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Figure S1. Activity of tKSI D38G mutant with 5(10)-EST under different buffer conditions. The
activity of D38G was independent of buffer composition. Two different buffers were used: 40
mM sodium MOPS ( ) or sodium phosphate ( ), pH 7.2. The observed kw values (defined in
Scheme S1) were 1.7 X 10-3 and 1.6 X 10-3 s-1 in MOPS and phosphate buffer and the KM values
were 21 and 16 µM respectively. Activity was also unaffected by varying phosphate
concentration over 100 fold (40 mM to 400 µM ( ; kw = 1.4 X 10-3 s-1; KM = 16 µM). The
activity was also similar in 40 mM sodium phosphate buffer with the ionic strength maintained at
1 M with sodium chloride ( ), giving kw = 1.5 X 10-3 s-1 and KM = 26 µM.
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Figure S2. Activity of pKSI D40G mutant with 5(10)-EST under different buffer conditions.
The activity of D40G was independent of buffer composition. In 40 mM sodium MOPS ( ) or
40 mM sodium phosphate ( ), pH 7.2, the values of kw were the same (2.2 X 10-3 s-1) and the KM
values were 30 and 26 µM respectively. Activity was unaffected by varying phosphate
concentration over 100 fold (from 40 mM to 400 µM ( ) (at 400 µM: kw = 2.0 X 10-3 s-1 and KM
= 27 µM).
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Figure S3. Rescue reactions for exogenous bases with tKSI general base mutants. Data were
obtained as described in Materials and Methods (“KSI Base Rescue Reactions”) and fit to a
linear equation. Here, V is defined as total rate of product formation for 5(10)-EST substrate and
V0 is the rate for the background non-enzymatic reaction. Error bars show standard deviations
from 2-5 independent experiments using different enzyme concentrations (D38G: 0.5-5 µM,
D38G/A114G: 2-6 µM, D38G/P39G: 1-5 µM and D38G/F54A: 0.25-1.5 µM) and in some cases
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protein from different preparations (D38G, D38G/P39G, and D38G/F54A). Averaged rescue
reaction rate constants and their standard deviations are given in Table 3.
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Figure S4. Rescue reactions for exogenous bases with additional tKSI general base mutants.
Data were obtained as described in Materials and Methods (“KSI Base Rescue Reactions”) and
fit to a linear equation. Here, V is defined as total rate of product formation for 5(10)-EST
substrate and V0 is the rate for background non-enzymatic reaction. Error bars show standard
deviations from 2-3 independent experiments using different enzyme concentrations
(D38G/F116A:

1-2.5

µM,

D38G/M112G

and

D38G/P39G/A114G:

1.5-6

µM

and

D38G/P39G/V40G: 0.75-3 µM) and in some cases protein from different preparations
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(D38G/P39G/A114G and D38G/P39G/V40G). Rescue reaction rate constants and standard
deviations are given in Table 3.
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Figure S5. Rescue reactions for exogenous bases with an additional tKSI general base mutant.
Data were obtained as described in Materials and Methods (“KSI Base Rescue Reactions”) and
fit to a linear equation. Here, V is defined as total rate of product formation for 5(10)-EST
substrate and V0 is the rate for background non-enzymatic reaction. Error bars show standard
deviations from at least two independent experiments using different enzyme concentrations in
range of 3-7.5 µM. Rescue reaction rate constants and standard deviations are given in Table 3.
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Figure S6. Rescue reactions for exogenous bases with pKSI general base mutants. Data were
obtained as described in Materials and Methods (“KSI Base Rescue Reactions”) and fit to a
linear equation. Here, V is defined as total rate of product formation for 5(10)-EST substrate and
V0 is the rate for background non-enzymatic reaction. Error bars show standard deviations from
2-3 independent experiments using different enzyme concentrations (D40G/P41G/W120: 2.5-5
µM, for rest: 0.5-1.5 µM). The rescue reaction rate constants and standard deviations for the
exogenous bases are given in Table 3.
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pKa

kbase
-7
-1 -1
(10 M s )

Formate

3.75

5.4 ± 0.4

Acetate

4.76

7.0 ± 1.2

Propionate

4.88

7.7 ± 0.2

Butyrate

4.82

8.4 ± 1.6

Valerate

4.84

11 ± 1.8

Trimethyl
acetate

5.03

16 ± 1.3

Base

Structure

Figure S7. Rate constants for solution reactions of carboxylate bases with 5(10)-EST substrate.
The rate constants were determined from 2-3 independent experiments as described in Materials
and Methods (“Exogenous Base Solution Reactions”). The bases with pKa values between 4.7
and 5.0 give rate constants within approximately 2-fold, and the overall spread is 3-fold,
indicating small or negligible steric effects on the solution reaction. The pKa values are reported
from pubchem.ncbi.nlm.nih.gov.
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Figure S8. Absorption traces of acetate solution reaction. The absorption traces for acetate
solution reaction are given with substrate concentration kept constant at 300 µM and acetate
concentration varied from 0 to 0.75 M (see “Exogenous Base Solution Reactions” in Materials
and Methods for details) along with a trace with no substrate added and with a substituted phenol
added instead of the substrate.

S10

Figure S9. Rescue rate constants for formate and acetate of mutants with cavities smaller than
D38G. As the side chain of aspartate general base mutant was increased from glycine (D38G) to
alanine (D38A) to leucine (D38L), the rescued rate constant of formate and acetate decreased,
presumably due to increasing steric hindrance. Interestingly, the formate and acetate rate
constants are similar in D38A and D38L despite the extra methyl group of acetate. It is possible
that the equivalent rescue reflects reactions occurring when the Ala and Leu residues flip out to
give transient, open active sites, the methyl group in acetate providing some positioning effects
due to hydrophobic interaction in the enzymatic cavity which compensates for steric effects, or
reactions occurring with the exogenous base approaching from a different position. The kw and
KM values measured for D38A are 8.2 (± 0.2) X 10-5 s-1 and 12 (± 2) µM and for D38L, 6.2 (±
0.3) X 10-5 s-1 and 41 (± 2) µM.
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D38

E43
Figure S10. 2Fo-Fc difference electron density map of tKSI general base loop mutant
P39G/V40G/S42G (PDB: 3OV4) contoured at 1.0σ. Electron density for the general base loop is
ill-defined, suggesting that the loop is flexible, as observed in D38G/P39G/D99N mutant. The
density for this mutant was obtained from the EDS server.
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D38G

P39G

E43

Figure S11. Final 2Fo-Fc difference electron density map of tKSI mutant D38G/P39G/D99N
contoured at 0.5σ (PDB: 5DRE). Some electron density connecting residues 39-43 was observed
at contour levels of ≤0.5σ but attempts to model this part of the loop with reasonable geometry
were unsuccessful.
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Figure S12. Effect of oxyanion hole mutation with and without mutation of the general base in
tKSI and pKSI. Mutation D99N and D103N gave similar effects in kcat for WT KSI and kw for
tKSI (A) and pKSI (B).

.

S14

Figure S13. Rescue reaction rate constants of exogenous bases in pKSI D40G/P41G/F56A
mutant. The value of kbase increases 130 fold as the length of alkyl chain increases from formate
to propionate, suggesting the presence of a hydrophobic interaction.
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Table S1A. Activity of pKSI D40G at Different pH Values

pH
4.0
4.8
6.2
7.2
8.2
8.9

kw (10-3 s-1)
1.1
1.2
1.8
2.0
1.9
1.7

KM (µM)
19
22
27
25
25
30

Conditions: 30-50 mM sodium succinate/sodium phosphate/sodium tricine, 2% DMSO, ionic
strength 0.1 M NaCl. The enzyme concentration was 2 µM and substrate concentrations were
varied from 2-300 µM.
Table S1B. D40G Rescue Reactions with Formate at Different pH Values
pH
5.2
6.2
7.2
8.2
8.9

kbase (M-1 s-1)
5.8 X 10-3
11 X 10-3
7.7 X 10-3
6.7 X 10-3
1.6 X 10-3

Conditions: 20 mM sodium MES/sodium MOPS/sodium tricine, 2% DMSO, ionic strength 1 M
NaCl. The enzyme and substrate concentration used were 2 and 300 µM respectively.
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Table S2A. Activity of tKSI D38G at Different pH Values
pH
5.2
6.2
7.2
8.2

kw (10-3 s-1)
1.3
1.5
1.6
2.0

KM (µM)
17
22
15
24

Conditions: 40 mM sodium MES/MOPS, 2% DMSO, ionic strength 0.1 M NaCl. The enzyme
concentration used was 1.5 µM and substrate concentrations were varied over 2-300 µM.

Table S2B. D38G Rescue Reactions with Formate at Different pH Values
pH
5.2
6.2
7.2
8.2

kbase (M-1 s-1)
1.2 X 10-2
1.8 X 10-2
1.4 X 10-2
0.9 X 10-2

Conditions: 20 mM MES/MOPS, 2% DMSO, ionic strength 1 M NaCl. The enzyme and
substrate concentration used were 1.5 and 300 µM respectively.
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Table S3. D38G/P39G Rescue Reactions with Formate at Different pH Values
pH
6.2
7.2
8.2

kbase (M-1 s-1)
1.2 X 10-3
1.7 X 10-3
1.4 X 10-3

Conditions: 20 mM sodium MOPS, 2% DMSO, ionic strength 1 M NaCl. The enzyme and
substrate concentration used were 1 and 300 µM respectively.
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Table S4. Comparison of maximal rate constant of WT tKSI (kcat) and General Base
Mutant D38G (kw) for Isomerization of Protiated 5(10)-EST in Protiated Buffer and 4,4Dideuterated 5(10)-EST in Deuterated Buffer
tKSI

WT
D38G

kcat or kw for protiated
5(10)-EST in protiated
buffer (s-1)
23 ± 3
14 (± 1) X 10-4

kcat or kw for
dideuterated 5(10)EST in deuterated
buffer (s-1)
3.3 ± 0.4
1.7 (± 0.3) X 10-4

Ratio of kcat or kw
values

7.0
8.2

Conditions: 40 mM sodium phosphate, 2% DMSO, pH 7.2 (H2O) or pD 7.6 (D2O). Dideuterated
substrate was prepared as described in Natarajan et. al. JACS, 2014, 136, 7643. The substrate
concentration was kept constant at 300 µM and enzyme concentration was varied over 3-8 fold
(WTH2O: 0.5-2 nM, WTD2O: 2.5-7.5 nM, D38GH2O: 1.25- 10 µM, D38GD2O: 3-12 µM). The errors
represent standard deviation in kcat or kw values obtained from two independent experiments.
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Table S5. Crystallographic Data Collection and Refinement Statistics

Data set
PDB ID
Resolution (Å)
Space group
a, Å
b, Å
c, Å
α, 
β, 
γ, 
Number unique
reflections
Completeness
Multiplicity
Rmerge, %
I/σ

All data (Outer shell)
tKSI D38G/P39G/D99N
42.11 - 2.15 (2.23 - 2.15)
P 65 2 2
60.36
60.36
142.10
90
90
120
8865 (863)
99.3 (98.5)
5.4 (4.9)
8.48 (54.19)
12.89 (2.01)

Refinement
Statistics
No. Residues
122
No. waters
31
Rwork, %
22.1 (29.1)
Rfree, %
26.8 (33.8)
rmsd bonds, Å
0.007
0.96
rmsd angles, 
Ramachandran
97
favored
Ramachandran
0
outliers
Rmerge=ΣhklΣi|I(hkl)i-{I(hkl)}|/ΣhklΣiI(hkl)i
Rwork=Σhkl|F(hkl)o-{F(hkl)c}|/ΣhklF(hkl)o
Rfree was calculated exactly as Rwork where F(hkl)o were
taken from 5% of the data not included
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Scheme S1. Reaction Scheme for KSI General Base Mutants

vel = kw [E.S] + kbase [E.S] [B]
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