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SI Discussion: The Validity of Approximating K5 as K}/®

In the main text, when entering differential acidity into the catalytic
cycle, the approximation was made to replace K5 (the dissocia-
tion constant of neutral ligand to ionized enzyme, Eq. 6) with K;"
(the ligand’s apparent dissociation constant without regard to
protonation states, Eq. 7). This reformulation allowed one to
clearly distinguish differential acidity as a separate contribution
from differential binding. In the specific case of ketosteroid
isomerase (KSI), the approximation is well-founded, as K5 is
indeed only 1.3-fold greater than KJ*. In this section, we examine
the range of validity of this approximation. Clearly, for some
choice of thermodynamic parameters, K5% will not be close to
K3". In the general case, the differential acidity effect is repre-
sented as the factor by which K5~ (the dissociation constant of
ionized ligand to neutral enzyme) is lower than the apparent dis-
sociation constant, K;y". The dependence of the log ratio of K5~
to K¥® on the two acidity parameters is given in Fig. S14. As
pKE (the internal acidity of the enzyme active site) increases, K5~
decreases, representing stronger effective binding and therefore
greater stabilization. However, this effect plateaus (as shown by
arrow 1) once pKE is equal to the ligand’s pK,, or when the
enzyme has equal affinity for protons as the bound ligand (1).
The contribution from differential acidity also grows more
pronounced as pKE (the standard acidity of the enzyme active
site to water) decreases (as shown by arrow 2). This effect has no
bound, and as the active-site oxyanion hole (OAH) becomes
more and more acidic in the apo state, K5~ continues to ex-
ponentially decrease, making the enzyme’s effective stabiliza-
tion of the intermediate greater and greater.

For a large portion of the acidity parameter space, K51 /K" is
close to 1 (the yellow region of Fig. S1B), where the approximation
is valid. As pKE increases up to pKL (following arrow 1), this re-
mains the case. However, once pKE exceeds pKL, K5H begins to
exponentially increase, which implies a deleterious effect of the
differential acidity on intermediate stabilization and marks where
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the approximation breaks down. Combined with the result from
Fig. S14, it is clear that for catalytic purposes the optimum value of
pKE is matched to the ligand’s pKL, as increasing it beyond that
value no longer affects K5~

To summarize, differential acidity depends on the enzyme’s
internal acidity, pKE, and the enzyme’s solution acidity, pKE. For
catalysis, differential acidity is optimized when pKE =pKL and
when pKE is as low as possible (these two principles could be
considered as design criteria for a hypothetical artificial enzyme).
So long as pKE < pKL, the approximation holds that K5 ~ KP.
In this case, the contribution from differential acidity, AG;, is
proportional to the simple expression pKE — pKE, in analogy to
the expression for AG,, pKES — pKE™.

A Note on tKSI

Interestingly, a homolog of KSI from a different organism (tKSI)
does not have a remarkably low pKE. However, unlike the variant
of KSI®**N considered wherein bound inhibitors exist as a mixture
of neutral and anionic forms (1, 2), tKST®**N appears to bind in-
hibitors (1, 3, 4) and the intermediate (3) preponderantly in the
anionic form, indicating that its pKY is larger than 9.7. Therefore,
tKSI with an unexceptional pKE may still exhibit a differential
acidity effect if pKE is correspondingly larger. Considering Fig.
S1A4, a beneficial effect from differential acidity (that is,
K5~ /KF? << 1) is still expected with an unexceptional pKE ~9,
so long as pKE is higher yet. However, unless pKE and pKE
fortuitously take on values that render them measurable (as
was the case for pKSI), the differential acidity effect will not be
experimentally observable. Consideration of tKSI calls attention
to the fact that differential acidity effects will not be measurable
for all systems, which highlights another reason why computa-
tional methods are essential in thermodynamic analyses of en-
zyme catalytic cycles (5-7).
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Fig. S1. Dependence of microscopic binding constants on differential acidity. Plots of Eq. 5 from the main text, showing the effect of the two acidity parameters
(PKE and pKE) on the microscopic dissociation constants (A) K5~ and (B) K5. The vertical axis is on a log scale and is normalized to K3°°; pH 7.2 and pK% = 10.0. In A,
arrow 1shows that a higher effective affinity is achieved for increasing pKE up to the pK, of the ligand; arrow 2 shows that higher effective affinity accompanies
a more acidic active site. In B, arrow 1 shows that K5 is nearly equal to K3’ and insensitive to pKE until pkE surpasses the pK, of the ligand.

Table S1. Thermodynamic and kinetic parameters

Quantity Description Value Determination Ref(s).
K34°/A"d'° Binding of substrate to KSI 17 uM UV-vis kinetics, Ky, of a “slow” substrate (1)
pKaA"dro pK, of substrate 12.7 UV-vis kinetics, detailed balance (2)
pKEne! pK, of protonated intermediate 10.0 UV-vis kinetics, detailed balance (3)
KA pK, of general base in apo enzyme 3.75 pH-titration kinetics (4)
KS40/E”°' (KS40/E”°"app)* Binding of intermediate to KSIP4%N 6 nM UV-vis kinetics (5)
Ki:t The internal equilibrium constant 0.01-0.3 Thermodynamic analysis (5)
for the process EeS = Eel
pKE pK, of OAH in KSIP4N 6.3 3C NMR, UV-vis titration (6)
pKE Internal acidity of OAH in KSIP4N 9.7 IR spectroscopy (7)
KEMO/Eq” (Kg‘“/Eq”*a"p) Binding of equilenin to KSIP4N 1.0 nM Fluorescence quenching (8)
k:at Rate constant for EeS — Eel 1.7 x 10° s’ UV-vis kinetics; intermediate partitioning 9)
Kuncat Rate constant for AcO™ + S — AcOH + | 9.0x 10735 UV-vis kinetics 3)

All parameters were measured with a temperature between 20 and 25 °C and with a pH between 6.9 and 7.2, except for acid dissociation constants (pKs),
which are measured over a pH range.
*These parameters were determined for the homolog of KSI from Comamonas testosteroni (tKSl), a related but distinct form of KSI from the one on which the
current analysis focuses (pKSl). The two are known to use the same mechanism, and possess very similar kinetic and thermodynamic specifications when subject
to the same experimental conditions. Two of the parameters for which data are not available on pKSI (Ki,: and kc,t) do not affect the analysis directly because
they are not used in the calculations, but are compared to calculated values. Note that the Michaelis-Menten k., for tKSI and pKSI are very similar (within
a factor of 1.5; ref. 4). KN/EnoI=2PP is 5 key parameter for which data are not available on pKSI, but its value for tKSl is very close to the value of Ky*/E94=2PP for
both tKSI and pKSl, justifying its use.
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