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SUPPORTING INFORMATION

Protonation States

We choose protonation states of the titratable side clsand phosphateyroups in pol

i based on individual pKa values atsolution pH of.0 as reported in TabISIIl. Because
the three conserved Asp groups are well separated from each other and not closely
interacting with the dCTP imé crystal structure, ouchoice of the protonation state
based on pKa of the amino acid group and an overall pH of 7.0 mnaals. Itis also in
accord withprevious work?. We choose HID (His witlydrogen on the deltaitrogen)

for all His groupsNote thatnone of the key residues aund the active site arélis,so

this choiceof His tautomers is expected to have have little impact onrdsailtsof this
paper.



ShootingAlgorithm andTest of Convergence of TPS

The shoting algorithn?™ generates an ensemble of new trajectories by perturbing
initial momenta of atoms in a randomly chosen time interval while ensuring
conservatiorof Maxwellian distribution of velocities, total linear and angular
momentum, and detailed balance. The perturbation scheme employed in our work is
also symmetrig the probability of generating a new set of momenta from the old set is
the same as the revese probability of generating the old set from the new set.

In particular, the ensemble gf S ¢ i NJ 2}o0engtiNAréSgenerdited by a
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canonical ensemble). Theewly generated trajectories are accepted or rejected based

on selected statistical criteria that characterize the ensemble of trajecttties

The ergodicity and convergence of each TPS run is confirmed by calculating the
autocorrelation function of the order parametér;6 nd dassociated with each
transition state i, wheréddenotes the average over the ensemble of generated
trajectories. For each transition state, the autocortea function is plottedfrom time

0 whered 6 m(0)aF & aff to the time_ where &0 md &F b A8 -6 this range is spanned
during our sampling time (seeSupplementalFgure &), indicating that the transition
state regions between A and B are crossed during this interval. The time used for the
gradual transition of the autocorration functiont 6 nd@ aftom these plots can
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MD trajectoiies should be longer than the,, value to sufficiently cover the entire
transition region.

The above procedure both conserves the equilibrium distribution of individual
metastable states and ensures that the accepted molecular dynamics trajectories
connect the two metastable states for a particular transition. The shooting algorithm
used in our work based on the Metropolis scheme also conserves microscopic
reversibility. Hence, the ensemble of MD trajectories generated is guaranteed to
converge to the caect ensemble defined by the path action and represents
configurations that constitute the correct pathway for hopping between the metastable
states.
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Supplementary Table

Table SIKinetic data fomwild-type poli andmutantswith correct basegoaring See also
Supplementary Figure8and 9.

Kool (S7) Ka (>M) NG (kJ/mof
Wild-type % 3¢ 54 2.5¢63 64.1¢ 713
N279R Y 44+10 1400+ 600 642+0.29
M2821°2* 39.8+4.6 92+28 644+0.14
D246V 31.8+2.6 29.1+6.2 65.0+0.10
F272P% 30+1 77+10 65.1 +0.04
Y265W 23 19.4+0.3 14+1 66.2 +0.02
Y265p23 18.2+0.9 63+11 664 +0.06
N279Q Y 14+2 610+ 120 67.0+0.18
K280A%° 12 6 674
R149/%° 11 12 67.6
12603 24 10.8+1.5 165+ 40 67.7+0.17
E2491° 9.1+0.5 25+ 4 68.1+0.07
S188R%° 8.9 3.8 68.1
D276R*® 8.6+0.87 170+ 30 68.2+0.13
11745 6.7+0.7 23+6 68.8+0.13
D276\ 6.3+0.9 0.6+0.3 69.0+0.18
N294A%° 4.0 6.6 70.1
Y271F' 3.30+0.35 3.7+1.2 70.6+0.13



K280326 2.7+0.1 289+ 26 71.1+0.05

R183A%° 2.6 5.9 71.2
N294Q%° 2.6 1.6 71.2
H285D 25+0.2 4.4+0.9 71.3+0.10
E2954° 2.0 10 71.8
1260M*? 2.0+0.1 6+1 71.8+0.06
S180R%° 1.0 70 73.5
Y2718 1.0+0.1 4.7+0.5 73.5+0.12
R283A8 0.83+0.08 61+17 74.0+0.12
Y271AY 0.58+0.03 1.4+0.2 74.9+0.06
Y2658 0.087+0.003 1.2+0.1 79.6+0.04
R333F 0.074+0.003 70+9 80.0+0.05
R283Kk*° 0.05+0.01 170+ 60 81.0+0.25
R182F 0.034+0.002 131+19 81.9+0.07
E316F 0.00185+0.00006 20+ 4 89.1+0.04
(0] act|V|ty +
L22P* (N ivity) 291+45 N/A
E295K8 (No activity) 28 N/A

a. kpo is theintrinsicrate constantof polymerization Ky is theequilibrium
dissociation constant for the incoming nucleotighés is he overall energy
barrier in pol <Zatalytic pathway and is calculated @S = RT [In g&/h) ¢ In
(kp0|)]29, where R is the universal gas constant and h is the Planck constant.

b. N279A, F272L, N279Q, 126(E)88AK280GS180Aand Y265H are measured
with a baseparingof A:dTTP; M282L,Y265W, Y265F , D276R, and R283K are
measured with a basparing of T:dATP; all other mutants and the wide pol
i are measured with a baggaring of G:dCTRee Supplementary Figur for a

$



summary of pol Omutants, and Supplementary Figu&f& the locatons of

the residues

Table 3. Sequence of transition states for the closing conformational profilesefdol

i systems identified by TPS.

E295K mutant Wild-type (G:C) Wild-type (G:A)

Wild-type Wild-type
(8-0x0G:C) (8-0x0G:A)

TS1
TS2

TS3

TS4
TS5
TS6

Flip ofAsp192 Thumb closing Thumb closing
Thumb closing Flip ofAsp192  Flip of Asp192

Flip of Phe272 Arg258 rotation Flip of Phe272

Arg258 rotation Flip of Phe272 Arg258 rotation
Shift of Tyr271  lon motions
lon motions

Thumb closing Thumb closing

ArgAs8 halt Flip of Asp192
rotation

Arg258 ful  Arg258 rotation
rotation

Flip of Phe272 Flip of Phe272

Table SllIProtonation $ates of titratable side chasand phosphate groups in pol

Residue Charge

pKa

Phosphate groups in DN/ ¢l

Asp ¢l
Glu cl
His 0
Lys +1
Arg +1

1.2
3.9
4.3
6.5
10.8
125




Supplementary Figures

@ , __ 8kDa
N/ Domain

Fig. 3. Openclosed transition of pal  vidded in crystal structures.

Upper: Crystallographjooli conformations before chemistry in (a) closed (PDB entry
1BPY) and (b) open (PDB entry 1B8¥)s. The distances between thumb anekBa
domain are shown.

Lower: Active site coordination of polbefore chemistry in (c) closed and (d) open
forms.
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Fig.S2 Initial constrained trajectories for the conformational transitions obtained from

TMD
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Fig.S3 Correlation functions of order parametefsr transiton states in the closing

pathway.



Fig $A. Electron density map of the pbl %k lmary complex contoured at 1.25 RMS
above the mean. The final model is superimposed in stick representation. Note the lack
of electron density for Lys295.
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Temperature Factor

— Temperature factors from experiments =—— Temperature factors from MD
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Fig. 5. Comparison of temperature factoof @ atomsfrom experimens and from MD
simulations.
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Fig.S6 Superimposedree energy profiles of five pblsystems obtained from TPE°.
The energy barrier of the chemical step for wijghe G:C and G:A are also shown in
dashed lines, which are derived framperimentally measurekl, value§'*'*1"?°, See
supplementary table Il for the sequence of transition states in each system.
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