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1. Calculate the 'H NMR chemical shift of a hydrogen bond network in ketosteroid
isomerase

The enzyme ketosteroid isomerase (KSI) and its Asp40Asn mutant KSIP4%N contain a network of
SHBs in the active site, which is composed of residues Tyrl6, Tyr32 and Tyr57.1 Al-PIMD
simulations have been performed on the active-site hydrogen bond network in KSIP4N with a
QM/MM setup.? We extracted 455 configurations of the hydrogen bond network every 50 fs from
the simulations, and calculated their NMR chemical shifts using the same parameters as those
for the model molecules. Specifically, the electronic structures were described at the B3LYP
level® with the D3 dispersion correction* and the 6-31+G(d,p) basis set, and the chemical shifts
were calculated using the Gauge Independent Atomic Orbital method>’ as implemented in the
Gaussian 16 software package.® In the network, residues Tyrl6 and Tyr32 each form a SHB
with Tyr57. When we consider the SHB between Tyrl6 and Tyr57, we define the proton sharing
coordinate as v = dpi616 — dos7,516» Where dpien16 and dos7 416 are the distances from the
proton in residue 16 to the oxygen atom in residue 16 and 57, respectively. Similarly, a
coordinate of v = dy3; 532 — dos7 32 IS Uused when treating the SHB between Tyr32 and Tyr57.
The resulting *H NMR chemical shift of each configuration is plotted as a function of v in Fig. S1.

2. Determine the relation between the *H chemical shift and the proton position

We assume the probability distribution of v in a SHB can be written as a linear combination of
two Gaussian functions,
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SHB and they satisfy A; + A, = 1 to ensure that P(v) is normalized, i.e., f_ooP(v)dv =1. As

shown in Figs. S2 and S3, the probability distribution of v from the AIMD and AI-PIMD
simulations of the model molecules can be well represented using Eq. S1.

Since §,(v) = 21.9 — 16.1v?, the average 'H chemical shift can be calculated as
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From the first principles simulations, the proton hopping frequencies between the donor and
acceptor groups of a SHB is much faster than the time scale of a typical NMR measurement.
Therefore, the experimental *H NMR chemical shift of a system containing a SHB corresponds
to (8y) from the simulations. We consider v, as the average proton position in a SHB, which is
equivalent to the proton position observed in experiments. When a SHB is highly asymmetric,
like in the case of CUA, v, is the average position of the proton from the simulations. When a
SHB is symmetric, one cannot distinguish between its donor and acceptor atoms, and so we
take the absolute value of v from the simulations and use its average as v,.

From Eq. S2, (6y) =219 —-16.1vZ —16.16% . Compared to AIMD simulations, Al-PIMD
simulations include both electronic and nuclear quantum effects and mimic the experimental
conditions more closely. Therefore, we will use the v, values from the AI-PIMD simulations of
the model molecules, as listed in Table S1. As the BLYP density functional is known to
overstructure hydrogen bonded systems,® 10 it overestimates the 'H chemical shift in the Al-
PIMD simulations. To alleviate the problem, we determine o by globally minimizing the
differences between the predicted chemical shift, (6y)preqict. @and the experimental chemical
shift of all the systems. The resulting ¢ is 0.3 A and the root-mean-square deviation is 0.8 ppm.
The (8y)predict Values are also listed in Table S1.

Table S1. v, from AI-PIMD simulations and the experimental *H chemical shifts of the model molecules.
The chemical shifts predicted from Eq. S3 are also included.

Model molecule DMANH HM DHND CUA
solvent acetonitrile water acetone water water DMSO
Vo,AI-PIMD A 0.32 0.32 0.23 0.28 0.42 -0.34
O exp (PPM) 18.7 18.5 20.7 20.2 17.7 17.4
{81 )predict (PPM) 18.9 18.9 19.6 19.2 17.7 18.6
Therefore, Eq. S2 becomes
(6y) = 20.5 — 16.1v2. (S3)
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Fig. S1. Correlation of 6y and v from the model molecules and KSI. Results from previous
computational studies are also included. In the data set T06, 6y is for a proton in the N-H---O
hydrogen bond in a pyrrole derivative.!* In G13, NMR calculations are performed for the
hydrogen bond between phenol and different solvents.*? In G15, NMR chemical shifts are
calculated for a set of organic compounds with intermolecular or intramolecular hydrogen bonds
using the B3LYP?2 and the M06-2X*® density functionals and the 6-31+G(d) basis set.'* In G17,
the NMR chemical shifts of the enol-enol tautomers of B-dicarbonyl compounds are computed
using the B3LYP density functional® and the 6-31+G(d), 6-311G(d,p) and def2TZVP basis set.'®

0.30
®m  DMANH/acetonitrile
® DMAN/water
0.25 | A HM/acetone
HM/water
¢ DHND/water
0.20 <4 CUA/DMSO

Zo0.15
o
0.10

0.05

0.00

Fig. S2. The probability distribution of v from the AIMD simulations of the model molecules in
different solvents (symbols) and the least squares fitting of them using Eq. S1 (lines). The R?
values for the fitting range between 0.971 and 0.999.



0.15 m DMANH/acetonitrile
“¥ [ DMAN/water 4
A HM/acetone
| HM/water

¢ DHND/water

CUA/DMSO

0.10

0.05

0.00

-1.0 -0.5 0.0 0.5 1.0
v(A)

Fig. S3. The probability distribution of v from the Al-PIMD simulations of the model molecules in
different solvents (symbols) and the least squares fitting of them using Eq. S1 (lines). The R?
values for the fitting range between 0.986 and 0.998.
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