bp
adjacent to the active site. In current implementation, we estimate the stabilization energy as if
the Tyr 639 side ring mimics C (cytosine)- base of the RNA. Accordingly, we count the
stacking interaction the half of free energy for an RND-DNA hybrid (CG) bp at this position
1 1

! - =mJizid - - = -l j . L
=Ly 2%¢ | Since Fmby=L=y+ 2 Eee andElCJr(l;0 ~—4 k,T, the estimation is
consistent with our fitted results: §~2 ksl =0

In Figure S2, we show values of SFpa , ‘*&"é}'lrr'fd ,vand 1# calculated around terminator
sequences of T-® and pTZ19thr. From the free energy diagrams, one cannot see significant
energy rises at the terminator site, or any identifiable energy barrier of translocation that can
destabilize the RNAP. The calculation does not seem to support a ‘thermodynamic’
mechanism of intrinsic termination (22), though the mechanism cannot be ruled out as current
calculation does not consider the effect of RNA hairpin/loop formation.
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Figure S2 Free energy changes for sequence-dependent translocation of T7 RNAP along

DNA. Shown are values of ﬂ‘f-félﬁﬂ., Apyria ,v and 1§ | calculated respectively for sequences
of T-® and pTZ19thr (after RNA loop/hairpin formation). The positions where the RNAP

reaches at T-stretch (as U-stretch RNA starts to be released from hybrid) are highlighted with
circles.

The forward rate of translocation is accordingly adjusted for each step as DNA sequences
vary. In the absence of the sequence effects, the forward rate (I — II) is chosen as a constant
Ty EU0Q 5% (see Table S1). Under the sequence effects, the rate is adjusted to

0000 ey —%I ‘ o o

% Rak s where & is an activation barrier with sequence dependences.
Indeed, we found that the RNAP could forward track with high specificity at the terminator if
one assumes the activation barrier comes from unzipping 1-bp of the RNA-DNA hybrid, i.e.
AL = Eé;éwd . With this implementation, the RNAP can have a high efficiency of forward
tracking at the terminator while maintain a low efficiency at non-terminator regions.
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In the presence of the facilitated translocation path I' — II', the forward tracking is allowed at
II". In the pure Brownian ratchet case (with I — II only), the forward tracking is allowed at
I1. Note that the forward tracking rate is assumed to be proportional but smaller than the

regular forward translocation rate ¥a . We used an adjustable factor & £ 1} to modulate the

forward tracking rate as &f % . For example, in simulation at T-®, & =1 gives ~80%
forward tracking efficiency at the terminator. In simulation at threonine attenuator (pTZ19thr),
we tuned r ™ @038 that gives 40~50% efficiency of forward tracking, matching the
measured termination efficiency (18). The calculation is consistent with the idea that forward
tracking can lead to intrinsic termination. Nevertheless, further studies are needed to examine
the exact physical mechanism of the intrinsic termination.
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