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ABSTRACT: Hydrogen bonds are fundamental to biological Tyr57 Tyr32 pKéI

systems and are regularly found in networks implicated in 040} gy

folding, molecular recognition, catalysis, and allostery. Given Tyr16 < PYP

their ubiquity, we asked the fundamental questions of T § 0051

whether, and to what extent, hydrogen bonds within networks Q Oeeey—0 a £ o.00f

are structurally coupled. To address these questions, we oM 05":5 5o
turned to three protein systems, two variants of ketosteroid %?;z'ne: H-.\‘.\/@ o g -0.051 ¢ .
isomerase and one of photoactive yellow protein. We | ngins .';./0 9 2 .10l

perturbed their hydrogen bond networks via a combination o’H 4

of site-directed mutagenelsis and unnatural amino acid ):o 005 000 0.05 090 045
substitution, and we used "H NMR and high-resolution X- AO/N-O Distance (A)

Asp103 1° H-Bond

ray crystallography to determine the effects of these
perturbations on the lengths of the two oxyanion hole
hydrogen bonds that are donated to negatively charged transition state analogs. Perturbations that lengthened or shortened one
of the oxyanion hole hydrogen bonds had the opposite effect on the other. The oxyanion hole hydrogen bonds were also
affected by distal hydrogen bonds in the network, with smaller perturbations for more remote hydrogen bonds. Across 19
measurements in three systems, the length change in one oxyanion hole hydrogen bond was propagated to the other, by a factor
of —0.30 + 0.03. This common effect suggests that hydrogen bond coupling is minimally influenced by the remaining protein
scaffold. The observed coupling is reproduced by molecular mechanics and quantum mechanics/molecular mechanics (QM/
MM) calculations for changes to a proximal oxyanion hole hydrogen bond. However, effects from distal hydrogen bonds are
reproduced only by QM/MM, suggesting the importance of polarization in hydrogen bond coupling. These results deepen our
understanding of hydrogen bonds and their networks, providing strong evidence for long-range coupling and for the extent of
this coupling. We provide a broadly predictive quantitative relationship that can be applied to and can be further tested in new
systems.

B INTRODUCTION

Hydrogen bonds lie at the core of biological function and
specificity, as anticipated by Linus Pauling when he coined the
term “hydrogen bond” in 1931."” Hydrogen bonds in proteins
are typically found in networks that are readily visualized in
high-resolution X-ray structures and play integral roles in
protein folding, molecular recognition, catalysis, and allos-
tery.”~"® Their perceived importance aligns with the difficulties
observed in engineering new enzymes, where limitations in the
ability to incorporate hydrogen bond networks have been

hydrogen bonds can provide greater positional restraints than
individual hydrophobic interactions.””*>*® Molten globules,
which exist as on- or off-pathway folding intermediates and
have a compact yet mobile hydrophobic core, may epitomize
the difficulty of specifying a distinct conformational state
predominantly via hydrophobic interactions alone.””~** Never-
theless, motions remain in proteins even with hydrogen bond
networks, most fundamentally because motion is present in
every atomic system above 0 K. Furthermore, in proteins, the
use of hydrogen bonding and hydrophobic interactions to form

suggested as a key missing feature responsible for the large
discrepancy in rate enhancements between natural and
designed enzymes.'*™*!

It is clear that enzymes greatly restrict dynamics, positioning
active site groups that carry out direct catalytic roles,”>* and
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secondary and tertiary interactions, rather than covalent bonds,
accentuates conformational plasticity. Thus, atomic motions
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are pervasive, even in enzymes that do not have explicit
conformational changes required for function, such as motor
proteins and molecular pumps, and do not require a loop
closure or domain motion to align catalytic groups or allow
substrate and product ingress and egress.

Indeed, there has recently been much discussion, and
speculation, regarding the role of dynamics, or conformational
fluctuations, in enzyme function.’*™*” Klinman, through
detailed study of tunneling in enzymatic reactions, has
provided compelling evidence for conformational rearrange-
ments required to achieve tunneling-competent states.’®™*
Generalizing from those studies, she has suggested that the
most stable, or probable, enzyme-substrate conformation may
not be the state that is most catalytically active, as chemical
transformations involve the close approximation of atoms, with
distances closer than the sum of van der Waals radii, to allow
new bonds to form.’”*"**** More speculatively, Klinman has
suggested that hydrogen bond networks may provide specially
adapted conduits that couple energy transfer from solvent to
active sites.” Alternative models for the prevalence of
hydrogen bond networks include the large energetic cost of
leaving unfulfilled buried hydrogen bond donors and acceptors,
such that second and third shell hydrogen bonds may be key in
stabilizinsg folded proteins, as well as in positioning active site
groups.*® Rearrangements in hydrogen bond networks also
occur in many allosteric and regulatory processes, e.g., refs
47—49. Here, we address coupling within hydrogen bond
networks in an effort to provide basic information about the
conformational interrelationships between hydrogen bonds
within protein hydrogen bond networks. This information will
be needed to ultimately define and understand the local and
collective motions and the extent of conformational restriction
within proteins.”

As expected, given their prevalence and importance, there
have been many studies and proposals concerning the physical
nature and energetic properties of hydrogen bonds (e.g., refs 3,
6, 51—56). Over the past few decades, the notions that shorter
hydrogen bonds are stronger and that hydrogen bonds shorten
within protein environments to provide additional, and
perhaps enormous, energetic contributions to catalysis, has
dominated discussions.”” % However, Sigala et al. demon-
strated that hydrogen bonds do not shorten in hydrophobic
solvents, relative to their lengths in aqueous solution, removing
the foundational principle of environment-dependent hydro-
gen bond shortening that governs this set of proposals.””

Sigala et al. also described a strong correlation between O-O
hydrogen bond length, collated from small-molecule neutron
diffraction structures, and the difference in aqueous pK, values
between the hydrogen bond donor and acceptor (ApK,), a
relationship that has been discussed extensively (e.g, refs 59,
71—76) and is now expected to hold across different solvent
environments (Figure 1A,B).*77=7 This general correlation
greatly simplifies our consideration of hydrogen bond structure
and accounts for ~86% of the variance in hydrogen bond
lengths. Nevertheless, the remaining deviations are well
beyond the error of small-molecule diffraction data. These
deviations are particularly clear from consideration of different
crystals of the same compound. To illustrate, we compiled O-
O hydrogen bond lengths from 36 high-quality structures of
3,5-dinitrosalicylate in the Cambridge Structural Database.*
Variations on the order of a tenth of an Angstrem were
observed, well beyond coordinate errors for small molecule
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Figure 1. Hydrogen bond lengths display a strong dependence on
donor—acceptor ApK,. (A) Hydrogen bond lengths correlate with
donor—acceptor ApK, with a slope of 0.020 A/pK, (R* = 0.86, i..,
the model describes 86% of the variation in the data) for a series of
inter- and intramolecular hydrogen bonded complexes with donor—
acceptor pairs covering a range of 20 ApK, units.”® Points
representing 3,5-dinitrosalicylate from X-ray, neutron, and NMR are
boxed and plotted in (C). Here, ApK, values are calculated as the
difference in pK, of the hydrogen bond donor and the conjugate acid
of the acceptor in water. (B) As hydrogen bond donor—acceptor
ApK, approaches zero, the partial charges on the donor and acceptor
molecules change and the hydrogen bond shortens.”””® Lengths were
calculated from previously published 'H NMR chemical shifts of the
hydrogen bonded protons using the empirical correlation between
hydrogen bond O-O distance and 'H chemical shift’® (14.65 and
17.47 ppm for I and 1I, respectively'*”). pK, values for the molecules
shown: 2-choro-4-nitrophenol (pK, = $.4), trifluoroacetate (pK, =
0.2), and trimethyl acetate (pK, = 5.0)."** (C) Variations in hydrogen
bond O-O distances (n = 42) from X-ray crystal structures (n = 36) of
3,S-dinitrosalicylate. A histogram of the distances fits a normal
distribution with an average distance of 2.462 A and a standard
deviation of 0.037 A (Table S2).

structures, which are typically <0.01 A (Figure 1C, Table
§2).525581-83

Thus, additional factors must also contribute, to some
extent, to hydrogen bond lengths. Inspection of the 3,5-
dinitrosalicylate structures in Figure 1C reveal hydrogen bond
networks with diverse hydrogen bonding patterns in different
crystals and for different molecules within the crystal lattice
(Table S2, Figure S4). Prior data, from us and others, has
suggested that coupling between hydrogen bonds within
networks may be one factor resulting in the observed
differences in hydrogen bond length and we further investigate
this effect herein.””**~*’

Herein, we broadly demonstrate hydrogen bond coupling
and quantitate its extent within hydrogen bond networks in
three proteins: ketosteroid isomerase (KSI) from two sources,
Pseudomonas  putida (pKSI) and Comamonas testosteroni
(tKSI), and photoactive yellow protein (PYP).***> These

DOI: 10.1021/jacs.8b01596
J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/jacs.8b01596

Journal of the American Chemical Society

proteins have active site hydrogen bond networks (Figure 2)
that can be readily manipulated to assess the effect of proximal
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Figure 2. Hydrogen bond networks in the active sites of ketosteroid
isomerase (KSI) and photoactive yellow protein (PYP). (A,B) pKSI
(A) and tKSI (B) bound to a substituted phenolate transition state
analog, and PYP (C) with covalently bound p-coumarate
chromophore. Previous measurements in pKSI and tKSI, have
shown that residue Aspl03 in pKSI, and Asp99 in tKSI, have pK,
values that are >9, indicating that this residue is protonated at the
neutral pH used herein.'*' We were unable to obtain absorbance
spectra of the F-Tyr variants bound to the phenolates used herein
(DNP and TFMNP); however, absorbance spectra of F-Tyr variants
with bound naphthol ligands indicate that these ligands are ionized,
providing strong evidence that lower pK, ligands such as DNP and
TFMNP are also bound as anions (Text S2, Figure $2).7%1%% The
PYP g{cz)tonation state is supported by a prior neutron diffraction
study.

and distal perturbations, with the protein scaffold enforcing a
conserved placement of groups. As a result, large conforma-
tional rearrangements that could alter the network connections
are less problematic than in many small molecule systems, a
supposition s dpported by high-resolution X-ray structural
analysis.*"%° Vide ifra 1 NMR chemical shifts of highly
downfield- shlfted hydrogen bonded protons and high-
resolution X-ray crystallographic data of a series of enzyme
variants with natural and unnatural amino acid substitutions
have allowed us to determine coupling of hydrogen bond
lengths between groups that donate hydrogen bonds to a
common oxyanion acceptor. We have demonstrated that
coupling is transmitted through two, three, and four hydrogen
bonds in the network, with diminishing effects from more
remote modifications. Remarkably, over the 19 perturbations
made here and previously in three protein backgrounds, there
is a single correlation for oxyanion hole hydrogen bond
coupling. This agreement leads to a predictive, quantitative

model for these couplings and suggests a common underlying
physical origin for this effect. Finally, hydrogen bond coupling
was investigated in the oxyanion holes of pKSI and tKSI using
molecular mechanics (MM) and quantum mechanics/molec-
ular mechanics (QM/MM). Both methods described changes
in the oxyanion hole hydrogen bond lengths due to
perturbations to the proximal aspartic acid; however, MM
methods did not reproduce length effects from perturbations of
the distal hydrogen bond donors, presumably due to the lack
of polarization in the rigid-charge MM force fields. High-
precision mapping of hydrogen bond coupling is foundational
for understanding protein dynamics and energetics, and may
aid in evaluating computational models for protein conforma-
tional fluctuations and function.

B RESULTS AND DISCUSSION

The three proteins probed herein, ketosteroid isomerase (KSI)
from two species (pKSI and pKSI), and photoactive yellow
protein (PYP), each have a hydrogen bond network that
includes a bound oxyanion ligand (Figure 2). For KSI,
phenolates have been shown to act as transition state
analogs,”” " " and for PYP, p-coumarate is a covalently
bound oxyanion that functions in the PYP photocycle.”"”*
Below, we first focus on coupling of the oxyanion hole
hydrogen bonds, i.e. the two hydrogen bonds donated to
active site-bound oxyanionic ligands. Oxyanion hole perturba-
tions were made via unnatural amino acid incorporation for
Tyrl6 of pKSI and via site-directed mutagenesis for the
aspartic acid or glutamic acid hydrogen bond donor, with
mutation to asparagine or glutamine, respectively. As in
previous studies, the Asp40Asn mutation in pKSI, and the
corresponding Asp38Asn mutation in tKSI, were used to
mimic the protonated general base in the enzyme-intermediate
complex and to increase phenolate affinities relative to Asp40
KSL”%?*°* Herein, all references to “WT KSI” contain this
mutation and refer to proteins with the wild-type oxyanion
hole configuration. Hydrogen bond length changes were
determined using "H NMR spectroscopy and high-resolution
X-ray crystallography, and the same coupling effects were
observed by both techniques. After describing coupling
between the oxyanion hole donors, we assess the effects on
these hydrogen bonds from the more remote, networked
hydrogen bond donors in each system. This coupling
relationship was determined with two or three different
bound ligands to further assess the accuracy of our results
and the generality of this behavior. Remarkably, when we
combine the structural information from all these measure-
ments we observe a single linear relationship for the coupling
of the oxyanion hole donors, regardless of the type of
perturbation or protein identity. Finally, comparison of the
experimental coupling to the relationships predicted by MM
and QM/MM simulations provides insights into the origin of
this effect. The hydrogen bond distance measurements and
relationships determined experimentally, herein and previously,
are summarized in Table 1 for ease of reference (Table 3 lists
the values obtained computationally).

Structural Coupling of Hydrogen Bond Donors to a
Common Acceptor. Previous results with tKSI and PYP
revealed couphng between the oxyanion hole hydrogen bond
lengths.**®> Specifically, deuterium substitution is known to
lengthen hydrogen bonds, and substitution of one of the two
oxyanion hole hydrogen atoms by deuterium (via mixed
H,0:D,0 solutions) lengthened the other hydrogen bond
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Table 1. Changes in Hydrogen Bond Lengths Determined by "H NMR and X-ray Crystallography Determined Herein and

Previously
1° H-Bond 2° H-Bond

Protein Perturbation Ligand“ Method Donor A™5 (ppm) ALength (A) Donor A'™5 (ppm) ALength (A)

pKSI Y32F DNP NMR Y16 -0.61 0.024 D103 0.07 -0.003
Y32F/YS7F NMR Y16 -3.19 0.151 D103 0.81 —0.030
Y32F/YS7F X-ray Y16 0.10 D103 —0.04
2-F-Y167 NMR Y16 0.77 -0.029 D103 -0.13 0.005
2,6-F,-Y167 NMR Y16 1.55 -0.055 D103 -0.51 0.021
D103N X-ray D103 0.30 (0.17%) Y16 -0.07
Y32F TEMNP NMR Y16 —0.69 0.023 D103 0.17 —0.006
Y32F/YS7F NMR Y16 -3.65 0.156 D103 1.09 -0.035
2-F-Y16* NMR Y16 0.88 —0.029 D103 -0.21 0.007
2,6-F,-Y167 NMR Y16 1.84 -0.056 D103 -0.70 0.026

tKSI F30Y DNP NMR Y14 0.68 -0.025 D99 -0.30 0.012
Y5SF NMR Y14 -2.25 0.105 D99 0.62 —0.023
DYIN NMR D99 c ¢ Y14 122 —0.045
F30Y TEMNP NMR Y14 0.60 —0.020 D99 -0.37 0.013
YSSE NMR Y14 -2.56 0.111 D99 0.34 -0.013
D9IN NMR D99 < ‘ Y14 1.51 —0.048
YSSF FTEMP NMR Y14 —3.23 0.111 D99 1.14 -0.031

PYP TS0 V DNP NMR Y42 -0.96 0.051 E46 0.53 -0.025
TS0 V TEMNP NMR Y42 -1.14 0.056 E46 0.30 -0.013
TS50 V¥ p-CA NMR Y42 -13 0.059 E46 0.60 —0.019
E46Q% NMR E46 4 4 Y42 1.50 —0.055
E46Q''1? X-ray E46 0.30 (0.17%) Y42 —0.05

#3,4-Dinitrophenolate (DNP; pK, = 5.4"*°), 3-(trifluoromethyl)-4-nitrophenolate (TEMNP; pK, = 6.3'*°), 3-fluoro-5-(trifluoromethyl)phenolate
(FTEMP; pK, = 8.2"%°), p-coumaric acid (p-CA; pK, = 9.1%°) “Distance corrected by 0.13 A for comparison of N-O to O-O hydrogen bond
distances (Text S3). “The resonance corresponding to the Asp99-phenolate hydrogen bond is not seen in the downfield portion of this spectrum
(Figure 4). 9The resonance corresponding to the GIn46-p-CA hydrogen bonded is not seen in the downfield portion of this spectrum (Figure S11).

(Figure 3A).**® To further and systematically test coupling
with minimal perturbation we turned to a set of unnatural
amino acid substitutions for Tyr16, fluoro-substituted tyrosines
(Figure 3B), which were previously shown to not have
significant effects on function.”

F-Tyr16 Substitutions Shorten Tyr16-Oxyanion Hydrogen
Bond and Lengthen the Asp103-Oxyanion Hydrogen Bond
in pKSI. We prepared semisynthetic pKSI variants with
tyrosine, 2-fluoro-tyrosine, and 2,6-difluoro-tyrosine at position
16 and used 'H NMR to obtain information about hydrogen
bond lengths. An empirical correlation function between 'H
chemical shifts and hydrogen bond lengths was previously
established from direct comparisons of NMR and X-ray
diffraction data on a large set of small-molecule crystals™ ™"’
and has been used extensively in hydrogen bond structure—
function studies (e.g, refs 100—106). Upon closer approach of
the hydrogen-bond acceptor (ie., a shorter hydrogen bond),
the O—H covalent bond distance lengthens, thereby
deshielding the hydrogen-bonded proton to give a more
downfield 'H NMR chemical shift (Text §1).”777>!'%7

Previously, two short hydrogen bonds with highly
deshielded protons were assigned to Tyrl6 and Aspl03 of
the KSI oxyanion hole.”” With bound 3,4-dinitrophenolate
(DNP), the two peaks are indistinguishable from one another,
as expected based on extrapolation of chemical shifts
previously observed for a series of bound substituted
phenolates of varying pK,: the chemical shifts that are distinct
for higher-pK, phenolates converge for the low pK, phenolates
used herein (pK, 5.4 and 6.3) (Figure SS). Low pK, phenolate
ligands were used to avoid complications from potential
internal proton transfers that can give bound phenols rather

than phenolates (Text S2

) 108

With the fluoro-substituted

tyrosines (Figure 3B), the expected two peaks are observed,
with a downfield 'H chemical shift migration that increases
with larger pK, perturbations (Tyr — F-Tyr — F,-Tyr; Figure
3C, red) and an opposite, but smaller upfield migration of the
second peak (Figure 3C, blue). The downfield peak migration
matches the direction and scale for the pK, variation at
position 16, based on prior data for changes in hydrogen bond
length with pK, in this and other systems (Figures S4—S6).
The second peak, which shifts upfield, is perturbed less and
apparently represents a compensating lengthening of the
Asp103 hydrogen bond in response to shortening of the F-
Tyrl6 hydrogen bond, as previously observed upon deuterium
substitution.””*> We observed very similar effects with a
second bound phenolate, providing independent support for
these observations (3-(trifluoromethyl)-4-nitrophenolate,
TFMNP, Figure 3D).

We used the literature relationship between "H chemical
shift and hydrogen bond length (Text S1)°” to convert the
observed NMR results into hydrogen bond lengths (Table 1),
and we plotted the change in hydrogen bond length for the F-
Tyrl6-oxyanion hydrogen bond versus the Aspl03-oxyanion
hydrogen bond (Figure 3E). The results are consistent with a
linear correlation with a slope of approximately —0.4. This
slope provides an initial estimate for the fold-change in
Aspl03-oxyanion hydrogen bond length observed upon a
change in Tyrl6-oxyanion hydrogen bond length. To extend
this relationship to larger perturbations and to further test this
correlation, we turned to the converse experiment, using site-
directed mutagenesis to alter the KSI oxyanion hole aspartic
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J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/jacs.8b01596

Journal of the American Chemical Society

B
) Tyr16 )
X X=ForF
@ Y No o oF ANH o #NH ANH o
=NU,ortr, ¢
o v \\'f' F K'f' F F
\H\ N02
1° shorter:“;& = O o OH
R ;‘:'o Tyr 2-F-Tyr 2,6-F,-Tyr
(w72 tengthen ApK, 0.00  0.67 1.60
Asp103
C D
) pKSI-DNP ) pKSI-TFMNP
13.98 13.85 14.73 14.65
Tyri6 VWJ\M Tyri6 j\
' . 1553 14.52
14.62 1385
2-F-Tyr16 2-F-Tyr16
13.47 16.49 14.03

15.40
2,6-F,Tyrie 13

18 16 14 12
Chemical shift (ppm)

18 16 14 12
Chemical shift (ppm)

E)

B Symbol Ligand
o< 0.06} ® DNP |
£lg - B TFMNP -
oS 0.04} ]
TS | 2,6-F,-Tyr16 |
o0
Sla o0.02f ]
2—9 . Tyr16 -

o) I ]
g 0.00¢ 2-F-Tyr16
-0.06 -0.04 -0.02 0.00
AO-0 Distance (A)

Tyr16-ligand

Figure 3. Changes in oxyanion hole hydrogen bond lengths upon F-Tyr substitution in pKSI determined from changes in '"H NMR chemical shifts
of the hydrogen-bonded protons. (A) Upon substitution of Tyr16 for 2-F-Tyr16 or 2,6-F,-Tyr16, the (F)-Tyrl6-ligand hydrogen bond shortens
and consequently the Asp103-ligand hydrogen bond lengthens. (B) (F)-Tyr residues used in semisynthetic variants and the change in pK, for the
corresponding phenols, relative to unsubstituted phenol, in water."** (C,D) 'H NMR spectra of pKSI F-Tyr variants bound to DNP (C) and
TFMNP (D). (E) Changes in Tyr16-phenolate versus Asp103-phenolate hydrogen bond lengths give slopes of —0.38 and —0.46 with bound DNP

and TFMNP, respectively.

acid in both KSIs and the corresponding glutamic acid in PYP
(Figure 2).

Lengthening the Asp-Oxyanion Hydrogen Bond Results in
Shortening of the Tyr-Oxyanion Hydrogen Bond. To alter
the Asp103-oxyanion hole hydrogen bond in pKSI we mutated
Asp103 to Asn. The resulting mutant did not exhibit resolvable
downfield '"H chemical shifts with DNP or TMENP bound,
presumably due to rapid exchange between states or with
solvent; this behavior and differential line broadening has been
observed for several KSI/ligand combinations.©#5%°?) As tKSI
generally gives narrower NMR peaks, we made the analogous
mutation in tKSI to interrogate hydrogen bond length changes
by NMR, and we turned to high-resolution X-ray crystallog-
raphy to analyze the hydrogen bonds in pKSI. To ensure that

we could accurately detect changes in hydrogen bond length
by both methods, we characterized WT and mutant pKSI
complexes (pKSI WT-DNP and pKSI Tyr32Phe/TyrS7Phe-
DNP) by both 'H NMR and X-ray crystallography (see
below).

For WT tKSI with bound DNP, we see two nearby
downfield 'H resonances, at 14.07 and 13.94 ppm, previously
assigned to the Tyrl4-oxyanion and Asp99-oxyanion hydro-
gen-bonded protons (Figure 4A).'” Upon mutation of the
oxyanion hole aspartic acid to asparagine (Asp99Asn), a higher
pK, hydrogen bond donor, one peak shifts downfield,
representing hydrogen bond shortening, presumably of the
Tyr14-DNP hydrogen bond. The other peak is no longer
visible, presumably due to the lengthening of the Asp/Asn99-
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Figure 4. Coupling between KSI oxyanion hole hydrogen bonds upon
mutation of Asp99 and Aspl03 to asparagine in tKSI and pKSI,
respectively. (A,B) 'H NMR spectra of WT tKSI and tKSI Asp99Asn
bound to (A) DNP or (B) TFMNP. NMR spectra for tKSI-DNP
variants in panel A were also published in ref 84. (C) Hydrogen bond
lengths from X-ray crystal structures of WT pKSI and pKSI
Aspl03Asn with bound DNP. Structures are contoured at 1o using
PyMOL.

DNP hydrogen bond to an upfield region where there is
interference from the multitude of protein 'H peaks (Figure
S8). As above, the same behavior was observed with an
alternative bound phenolate (TFMNP, Figure 4B). These
observations suggest that the oxyanion hole tyrosine hydrogen
bond behaves analogously to what we observed above, i.e.,
upon lengthening (or shortening) of one hydrogen bond by
perturbing that donor, the other hydrogen bond length
responds oppositely. Nevertheless, we could not obtain a
quantitative relationship between the two hydrogen bonds in
this instance because we could not determine the Asn99-
oxyanion hydrogen bond length.

To assess lengths changes for both hydrogen bonds upon
substitution of Asp for Asn, we obtained high-resolution X-ray
structures for WT and the Aspl03Asn mutant of pKSI with
bound DNP (1.0S and 1.10 A, respectively; Table S3; Figure
4C). At these resolutions, the measured changes in hydrogen
bond length are significantly beyond the error estimates
calculated from the coordinate errors of the hydrogen bonded
atoms (Table S4,5 and see Methods), and we observed the
same trends as described above. Structures of pKSI-DNP and
pKSI D103N-DNP overlay with a root-mean-square deviation
of 0.23 A (see Methods) for backbone atoms, and there is no
indication of significant rearrangements in the active site or
surrounding structure (Figure S9). For pKSI-DNP, the
Aspl03-DNP hydrogen bond distance is 2.52 A, whereas in
the pKSI D103N-DNP structure the average Asnl03-DNP
hydrogen bond distance is 2.82 A (Figure 4C), and the 0.30 A
difference in hydrogen bond length is well outside the distance
error estimate of 0.03 A (Table S5). N-O hydrogen bonds,
such as the Asn103-DNP hydrogen bond, are on average 0.13
A longer than O-O hydrogen bonds, due to the larger van der
Waals radii of nitrogen compared to oxygen (Text $3).°"''°
Accounting for the observed N-O hydrogen bond distance by
subtracting 0.13 A to allow direct comparison with the Asp103
0O-O hydrogen bond gives an apparent change in the Asp/
Asnl103 hydrogen bond length of 0.17 A, although omitting
this distance correction does not alter interpretation of these
results (Figure S10). Accompanying the lengthening of the
Asp/Asnl03 hydrogen bond is shortening of the Tyr16-DNP
hydrogen bond, from 2.50 to 2.43 A (Figure 4C). Though
small, this shortening of 0.07 A is beyond the estimated error
of 0.03 A (Table SS) and is consistent with the analogous
shortening of the tKSI Tyr14-DNP hydrogen bond by 0.045 A
determined by '"H NMR (Figure 3A). These results again
suggest coupling between the two oxyanion hole hydrogen
bonds (Table 1).

To further investigate the commonality of this coupling, we
compared previous high-resolution PYP structures for WT and
Glu46GIn PYP obtained at 1.25 and 1.20 A resolution,
respectively."' "''* Mutation of Glu46 to Gln46 results in a
lengthening of the Glu/Gln46-p-coumarate hydrogen bond by
0.30 A, from 2.56 to 2.86 A (Figure S11; Table 1). This
lengthening is accompanied by a 0.05 A shortening of the
Tyr42-p-coumarate hydrogen bond, a result also supported by
previously published '"H NMR spectra, with hydrogen bond
shortening calculated to be 0.055 A® (Figure S11; Table 1)
and very similar to the KSI results.

Remote Hydrogen Bond Perturbations. The experi-
ments above establish strong coupling of hydrogen bond
lengths between two hydrogen bonds with a common
acceptor. But to what extent are hydrogen bonds structurally
coupled to more remote hydrogen bonds throughout a
network? In pKSI, Tyrl6 accepts a hydrogen bond from
TyrS7, which in turn accepts a hydrogen bond from Tyr32
(Figure 2A). To assess more remote effects, we mutated TyrS7
and Tyr32 to phenylalanine and obtained 'H NMR spectra
with bound DNP and TEMNP. With both phenolate ligands,
far downfield 'H chemical shifts were observed as expected for
the oxyanion hole hydrogen bonds. We present the TFMNP
data first, as the 'H peaks were better resolved (Figure 5A,B).
As TyrS7 interacts directly with Tyr16, the largest change in
chemical shift is expected to be from a change in the Tyrl6-
TEMNP hydrogen bond length. A smaller change, in the
opposite direction, would then be predicted for the Asp103-
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Figure 5. Adjacent hydrogen bond donors, Tyr57 in pKSI, TyrSS in
tKSI, and ThrS0 in PYP, influence oxyanion hole hydrogen bond
lengths. (AB) 'H NMR spectra of pKSI WT and Tyr32Phe/
Tyr57Phe bound to DNP (A) or TEMNP (B). (C,D) 'H NMR
spectra of tKSI WT and TyrSSPhe bound to DNP (C) or TFMNP
(D). A third peak is observed in the spectra of tKSI YSSF-DNP at
13.2 ppm. This peak has been observed in previously published NMR
spectra of tKSI** and has a chemical shift that is invariant with
different bound ligands®* and is not observed in the other tKSI
spectra herein presumably due to rapid exchange. (E,F) 'H NMR
spectra of PYP WT and Thr50Val variants bound to DNP (E) or
TFMNP (F). Two additional peaks are observed in the PYP spectra
with bound TEMNP: one downfield peak at ~14.1 ppm, which is

Figure S. continued

visible in both WT and Thr50Val spectra, and one at 12.15 ppm,
which disappears upon Thr50Val mutation. The identity of these
peaks is unknown, and are not observed in other '"H NMR spectra of
PYP.*® The assignment of the oxyanion hole hydrogen bond peaks to
the peaks at 13.04 and 13.23 ppm with bound DNP and TFMNP,
respectively is supported by the linear correlation between chemical
shift and phenolate pK, for previously published spectra of PYP,
which predicts chemical shifts of 13.09 and 13.19 ppm for TEMNP
(pK, 6.3) (Figure S6).

TEMNP hydrogen bond. In 'H NMR spectra of pKSI
Tyr32Phe/TyrS7Phe bound to TFMNP, one peak moves
upfield from 1528 to 11.63 ppm, while the other moves
downfield from 14.63 to 15.73 ppm (Figure SB, Table 1).'"
The larger upfield change is presumably due to the lengthening
of the Tyrl6-TFMNP hydrogen bond. This lengthening is
supported by a 1.06 A X-ray structure of pKSI Tyr32Phe/
TyrS7Phe bound to DNP, which shows a 0.10 A longer Tyr16-
DNP hydrogen bond in the Tyr57Phe/Tyr32Phe background
compared to WT (see Figure 8 below). The smaller downfield
change in chemical shift is presumably due to the coupled
response of the Aspl03-TFMNP hydrogen bond. The same
behavior is seen in 'H NMR spectra for pKSI with bound DNP
and in tKSI with bound DNP and TFMNP, (Figure SA—D),
and also with a third ligand, 3-fluoro-5-(trifuoromethyl)-
phenolate (FTEMP, pK, 8.2) (Figure S12).

The oxyanion hole tyrosine of PYP accepts a hydrogen bond
from ThrSO (Figure 2C), and the effects from mutating this
residue are analogous to those observed for the hydrogen bond
network mutations in tKSI and pKSI. Previously published 'H
NMR spectra for PYP WT and Thr50Val with the covalently
bound p-coumarate (p-CA) ligand show that upon mutation of
Thr50 to valine, one peak shifts upfield by 1.3 ppm, while the
other shifts downfield by 0.6 ppm (Figure S11).*> These peaks
were previously assigned to Tyr42 and Glu46, respectively, and
correspond to a 0.058 A lengthening of the Tyr42-p-CA
hydrogen bond and a 0.019 A shortening of the Glu46-p-CA
hydrogen bond (Table 1).%° Although the scale of oxyanion
hole hydrogen bond coupling is the same in PYP as in KSI, the
magnitude of the length changes from mutating Thr50 in PYP
are smaller than the effects of mutating TyrSS in tKSI or
Tyr32/TyrS7 in pKSL This smaller effect may reflect the
different properties of the Thr hydrogen bond donor compared
to Tyr (pK, 16 vs 10, respectively), which is a less effective
donor and will have a smaller effect on the neighboring
hydrogen bonds. As PYP is also known to bind phenolates, we
collected "H NMR spectra of PYP WT and PYP ThrS0Val
with bound DNP and TFMNP.* In both cases, the coupling
between the oxyanion hole hydrogen bonds matches that seen
with p-CA (Figure SE,F; Table 1).

The hydrogen bond network in pKSI has an additional
tyrosine residue, Tyr32, allowing us to determine the extent of
coupling from a hydrogen bond donor that has an intervening
hydrogen bond separating it from the oxyanion hole. A simple
expectation is that the Tyr32Phe mutation would result in
length changes in the same direction as the Tyr32Phe/
Tyr57Phe mutation above, but smaller in magnitude. Mutation
of Tyr32 to phenylalanine in pKSI bound to DNP resulted in
changes in the oxyanion hole chemical shifts, with one peak
moving upfield by 0.61 ppm and the other downfield by 0.07
ppm, corresponding to a lengthening of the Tyrl6-DNP
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hydrogen bond by 0.024 A and a shortening of the Asp103-
hydrogen bond by 0.003 A (Figure 6A, Table 1). As expected,
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Figure 6. Remote hydrogen bond donors are coupled to oxyanion
hole hydrogen bonds. (A,B) 'H NMR spectra of pKSI WT and
Tyr32Phe variants bound to DNP (A) or TEMNP (B). (C,D) 'H
NMR spectra of tKSI WT and Phe30Tyr variants bound to DNP (C)
or TEMNP (D).

the scale of these couplings matches the previous results above,
but with magnitudes 6—10-fold smaller than the effects from
Tyr32Phe/TyrS7Phe mutation. The same behavior is seen
with bound TFMNP (Figure 6B).

tKSI lacks a tyrosine residue homologous to Tyr32 of pKSI,
having instead a phenylalanine at that position (Figure 2B). In
the simplest case, the Phe30Tyr mutation in tKSI would have
an opposite effect from the Tyr32Phe mutation in pKS], ie.,
shortening the Tyrl4 hydrogen bond and lengthening the
Asp99 hydrogen bond, and indeed this was observed (Table
1). Upon introducing the Phe30Tyr mutation into tKSI, the
"H NMR spectra with bound DNP changes such that there is a
shortening of the Tyr14-DNP hydrogen bond and a length-
ening of the Asp99-DNP hydrogen bond. Analogous coupling
was seen with bound TFMNP (Figure 6D; Table 1).

Our results suggest that coupling of the oxyanion hole
hydrogen bond to remote tyrosine residues is due to

polarization from these adjacent hydrogen bond donors on
Tyrl6 (see “A Uniform Scale for Hydrogen Bond Length
Coupling in KSI and PYP” below). To compare effects on
hydrogen bond length from the distal network participants to
the effects from direct changes of the oxyanion hole hydrogen
bond donors, we created a common scale for these changes.
We used the known aqueous pK, values, and utilized the
hydrogen bond length effects, for the pKSI F-Tyr substitutions,
above, to relate the Tyrl6-DNP hydrogen bond length to
changes in Tyrl6 pK,, which can be thought of in terms of
chan;es in the electronic properties of this residue (Flgure

7A)."*7M* This relationship gave a slope of 0.034 A/pK,

A) PKSI-DNP_ B) pKSI-TFMNP

& 0.15pY32F/YS7F (NMR) oL 0.15 [ LY32F/Y57F (NMR)

Y §\_Y32F/Y57F (X-ray) 8 : |

E 0.10 % 0.10

% 0.05 { ® o.05f: .

a Y32F (NMR) a Y32F (NMR)

o 0.00 : 1 © 0.00f : 1

0 : o :

9 005} 3 -0.05} 1
T2 0 2 R R

Ap KaTyr1 6,apparent Ap KaTyr1 6,apparent

Figure 7. Estimation of changes in the “apparent pK,” of Tyrl6 in
Tyr32Phe/TyrS7Phe and Tyr32Phe mutants of pKSI. Changes in
Tyr16-oxyanion (solid circles) hydrogen bond lengths are plotted
versus the pK, of the residue present at position 16, relative to the
parent Tyr (from Figure 3) bound to either DNP (A) or TFMNP
(B). Assuming a linear relationship, changes in oxyanion hole
hydrogen bond lengths from Tyr32Phe/TyrS7Phe and Tyr32Phe
mutations are placed on the line of best fit (open circles) and
apparent pK, values for Tyr16 in each mutant are read from the X-axis
(dotted lines). Values are reported in Table S9.

similar to the slope observed for changes in hydrogen bond
length with ApK, between donor and acceptor atoms in small
molecule crystals (Figure 1A).”® Using this relationship, the
0.151 A lengthening of the Tyr16:DNP hydrogen bond from
the Tyr32Phe/Tyr57Phe mutation corresponds to an increase
in the apparent pK, of Tyrl6 by 4.5 pK, units (Figure 7A;
Table S8). The Tyr32Phe mutation alone corresponds to a
smaller increase in the apparent pK, of Tyrl6 of 0.7 pK, units
(Figure 7A; Table S8). Similar changes were found for pKSI
bound to TFMNP and from X-ray structures of pKSI-DNP
and pKSI Tyr32Phe/TyrS7Phe-DNP (Figure 7A,B; Table S8).

These mutational effects perturb the apparent pK, of Tyrl6
in the expected direction. The “desolvation” of Tyrl6 by
removal of the TyrS7 hydrogen bond (and replacement by
Phe) is expected to decrease the polarity of the Tyr16 hydroxyl
group and thus make it a weaker hydrogen bond donor, with a
longer hydrogen bond, as is observed. We emphasize that the
estimated apparent pK, is a measure of the properties of the
neutral Tyrl6, and one does not expect its measured pK, to
correspond to this value, as the measured pK, reports on the
change in the electronic properties of Tyr16, as well as changes
to the tyrosinate anion, including possible active site
rearrangements and changes in access to solvating water
molecules, that are not relevant to the original hydrogen
bonded state.'"> The value of estimating an apparent pK, of
Tyrl6é lies in the ability to compare values for different
perturbations on a common scale.
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Comparison of NMR- and X-ray-Derived Hydrogen
Bond Distances. Though analyses of hydrogen bond length
changes on the scales observed herein are common by 'H
NMR (e.g, refs 100—106), it is less common to draw
conclusions about small length changes from X-ray data. Thus,
even with our very high-resolution structures and estimated
distance errors that are much smaller than the observed
changes, we wanted additional empirical evidence. We
therefore obtained a high-resolution X-ray structure for pKSI
TyrS7Phe/Tyr32Phe with bound DNP (1.06 A; Figure 8) and
compared it to pKSI WT-DNP (1.10 A) (Figure 4C),""° as we
had corresponding "H NMR data for these complexes.

A)
pKSIsDNP

Figure 8. Comparison of oxyanion hole hydrogen bond lengths in X-
ray crystal structures of pKSI'-DNP and pKSI Tyr32Phe/Tyr57Phe-
DNP. (A,B) Oxyanion hole hydrogen bond lengths from the 1.10 A
X-ray crystal structure of pKSI-DNP (A) (also shown in Figure 4C)
are compared to the oxyanion hole hydrogen bond lengths from the
1.06 A X-ray crystal structure of pKSI Tyr32Phe/Tyr57Phe (B).
Structures are contoured at 1o using PyMOL.

The changes in hydrogen bond lengths determined by X-ray
crystallography and 'H NMR were in excellent agreement
(Figure 8, Table 2), providing support for the accuracy of both
methods and further support for the chemical shift assignments
used above. Nevertheless, the absolute hydrogen bond lengths

determined by NMR were systematically longer than those
determined by X-ray crystallography (Table 2), and an
analogous discrepancy is seen in a broader correlation of
hydrogen bond lengths vs ApK, for a wide variety of small
molecule compounds.®® This discrepancy may arise from an
oversimplified functional form for conversion of "H chemical
shifts into distances, from limited data in the standard curve,
and/or from additional factors that alter the absolute chemical
shifts but not their differences. These effects do not affect the
conclusions herein.

Uniform Scale for Hydrogen Bond Length Coupling
in KSI and PYP. In all of the tested cases thus far, 22 in
total,""” length coupling was observed between the oxyanion
hole hydrogen bonds. To determine whether these reciprocal
changes are quantitatively consistent, we plotted the change in
the “primary” hydrogen bond length, corresponding to the
hydrogen bond with the largest effect from unnatural amino
acid incorporation or site-directed mutagenesis, versus the
change in hydrogen bond length for the other (“secondary”)
oxyanion hole hydrogen bond (Figure 9). The data for all three
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Figure 9. Uniform coupling between oxyanion hole hydrogen bonds.
The “1° H-Bond” is the oxyanion hole hydrogen bond most directly
affected by the perturbation (e.g, the Aspl03-phenolate hydrogen
bond for an Aspl03Asn mutation in pKSI), and the “2° H-Bond” is
the other oxyanion hole hydrogen bond (i.e., in this example, Tyr16-
phenolate hydrogen bond). For the “1° H-Bond”, X is either O or N.
The slope of the line of best fit is —0.30 + 0.03 (R* = 0.87). Slopes
and R? values for fits to data for individual proteins give similar values
(pKSI slope = —0.31, R* = 0.89; tKSI slope = —0.26, R* = 0.90; PYP
slope = —0.27, R* = 0.89). Data are summarized in Table 1. The
hydrogen bond distances involving an N(H) hydrogen bond donor
were corrected as described in Text S3.

proteins, pKSI, tKSI and PYP, follow a single correlation with a
slope of —0.30 + 0.03; i.e., in response to a change in primary

Table 2. Comparison of pKSI Hydrogen Bond Lengths and Length Changes Determined by '"H NMR and X-ray

Crystallography*
Hydrogen Bond Length (A)
Tyrl6-DNP Asp103-DNP
Variant NMR X-ray NMR X-ray
pKSI-DNP 2.58 + 0.041 2.50 + 0.025 2.60 + 0.034 2.52 + 0.024
pKSI Y32F/YS7FeDNP 2.73 + 0.030 2.60 + 0.019 2.57 £ 0.041 248 + 0.018
A(OeO Length) (A) 0.15 + 0.05 0.10 + 0.03 —0.03 + 0.05 —0.04 + 0.03

“Errors for X-ray distances are estimated from coordinate errors of hydrogen bonding atoms (Table SS). Errors for NMR-derived distances are
estimated from the empirical fit used to convert chemical shifts to distances (Text S1).
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hydrogen bond length, the secondary hydrogen bond changes
in the opposite direction by a factor of 0.30 + 0.03. This
common coupling scale between the three proteins occurs
regardless of specific perturbation or the site of perturbation
within the network. The uniformity of this scale suggests that
the response to perturbations is the result of propagated
polarization and induction effects through the network. The
different position of groups within the hydrogen bond
networks would be expected to yield differential effects on
the two oxyanion hole hydrogen bonds if these effects were
propagated through space instead of through bond. By this
model, the TyrS$7Phe mutation in pKSI alters the Tyrl6-
phenolate hydrogen bond length, which in turn alters the
Aspl03-phenolate hydrogen bond. In support of minimal
through-space effects, mutation of ArgS2 to alanine in PYP,
which is 4.53 A from ThrSO and 6.36 A from the anionic
chromophore, but not linked by a hydrogen bond network
(Table S7), had no effect on the oxyanion hole hydrogen bond
lengths; despite its close proximity and charge. (Figure S13).

The same coupling scale applies to all three proteins, despite
differences in the sequence and structure of their surrounding
scaffolds. tKSI and pKSI are 34% identical and vary in many
second and third shell residues (Figure S14). Given the
observed drop-off in effects for perturbations of more remote
hydrogen bond donors, we looked specifically at nearby
residues with significant dipoles. pKSI has five methionine
residues located close to the active site hydrogen bond
network, whereas tKSI has just one nearby methionine (within
10 A) (Table S8). Even though methionine has a significant
dipole moment (py, = 1.6 D),''" there are either no
differences in coupling between pKSI and tKSI, or, seemingly
much less likely, differential effects that are coincidentally
compensated by other dissimilarities. PYP, which is unrelated
to KSI and has very different residues surrounding the active
site (Figure S14), still follows the same correlation, further
suggesting that scaffold architecture and residues outside of
hydrogen bond networks are not primary determinants of
hydrogen bond lengths and coupling within networks.
Additionally, the exclusion of water from the active sites of
enzymes by the close packing of second shell residues may
prevent the formation of additional hydrogen bonding
interactions with water, which would be expected alter
hydrogen bond lengths based on the coupling relationship
observed herein, dependent on their partners and number.

We observed indistinguishable coupling with oxyanion
ligands with pK, values ranging from 5.4—9.1, but future
studies will be required to determine if larger variations in
oxyanion character affect coupling, as an increase in charge
density and polarizability of the central acceptor atom (here an
oxyanion) might be expected to lead to increases in coupling.
Our data also suggested consistency when at least one N—H
hydrogen bond donor was added to the network, provided that
we corrected for the generally longer N-O hydrogen bonds
(Figure S3). However, additional data with nitrogen and other
heteroatom hydrogen bond donors and acceptors will be
needed to further extend and test this predictive model, as well
as test the origins of the observed effects. Additional
experiments will also be needed to extend these observations
to other hydrogen bond networks with different geometries
and charge.

A corollary of the above single correlation is that the
coupling of the oxyanion hole hydrogen bond lengths is
commutative, i.e., the secondary hydrogen bond length effects

are the same whether the tyrosine or carboxylic acid oxyanion
hole donor was perturbed. Given this, and the effect of more
remote residues on the oxyanion hole, we expect that changes
in oxyanion hole donors, and thus changes in lengths of the
oxyanion hole hydrogen bonds, will also propagate to the more
remote network hydrogen bonds (e.g, Tyrl6-TyrS7 and
Tyr57-Tyr32 hydrogen bonds in pKSI; Figure 2). Our X-ray
structural models show an observed lengthening of the Tyr16-
Tyr57 hydrogen bond by 0.02 A (2.52 to 2.54 A) from the
Aspl03Asn mutation in pKSI, but this is on the order of the
estimated distance error (Table SS, Figure S15); we do not
have a 'H NMR signal for this hydrogen bond, which would
allow a more precise determination. Thus, we can conclude
that any such effect is small, as expected for a remote effect, but
we cannot assign a value to it.

Quantum Mechanics/Molecular Mechanics (QM/MM)
and Molecular Mechanics (MM) Simulations of Hydro-
gen Bond Coupling in KSI. The experimentally observed
hydrogen bond coupling provided an opportunity to test the
ability of computational methods to reproduce experiment and
to contribute to the development of mechanistic models. We
compared hydrogen bond coupling trends determined in
experiment to MM and QM/MM simulations of pKSI and
tKSI bound to the DNP ligand. To minimize bias, MM and
QM/MM simulations of pKSI and tKSI were carried out
distinct from experiments described above and results were not
shared prior to the development and implementation of the
calculations. We first describe the determination of the QM
region for the QM/MM model, and then compare hydrogen
bond coupling and absolute hydrogen bond distances in the
MM and QM/MM models.

To determine the optimum QM region for the QM/MM
simulations, we assessed the effect of QM region size on the
oxyanion hole hydrogen bond lengths in a single pKSI-DNP
structure with QM regions consisting of 31 to 966 atoms
(Figure 10). A small QM region consisting of only the DNP
ligand and the Tyr16 side chain (Figure 10; QM1; 31 atoms)
resulted in a Tyr16-DNP hydrogen bond distance of ~2.62
and ~2.64 A using w-PBEh and B3LYP-D3 exchange
correlation functionals, respectively. Both exchange correlation
functionals resulted in longer Tyrl6-DNP hydrogen bond
distances when compared to the 2.50 A observed in the X-ray
crystal structure. When the QM region was increased to
include the entire active site hydrogen bond network (Figure
10; QM3; 68 atoms) the computed Tyrl6-DNP hydrogen
bond length with w-PBEh and B3LYP-D3 shortened to similar
lengths of ~2.60 and ~2.59 A, respectively. A further increase
in size to 966 atoms resulted in convergence difficulties when
using B3LYP-D3 due to the delocalization errors in DFT
treatments of exchange-correlation, but showed little additional
change with w-PBEh, which is less sensitive to delocalization
errors since it includes exact exchange at long-range.''”~'**
Given the convergence of hydrogen bond lengths at QM3, the
68 atom QM region was chosen for the pKSI and tKSI
simulations below.

To compare experimental and computational coupling
values, analogous hydrogen bond network perturbations were
made in silico and changes in hydrogen bond lengths were
compared. Two sets of mutations were made: mutation of the
oxyanion hole aspartic acid to asparagine (Aspl03Asn and
Asp99Asn in pKSI and tKS], respectively) and mutation of the
remote tyrosine hydrogen bond donors to phenylalanine
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Figure 10. Relationship between oxyanion hole hydrogen bond
lengths and QM region size in WT pKSI bound to DNP with w-PBEh
(circle) and B3LYP-D3 (square) and the 6-31G** basis set. (A)
Lengths of the oxyanion hole hydrogen bonds, Asp103-DNP (blue)
and Tyr16-DNP (square), in the selected QM regions shown in panel
B. (B) QM regions for lengths shown in panel A. QM3, which
includes the side chains of the pKSI hydrogen bond network, Tyrl16,
TyrS7, Tyr32, Aspl03 and DNP (68 atoms), was chosen as the QM
region size.

(Tyr32Phe/TyrS7Phe and TyrSSPhe in pKSI and tKSI,
respectively).

In the high-resolution X-ray crystal structures of WT pKSI-
DNP and pKSI Aspl03Asn-DNP, mutation of Aspl03Asn
lengthened the Asp/Asn103-DNP hydrogen bond from 2.52 to
2.82 A and shortened the Tyrl6:DNP hydrogen bond from

2.50 to 2.43 A (Figure 4C). This coupling is reproduced in
both MM and QM/MM simulations, although the magnitudes
of these length changes are smaller than experiment in both
MM and QM/MM simulations by 20—60% (Figure 11A;
Table 3). The change in length of the Asp/Asnl103-DNP
hydrogen bond was 0.09 & 0.04 and 0.11 + 0.04 A in MM and
QM/MM, respectively, compared to 0.17 + 0.03 A from X-ray
(these values are corrected for longer N-O hydrogen bonds
(see text S3); uncorrected values are 0.22, 0.24, and 0.30 A for
MM, QM/MM and X-ray, respectively). This difference is
largely due to longer Asp103-DNP hydrogen bond lengths in
MM and QM/MM than experiment (2.60 + 0.02 and 2.59 +
0.03 A, respectively, compared to 2.52 + 0.03 A from X-ray,
(Table 3)) and suggests that predicting the shortest hydrogen
bonds may be difficult (see below). Analogous results were
obtained in MM and QM/MM simulations of WT tKSI-DNP
and Asp99Asn-DNP (Figure 11C; Table 3), providing
evidence for the robustness of the approaches used.

Mutation of the remote hydrogen bond donors Tyr32 and
Tyr57 to phenylalanine in pKSI-DNP results in lengthening of
the Tyr16-DNP hydrogen bond and shortening of the Asp103-
DNP hydrogen bond, as observed by both "H NMR and X-ray
crystallography (Table 1). QM/MM showed an increase in
Tyr16-DNP length of 0.11 + 0.04 A, closely matching the 0.10
and 0.15 A increase seen by X-ray crystallography and NMR,
respectively (Figure 11B Table 3). In contrast, there is no
significant change in Tyr16-DNP hydrogen bond length from
the Tyr32Phe/TyrS7Phe mutation in the MM simulations
(0.04 + 0.04 A; Figure 11B; Table 3). This difference may
arise from the ability of QM/MM to account for induction and
polarizations effects from Tyr57 and Tyr32 that are not present
in MM simulations. Analogous results were obtained for the
tKSI TyrSSPhe mutant (Figure 11D).

To further evaluate these models, we compared absolute
hydrogen bond lengths from the MM and QM/MM
simulations to experiment. We anticipate that hydrogen bond
lengths will be better defined in simulations of small molecules
compared to the large protein system we used herein where
multiple approximations must be made. Potential sources of
error are described in the Supplementary Methods. In the case
of the pKSI Asp103Asn variant bound to DNP, the Asn103-
DNP hydrogen bond lengths determined by MM and QM/
MM were 2.82 + 0.02 and 2.83 + 0.03 A, respectively, closely
matching the X-ray experimental value of 2.82 + 0.02 A (Table

A) pKSI Asp103Asn B) pKSI Tyr32Phe/Tyr57Phe C) tKSI Asp99Asn D) tKSI Tyr55Phe
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Figure 11. Comparison of hydrogen bond length coupling from experiment and from MM and QM/MM simulations of pKSI (A,B) and tKSI
(C,D). (A—D) Changes in primary and secondary hydrogen bond lengths for pKSI Asp103Asn (A) and Tyr32Phe/TyrS7Phe (B) mutants and
tKSI Asp99Asn (C) and TyrSSPhe (D) mutants determined by X-ray crystallography (red), NMR (cyan), QM/MM (green), and MM (blue). The
primary change in Asp/Asn99-DNP length was not resolvable by "H NMR (Figure 4A), so this value was estimated based on the change in Tyr14-
DNP hydrogen bond length and the coupling relationship in Figure 9 (open square in panel C). The hydrogen bond distances involving an N(H)

hydrogen bond donor were corrected as described in Text S3.
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3). However, in all other cases, which have shorter hydrogen
bonds, the MM and QM/MM simulations predicted hydrogen
bonds were longer than observed in the X-ray crystal structure
models, with QM/MM generally providing closer agreement
than MM (Figure S16, Table 3). For example, in the case of
WT pKSI-DNP, MM predicts a Tyr16-DNP hydrogen bond
length of 2.64 + 0.03 A, whereas QM/MM predicts a value of
2.55 + 0.02 A, closer to the length of 2.50 + 0.02 A observed
in the X-ray crystal structure. Additionally, in WT pKSI-DNP,
MM and QM/MM predict Aspl03-DNP hydrogen bond
lengths of 2.60 + 0.02 and 2.59 + 0.03 A, respectively, longer
than the 2.52 + 0.02 A distance in the X-ray crystal structure
(Table 3).

B CONCLUSIONS AND IMPLICATIONS

Since their initial description in the early 20th century,
hydrogen bonds have been regarded as fundamental
interactions in chemistry and biology. Despite their prevalence
and importance, the observed diversity in hydrogen bond
structure, with lengths that commonly vary from ~2.4 to 3.0 A
and angles from ~130 to 180° has complicated our
understanding of these interactions.”’ Indeed, Hopfinger
concluded in 1973 that “The one definite fact about hydrogen
bonds is that there does not appear to be any definite rules
which govern their geometry”.'*’ Nevertheless, recent work’’
and the findings herein lead to a simpler view and a predictive
model for hydrogen bond structure, where hydrogen bond
lengths are primarily determined by the electronic properties of
the donor/acceptor pair, irrespective of surroundings, and
turther secondarily affected by coupling within hydrogen bond
networks.'”*'**> Hydrogen bond lengths will also likely be
influenced by other interactions not investigated here. Such an
effect is exemplified by a 0.9 A resolution X-ray structure of a
thermostabilized mutant of carbonic anhydrase (PDB 6B00),
where a hydrogen bond between the side chain of His94 and
the carbonyl of GIn92 is 2.79 A, which is 0.14 A shorter than
expected from the linear relationship between hydrogen bond
length and ApK, (Figure 1A). A bound zinc is positioned such
that it can polarize His94, presumably resulting in the shorter-
than-predicted His94-GIn82 hydrogen bond.

Toward a Predictive Model for Hydrogen Bond
Coupling. Sigala et al. observed that O-O hydrogen bond
lengths in small molecules vary linearly with the ApK, of the
hydrogen bond donor and acceptor molecules, with a slope of
0.02 A/pK, (Figures 1A,B).””*>?° This dependence was
common across environments, including organic and aqueous
solutions and in crystals, and the same relationship was
followed by proteins in aqueous solution and in crystals.””*>*°
The difference in proton affinity between the hydrogen bond
donor and acceptor in aqueous solution provides a stand-in for
donor and acceptor electronic properties’” and accounts for
~86% of the variance seen in hydrogen bond lengths (Figure
1A).”% Nevertheless, there is still variation up to 0.17 A in the
case of 3,5-dinitrosalicylate, substantially exceeding exper-
imental error (Figure 1C).”° Here we showed, using the
defined context of three different protein active sites, hydrogen
bond coupling as an additional determinant of hydrogen bond
structure, influencing hydrogen bond lengths in these systems
by nearly 0.1 A (Figure 9 and Table 1). This coupling is on the
order of the variation in hydrogen bond lengths seen in crystals
of 3,5-dinitrosalicylate (Figure 1C), and may cause much of
the variation in lengths as these crystals exhibit diverse

hydrogen bonding patterns, and additional variation may arise
from coordinating counterions (Figure S4).

Over a total of 19 measurements, using both 'H NMR and
high-resolution X-ray crystallography, we found a uniform
coupling correlation where the change in secondary hydrogen
bond length is —0.30 + 0.03-fold the change in the primary
(Figure 9). This coupling was remarkably quantitatively similar
in the three proteins used herein, despite different surround-
ings. In QM/MM simulations of pKSI, the oxyanion hole
hydrogen bond lengths converged when the entire hydrogen
bond network was included in the QM region (ie., the side
chains in Figure 2A), but were minimally influenced by the
addition of another 898 atoms (Figure 10). Similarly, mutation
of an arginine residue that is near to, but not involved in the
PYP oxyanion hole hydrogen bond network, had no effect on
oxyanion hole hydrogen bond lengths (Figure S13). These
experimental and computational results suggest that hydrogen
bond coupling is minimally influenced by residues not directly
involved in the hydrogen bond networks and suggests that
quantitative and predictive models can be made from the
properties of the hydrogen bond donors and acceptors, along
with the groups linked to the donor and acceptor within a
hydrogen bond network.

Our current model for predicting hydrogen bond lengths is
based primarily on the difference in donor and acceptor pK,
(Figure 1A,B)" and secondarily on the presence or absence of
additional network hydrogen bonds, which presumably
influence the donor and acceptor electronic properties (Figure
9 and Table 1).*** Our results show that QM/MM, but not
MM models, can reasonably predict the coupling effects for
extended hydrogen bond networks suggesting that polarization
effects are propagated, though highly damped, through these
networks. This model holds for condensed-phase environ-
ments and has been quantum mechanically tested over a
dielectric range of 5—80,”" but we anticipate that there will be
larger and less predictable effects in the gas phase, due to the
undamped electrostatic forces that can extend over longer
distances.

These data can also be used to derive empirical predictions.
Hydrogen bond lengths and changes in these lengths observed
in X-ray and computational structural models can be compared
to our empirical scale to identify potential errors or unique
cases. Anecdotally, we have identified hydrogen bonds in the
Protein Data Bank that deviate significantly from predicted
lengths, based on the ApK, correlation (Figure 1A). For the
cases examined, the distances cannot be considered reliable
because the single-conformation structures deposited do not
account for the multiple conformations of the hydrogen bond
donor and/or acceptor that are suggested by the electron
density maps (J. Fraser, personal communication).

In the future, comparing hydrogen bond lengths derived
from computational models to those predicted empirically may
provide an additional means to evaluate computational models,
and the potential accuracy of additional conclusions derived
from these models.

Hydrogen Bond Networks and Enzyme Dynamics.
Here we have evaluated static coupling of hydrogen bond
lengths within a network. The relationship revealed may also
be applicable to dynamic processes and aid in our under-
standing of temporally coupled motions within proteins.
Oxyanion holes are common in enzyme active sites where
they donate hydrogen bonds to stabilize the growing charge on
the transition state. A simple prediction from our model is that
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errors in these structures (Table S4).

oxyanion hole hydrogen bonds shorten in the transition state
relative to the ground state of the reaction. For example, KSI
catalyzes the isomerization of double bonds in steroid
substrates in a two-step mechanism where the general base
first abstracts a proton from the substrate, forming a dienolate
intermediate, followed by the addition of a proton at a different
steroid position, to form the isomerized product (Figure 12A).
The difference in pK, going from the ground state carbonyl
oxygen to the dienolate intermediate is ~16 units,*° leading to
a predicted shortening of the oxyanion hole hydrogen bonds
by ~0.32 A, which is presumably accompanied by alterations
in the lengths of the other network hydrogen bonds (Figure
12A). In addition to these changes, the reduction of carbon—
oxygen bond order from the ground state carbonyl to the
intermediate dienolate lengthens the substrate carbon—oxygen
bond.

As an initial modest step toward understanding coupling, we
compared the high-resolution crystal structures of pKSI-DNP
and pKSI Asp103Asn-DNP determined herein and found that
most of the structural differences arise from movement of the
bound ligand, DNP, which shifts “backward” in the active site
by 04 A and toward Tyrl6 to accommodate the longer
Aspl03Asn hydrogen bond (Figure 12B). This suggests that
substrates may be more mobile than the enzyme groups in the
reaction cycle, although these hydrogen bond rearrangements
and movements will be altered by the additional constraint of
the concerted proton transfer. An experimental and computa-
tional model of expected differences in hydrogen bond lengths
between a substrate and intermediate may help identify
candidate groups that are dynamically coupled along the
reaction coordinate and may aid in unraveling and under-
standing active site and protein dynamics.

Though the hydrogen bond network perturbations made
herein result in measurable changes in the oxyanion hole
hydrogen bond lengths (Table 1), the functional effects from
the mutations responsible for these changes are small. For
example, in pKSI the Aspl103Asn mutation, which results in a
0.30 A lengthening of the Asp/Asn103-DNP hydrogen bond
(0.17 A corrected for comparison of O-O to N-O hydrogen
bonds) results in a 13-fold decrease in k..'”” Even smaller
changes in k., of <2-fold, are observed upon replacement of
Tyr16 with fluoro-tyrosine residues.”” These small functional
effects are consistent with shallow hydrogen bond energetics in
the KSI active site,”””> and our ability to now relate structural
perturbations to catalytic effects may help further evaluate
energetic models for enzyme catalysis.

B MATERIALS AND METHODS

A detailed description of the experimental and computational
methods can be found in the Supporting Information. 3,5-
Dinitrosalicylate hydrogen bond lengths were collated from the
Cambridge Structural Database. KSI and PYP were expressed and

purified as previously described.®'*® KSI semisynthesis was

conducted as previously described with one difference, as detailed
in the Supporting Information.”> "H NMR spectra of KSI and PYP
were acquired at the Stanford Magnetic Resonance Laboratory on an
800 MHz Varian ™™ INOVA spectrometer at —3.3 + 0.2 °C using a
1331 binomial pulse sequence with samples consisting of 0.4—1.0 mM
KSI or PYP and 1.0—5.0 mM ligand in 40 mM potassium phosphate
(pH 7.2), 1 mM sodium-EDTA, 2 mM DTT and 10% DMSO-d, (v/
v). Single crystal diffraction data was collected at Stanford
Synchrotron Radiation Light Source and processed as described in
the Supporting Information. Detailed descriptions of MM and QM/
MM simulations can be found in the Supporting Information.
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