1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2021 February 25.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2020 February 25; 59(7): 901-910. doi:10.1021/acs.biochem.9b00861.

The Soybean Lipoxygenase-Substrate Complex: Correlation
Between Properties of Tunneling-Ready States and ENDOR-
Detected Structures of Ground States

Adam R. Offenbacher2", Ajay Sharma3, Peter E. Doan3, Judith P. Klinman24”", Brian M.
Hoffman3"
1Department of Chemistry, East Carolina University, Greenville, North Carolina 27858;

2Department of Chemistry and California Institute for Quantitative Biosciences (QB3), University
of California, Berkeley, California 94720;

SDepartment of Chemistry, Northwestern University, Evanston, lllinois 602084;

“Department of Molecular and Cell Biology, University of California, Berkeley, California 94720

Abstract

Hydrogen tunneling in enzymatic C-H activation requires a dynamical sampling among ground-
state enzyme-substrate conformations, which transiently generates a tunneling-ready state (TRS).
The TRS is characterized by an H-donor-acceptor distance (DAD) of 2.7 A, ca. 0.5A shorter than
the dominant DAD of optimized ground states. Recently, a high-resolution, 13C electron-nuclear
double-resonance (ENDOR) approach was developed to characterize the ground state structure of
the complex of linoleic acid (LA) substrate with soybean lipoxygenase (SLO). The resulting
enzyme-substrate (E-S) model revealed two ground-state conformers with different distances
between the target C11 of LA and the catalytically active cofactor (Fe(I11)-OH): the active
conformer “a”, with a van der Waals donor-acceptor distance (DAD, 3.1 A) between C11 and
metal-bound hydroxide; an inactive conformer “b”, distance almost 1 A-longer. Herein, the
structure of the E-S complex is examined for a series of six variants in which subtle structural
modifications of SLO have been introduced either at a hydrophobic sidechain near bound substrate
or at a remote residue within a protein network whose flexibility influences H-transfer. A
remarkable correlation is found between the ENDOR-derived population of the active ground-state
conformer “a” and the kinetically-derived differential enthalpic barrier for D vs. H transfer, AEj,,
with the latter increasing as the fraction of conformer “a” decreases. We propose that AE, provides
a ‘ruler’ for the DAD within the TRS. ENDOR measurements further corroborate the previous
identification of a dynamical network coupling the buried active site of SLO to the surface. This
study shows that subtle imperfections within the initial ground state structures of E-S complexes
are accompanied by compromised geometries at the TRS.
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INTRODUCTION

Cleavage of C-H bonds is one of the most pervasive and fundamental reactions catalyzed by
enzymes. Accumulated evidence supports an expanded, Marcus-like quantum mechanical
tunneling mechanism for H-transfer that incorporates an additional donor-acceptor distance-
sampling coordinate.1 6 The ability to stably label C-H bonds with D and T has further
enabled the characterization of bond-selective kinetic isotope effects (KIEs). Large, weakly
temperature-dependent KIEs, with a small difference between the enthalpic barriers for
homolytic C-D and C-H bond cleavage, AE,; = E;(D) — E;(H) = 0, are hallmarks of
nonadiabatic quantum H-tunneling behavior in native enzymes,’13 and represent true
deviations from the classical “over the barrier” view of catalysis.1% 1° Because of their
sensitivity to barrier width, enzyme-catalyzed hydrogen atom transfer reactions provide a
unigue window into reaction barrier shape, illuminating the importance of protein
conformational sampling that leads to reduced donor-acceptance distances (DADS)
conducive to tunneling6-21

According to the prevailing nonadiabatic proton-coupled electron transfer (PCET) model,
which reproduces the kinetic phenomena seen in many natively evolved enzyme catalyzed
C-H activation reactions (Figure 1), the dominant DAD undergoes a progressive reduction
from the typically observed van der Waals distances in the ground state of 3.2-3.4 A (Figure
1A; aconformer) through thermodynamically averaged conformational sampling to a more
compacted a*conformer (DAD ~ 2.7-2.9 A) that undergoes further thermally activated
environmental reorganization (Marcus A term) to reach a tunneling-ready state (TRS)
configuration (Figure 1B). At the TRS, the donor and acceptor hydrogenic wave functions
(Figure 1C) are degenerate and exhibit strong probability overlap in the native enzyme.
Accumulating evidence further indicates a role for specific and dynamical protein networks
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in achieving the TRS; in general, such networks couple reactivity within buried active sites
to remote regions of an enzyme in contact with solvent.22-27

An important feature that distinguishes nonadiabatic tunneling models, from classical
models of catalysis is their ability to rationalize the commonly observed increase in the
magnitude of AE, upon insertion of strategically placed site-specific mutations (local and/or
remote), ascribed to a disruption of the optimized donor and acceptor alignment at the TRS
of native enzyme. SLO has been a particularly important model system in this regard, due to
its large kinetic isotope effect (WT KIE ~ 80 at 30°C) during the initial, and rate limiting, C-
H abstraction step, which is weakly temperature dependent (AE, ~ 0.9 kcal/mol) (Scheme
1). Relevant to the work described herein, a series of well-characterized SLO mutations has
been generated in which mutations with progressively reduced sidechain volume exhibit a
regular increase in AE, from close to zero in WT enzyme, with little to no impact on the
magnitude of the KIE.28 The physical origin of these selective increases in AE; can be
understood in the context of a perturbation-induced elongation of the DAD that is
accompanied by a decreased force constant for the DAD sampling mode (Figure 1D top).
The more confined DAD and sampling coordinate characteristic of WT enables wave
function overlap for both isotopes with similar energies (Figure 1D, bottom). However,
increases in the DAD, as occurs in the mutants, exacerbate the differential reactivity of D
transfer, a consequence of its less diffuse wave function and greater dependence on DAD
sampling. This is the origin the increase in the enthalpic barrier for D relative to H transfer
(i.e. AE, >> 0). Both linear and quadratic treatments of an anharmonic DAD sampling
coordinate, and its exponential coupling to the tunneling rate, have been described.29-31
While the quadratic analysis is the more mathematically complete, the series of SLO
mutants characterized herein can be well fit within the linear region of the function.5: 32

While the mounting kinetic evidence from studies on the temperature dependence of the
kinetic isotope effect, AE,, sheds light on the compactness of the TRS, it has remained
unclear how the structure of the ground state enzyme-substrate (E-S) complex is modulated
by size reducing mutations and, more importantly, how ground-state perturbations impact
and correlate with the transient compaction of the DAD. Herein, we apply the high-
resolution capabilities of electron-nuclear double resonance (ENDOR) spectroscopy to
compare the conformational distributions of ground-state E-S complexes for the native
(wild-type, WT) SLO to those of a series of selected six site-directed mutations .33 34 In
conjunction with averaged X-ray structures for SLO in the absence of substrate,22: 28. 35
ENDOR has the power to quantify distributions of active (conformer g) and inactive
(conformer b) ground-state E-S complexes, allowing correlation of these distributions with
catalytic function.3!

We recently applied 13C ENDOR spectroscopy to SLO using a high-spin (S=5/2) Mn2*
spin-reporter substituted for the native Fe2* cofactor. This approach provides an exceptional
spatial ‘horizon’ of up to 6 A for measuring the through-space Mn-13C metal-to-substrate-
carbon distances in WT and in a number of SLO variants.3* While the Mn-SLO form is
inactive, Mn behaves as a faithful structural surrogate for Fe, with nearly superimposable X-
ray models of the Mn-substituted and native SLO enzymes (cf. Figure 2A);34 this behavior
is consistent with findings from other lipoxygenase species and Mn/Fe substitution in Mn
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and Fe mononuclear superoxide dismutases.3® 37 The lack of activity in Mn-substituted Fe
lipoxygenases is likely attributed to the intrinsic electronic properties of the metal ions.34: 38
The structural equivalence of the Mn and Fe enzymes, In conjunction with the agreement of
ENDOR derived and X-ray derived ground state DADs in LOXs,3? indicate that metal
substitution does not significantly influence substrate positioning.

Using the developed ENDOR approach with specifically 13C enriched substrate, the reactive
carbon (C11) of LA was shown to adopt two ground-state conformers, gand 6in WT Mn-
SLO, distinguished by different distances between the target C11 and the H-acceptor (metal-
bound oxygen), whereas its neighbor, C10, had essentially the same position in both
conformers (Figure 2B). The metal-to-carbon distances for C10 thus serves as an important
reference in positioning LA with respect to the Mn-O vector. In the active, a conformer the
13C11 Mims pulsed ENDOR4 response yields a metal-C11 distance of rey.mn = 4.9 A,
which corresponds to a van der Waals ‘C11<>0’ DAD of ~ 3.1A (see Figure 2B and
reference3* for details). The second, &, conformer has C11 positioned ~5.7 A from Mn,
nearly 1 A farther than in &, and this has been assigned as an inactive ground state structure.
Even within the active conformer, the observed van der Waals DAD distance (3.1A) is
significantly beyond that for efficient H-atom wave function overlap (2.7A). This property
highlights the importance of conformational sampling that transiently compacts the DAD
from van der Waals ground state structures (conformer &) to the reduced DADs of a*
together with a thermally activated environmental reorganization that creates the degenerate
TRSs from which facile tunneling can proceed.3: 6. 41

In the initial ENDOR study of SLO, an extreme active-site single mutation, 11e553Gly,
showed impaired catalysis and correspondingly eliminated the occupancy (signal) of the a
conformer,3* suggesting an important link between ground state (conformer &) substrate
alignment and the enzyme’s ability to reach a finely tuned TRS. Here, (i) we expand the
ENDOR investigation of enzyme control of substrate positioning in SLO to include the
complete 11e553X series of aliphatic mutations that vary with side chain size and shape. The
results reveal a remarkable correspondence between the ability of an enzyme to achieve a
closely packed ground state E-S conformer g, and its ability to access an activated protein
substate, a* characterized by short DADs and high frequencies for DAD sampling. In
addition, (ii) we examine the influence on substrate positioning of amino acid side chains
identified within a dynamical protein network that links the buried active site to the remote
solvent-protein interface.

METHODS
ENDOR Sample Preparation:

Wild-type and mutant SLOs were expressed in £. coli BL21(DE3) Codon Plus RIL cells in
M?9-based minimal medium, depleted of iron and supplemented with manganese chloride
(99.99%) as previously described.34 SLO proteins were purified as described elsewhere. All
proteins were 90% pure as assessed by SDS-PAGE analysis and contained 0.7-0.9 Mn per
protein as determined by ICP-OES. ENDOR samples were prepared anaerobically. Each
sample contained 0.5-0.7 mM Mn-substituted SLO and 1 equiv. of respective LA in 0.1 M
sodium borate, pH 9.0, with 15% (v/v) ethylene glycol.
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EPR/ENDOR Measurements:

Q-band echo-detected EPR spectra (two-pulse echo sequence, m/2-t-rt-t-echo) and Davies/
Mims pulsed ENDOR34 spectra were collected on a spectrometer that has been described,
42,43 whose microwave amplifier had been replaced, yielding higher powers. Al
measurements were done with a helium immersion dewar, at 2 K. The Mims pulsed ENDOR
sequence (three-pulse echo sequence, /2—t—m/2-T—-n/2—t—echo, with rf pulse (T)
inserted in the interval, T, between second and third pulses3#) was used to probe the 13C
hyperfine coupling of C10, C11 nuclei of labeled LA substrate.

As described in SI, we have refined the data acquisition and spectrum decomposition
process in three ways. (7) With the availability of enhanced microwave power, we were able
to maximize the Mims ENDOR S/N ratio of 13C ENDOR response by optimizing,
(increasing) <, the interval, in the Mims ENDOR sequence (Figure S3); this causes minimal
changes in line shapes. (77) The signals from the selectively 13C labelled substrate were
isolated from those of natural-abundance 13C by subtraction of a corresponding spectrum
with the natural-abundance substrate (Figures S4, S5). (7/7) The simulation program
previously used overestimated the contributions of the a conformer, so as described in SI, a
purpose-written (ad hoc) program was written that corrects that problem.

RESULTS AND DISCUSSION

Mn2* EPR;:

The S=5/2 Mn2* jon of Mn-SLO complexed with LA experiences a small zero-field
splitting interaction, and its resulting EPR spectrum is the sum of the ‘envelopes’ of the five
orientation-dependent Amg = + 1 transitions between adjacent pairs of the six electron-spin
ms substates, —5/2 < ms< +5/2. Each envelope has a well-defined shape that is spread over a
range of fields defined by its /m,values and the magnitudes of the zero-field splitting (ZFS)
parameters, and each envelope is weighted by the thermal population of the contributing mg
levels.*4 As reported previously,34 the EPR spectra collected from LA complexes of Mn-
SLO are characteristic of a small ZFS, with the principal ZFS parameter, D, much less than
the microwave energy at Q-band (35 GHz):#> These spectra show an intense central feature
that is associated with transitions between the m,;= +1/2 and —1/2 electron-spin substates,
and that exhibits a sextet arising from 5°Mn (/= 5/2) hyperfine interactions, A ~ 91 G. This
feature “rides on” and is flanked by significantly broader signals from the four “satellite”
envelopes involving the other electron-spin substates (/m;+5/2 < +3/2; +3/2 < +1/2; Figure
S1.

The EPR spectra of the LA complexes of WT SLO and the four mutants characterized
herein (11e553X) closely overlay (Figure S1), which indicates that the mutations cause
negligible change to the Mn2* ion and its coordination sphere, reflected in the ZFS
parameters; as reported earlier, this is the case for the 1553G variant, which has the most
extreme change in the size of the hydrophobic side chain.34 Such behavior is expected,
because the site of mutation 11553, though near the substrate, is far from the metal ion.
Nonetheless, as more precise and detailed confirmation that the mutations do not perturb the
catalytic metal ion, we tested for changes in the positions/orientation of the Mn2*-
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coordination sphere ligands, including histidyl nitrogen’s and H,0, through comparison of
the 14N, 1H Davies ENDOR spectra of WT-SLO and SLO-1553G.34 In all cases the data
show that the ZFS tensor is unchanged.

13C ENDOR Protocol:

A 13C of labelled LA experiences an electro-nuclear dipolar interaction that arises from
through-space dipolar interaction between the spin of the Mn2* center and the 13C. Although
this spin is partially delocalized over the ligands to Mn2*, for the interaction with LA 13C,
the components of this interaction matrix can be written in its principal axis coordinate
frame as a point dipole coupling, T(#), with the Mn2* ion of SLO whose magnitude is
determined by the 13C dipolar parameter, 7{/), which is fixed by the length () of the Mn2*
— 13C vector ()

T(r) = [-T(r)/2, —T(r)/2, T(x)]

_ Peffgeﬁegcﬂc - 19
- 3

Ty

MHz Eql

The ZFS interaction of the S=5/2 Mn2* jon causes the EPR spectrum at each field within
the EPR envelope to arise from a well-defined set of orientations of the molecular frame, as
defined by the ZFS tensor, relative to the external magnetic field. This in turn allows the
collection of ENDOR spectra in which the external field has a well-defined orientation, or
set of orientations, relative to the Mn-13C vector, 1, for labelled LA. As a result, the
orientation of rrelative to the ZFS tensor axes, and the distance r (as derived from 7(r)) can
be determined for a frozen solution through collection/analysis of a 2D field-frequency
Mims ENDOR pattern across the EPR envelope34 46 Figure S2 shows such a 2D pattern,
and its simulation, for 13C10 of LA bound to the WT SLO. The simulations incorporate the
low temperature of our experiments, 2 K, which causes the EPR signal at the low-field edge
of the Mn2* EPR spectrum to be associated with the /m,-5/2 < —3/2 envelope, and to arise
from molecular orientations in which the field lies along the y-direction of the ZFS tensor. A
key result of these simulations is that the (Mn2+ — 13C10/11) vectors lie essentially in the
x-z plane of the ZFS tensor. As a consequence of the simplification provided by this
orientation, in ENDOR spectra collected for both 13C10/11 at the low-field edge of the EPR
spectrum, the magnetic field is perpendicular to the Mn-13C10/11 vectors, and one observes
an essentially single-crystal like spectrum, a simple doublet whose offsets from the 13C
Larmor frequency, 8/my), directly yield the dipolar parameter, 7{r)and thus the Mn-13C
distance, r(eq 2),

8v(mg) = v(mg) — v = (mgs)T(r)

mg= —5/2, —3/2 Eq2
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where the /m;are the electron-spin quantum numbers associated with the m;-5/2 & -3/2
envelope.

When an observed spectrum is a superposition of signals from two (or more) conformers, it
can be decomposed through simulation into sums of spectra for the individual conformers,
giving the percentage contributions, f;and the distance, r;, for each conformer, 7. As
described in Materials and Methods and SI, in this study, we have obtained 13C ENDOR
spectra with substantially higher signal/noise ratio (Figure S3) and have developed superior
protocols for their decomposition into the fractional contributions from individual
conformers than used previously (Figure S4, S5, S6, S7). As described in Sl, the previous
protocol gave the correct Mn-13C distances, but overestimated the a conformer contribution.
As an example of the improved analysis, Figure 3A presents the 13C11 Mims ENDOR
spectrum for native SLO and its decomposition into contributions from aand b conformers:
ra=4.99 A f,=20%; r,=5.65 A, f,=80% (Table S1, S2); this contrasts with a value for 7,
=50% computed in the original study (the r; is unchanged). Similarly, the previous
simulations suggested the presence of a majority conformer of 13C10 in WT enzyme at a
Mn-13C10 distance of 4.9 A, plus a small minority at a longer distance; the current protocol
shows that within error, C10 occupies a single position at the same distance of 4.9 A (Figure
$6). The improved decomposition protocol applied to the enhanced 13C ENDOR spectra has
enabled a robust comparison of the conformational occupancies across the suite of SLO
variants interrogated. However, we emphasize that the #rends in occupancy, as reported
herein, are independent of the decomposition protocol employed.

An additional parameter in the simulations is the ENDOR linewidth, which carries important
information about the precise substrate positioning. As described previously,3* the linewidth
of an ENDOR signal for the 13C, W(m,), is the sum of intrinsic contributions plus a
contribution from a distribution in Mn2*-13C distances around the average distance, 7, which
leads to a distribution in ENDOR offsets from the 13C Larmor frequency, §(my) (eq. 2).
These two contributions cannot be determined individually for WT enzyme, but we can
assign a change in linewidth, 8W, caused by mutation to a change (8r) in the distribution of
distances through use of the following relationship for the features in the low-field, single-
crystal-like Mn-SLO/LA(13C) ENDOR spectra:

oW

—_ Eq. 3
v q

~
~

or
.

[SST

Size/Shape of a Single Active Site Sidechain Strongly Impacts Ground-State Substrate

Positioning:
Having previously established that replacing the large sec-butyl aliphatic sidechain of 11553
with the H-atom of Gly in SLO leads to a complete loss of the 13C11 signal characteristic of
the reactive ground-state conformer a, namely 7, — 0,34 we posed the question whether a
systematic variation in the 553 sidechain volume would lead to detectable trendsin £,
Figure 3B presents 13C11 Mims ENDOR spectra for active-site 11e553X SLO variants using
the complete series of naturally available aliphatic sidechains ranging from lle (wild-type) to
Gly. As is visually evident in these spectra, their decomposition into contributions from a
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and b conformers (Figure S7) reveals a monotonic decrease in occupancy of the active a
conformer with decreasing sidechain volume (Figure 4A), starting with an occupancy of 7,
~20% of the a conformer for lle (WT) and ending with an undetectable amount of this
conformer for Gly; the relative occupancy of the unreactive & conformer, whose DA D is
almost 1 A greater, increases correspondingly.

Within the limits of resolution, the ENDOR offset, 8v; (eq (2)), for the 13C11 a conformer,
and thus its calculated Mn-13C11 distance, , does not vary as residue 553 varies; the offset
for the b conformer slightly increases for the smaller residues, indicating a slight shortening
of the longer distance in this conformer. However, for both conformers the 13C11 ENDOR
linewidths (1), and thus the distributions in Mn-13C11 distances, & (eq 3), increase for
every sidechain with volume smaller than 553lle (Figure 3B, Table S1). Note that the
absence of mutation-induced changes in the Mn2* coordination sphere discussed above
means that such changes cannot be the source of the broadening of the 13C Mims ENDOR
lines. This broadening instead reveals a ‘softening’ of the minimum on the potential-energy
surface for LA binding. This softening is functionally significant, since such behavior is
postulated to play a key role in enabling enhanced DAD sampling among catalytically
impairing 1553X variants with reduced side chain volume (Figure 1D, top panel).

Considering 13C10, the ENDOR offset/Mn-13C10 distance of this carbon also remains
largely unchanged in this series of variants. The 13C ENDOR linewidth and thus the
distribution in Mn-13C10 distances is unchanged compared to WT for X = Val, but the
linewidth increases modestly for X = Ala, and substantially for X = Gly (Figure S6, S8)
indicating an increase in the distance distributions, 87 (Eq 3, Table S3).

As an important corollary experiment, 13C10/11 ENDOR spectra were collected for LA
bound to Ile553Leu, a mutation of identical sidechain volume but different shape than the
native isoleucine residue. This mutation decreases the occupancy of conformer a compared
to WT by an amount comparable to that caused by 1le553Val (Figure 4). Thus,
unsurprisingly, the a conformation occupancy is not merely responsive to the side chain
volume (Table S1 and Figure 4A). The result with Ile553Leu instead indicates that substrate
positioning is finely tuned by subtle interactions that vary with the shape of substituents on
the p-carbon of 553 of equal volume. Perhaps more importantly for function, even this iso-
volume substitution ‘softens’ the potential-energy minimum on the substrate-binding surface
for the active conformation, as evidenced by an increased ENDOR linewidth, that once
again is correlated with the elevation of its AE, above that seen for WT enzyme.

Correlation Between f; and AE,:

The kinetic features that emerged from mutational studies of the 553 sidechain in SLO have
already played an important role in the development of prevailing theoretical models for
nonadiabatic C-H activation reactions.l 2: 28. 47 These variants show very modest rate and
kinetic isotope effect differences with random trends in E,. The major difference is a
systematic trend in AE, with sidechain volume (Figure 4B), from 0.9 kcal/mol in 11e553 to
5.3 kcal/mol in 11e553Gly (Table S2). As shown in Figure 4C, the decrease in the percentage
of a conformer (7)) from 11e553 to 11e553Gly parallels the increase in the experimental AEj.
These results support the conclusion that tight packing within the ground state a conformer
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of the WT enzyme is sufficient to promote effective wave function overlap upon formation
of the TRS (Figure 1B, purple dot and 1C) with little-to-no contributions from the DAD
sampling coordinate (Figures 1D, bottom). Moreover, as indicated by the decreased 7, and
accompanying increased ENDOR linewidth, LA in the single site mutants is less precisely
positioned (softer potential energy surface) in the ground state conformer astructure. As a
consequence of the correspondingly observed increases in the AE, for hydrogen transfer, this
ground state effect is proposed to be propagated into a longer DAD at conformer a*with
softer DAD sampling coordinate, which together lead to the increased contribution of DAD
thermal sampling (Figure 1D, top).

The ENDOR measurements thus provide compelling evidence for a close correspondence
between the ability of an enzyme active site to stabilize a closely packed ground state
conformation a, with favorable van der Waals DADs, and the ability to access a compacted
conformer a*that can achieve the TRS with short DADs that results in little contribution
from the DAD sampling coordinate.

Mutation Within a SLO Protein Dynamical Network and Control of Substrate Positioning by
Residues Far from the Active Site:

Reports on conformational networks that link sites remote from the active site to active-site
structure have increasingly emerged.*8-51 Recently, a hydrogen deuterium exchange (HDX)
study on SLO identified a solvated loop, 317-334, lying at the surface of the protein, at least
15A from the active site, with mutations in this loop influencing H-atom transfer.22

A model of the SLO structure shows a network of residues that extends from the active site
to this loop at the protein surface (Figure 5A). This network originates with 11553 and
Leu546 at the active site (Figure 2A). Continuing from 11553 to the solvent via the
proposed dynamical network it is possible to identify a single hydrogen bond between the
hydroxyl functional groups of Ser749 and Tyr317, with the Tyr317 residing closer to the
protein surface. Substitution of Tyr317 by the hydrophobic side chain Leu breaks this
network and generates kinetic properties that differ from WT enzyme and instead are similar
to the kinetically impaired active-site lle553Leu mutant.22 28 Remarkably, the 13C11
ENDOR spectrum for the remote Tyr317Leu mutant also shows a corresponding decrease in
a conformer occupancy (Figure 5B), with a magnitude of change similar to the decrease for
I1e553Leu (Figure 4A).

Given the remoteness of Tyr317 from the active site, it was, important to determine whether
the impact of inserting Leu at this position might reflect a ‘generic’ effect of remote
mutation, and thus be unrelated to a break in the H-bonding connectivity along the network.
A more conservative variant, Tyr317Ser had been generated on the premise that this
substitution would preserve the H-bonded network; this expectation was borne out by the
observation of its kinetic properties similar to native enzyme.22 Notably for the present
study, the 13C11/10 ENDOR spectra of the Tyr317Ser variant likewise shows both an a
occupancy and ENDOR linewidths identical to those of the WT enzyme (Figure 5B). In
short, a non-conservative mutation of hydrophilic Tyr317 to the hydrophobic, non-H-
bonding Leu (Tyr317Leu) perturbs both enzyme kinetics and substrate conformation (Figure
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4C), whereas mutation to a conservative hydrophilic, H-bonding serine (Tyr 317Ser)
changes neither.

This correlation between kinetic and ENDOR behavior in fact buttresses the earlier HDX-
MS finding, of a spatially resolved dynamical network in SLO that emerged from data in the
absence of bound substrate (to circumvent an anticipated protective effect of LA on the H/D
exchange process). The correlation of AE, with the ENDOR results for the E-S complex of
Tyr317Leu thus indicates that the HDX-derived conformational landscape for apo-SLO is
indeed relevant to catalytic complexes of enzyme. This conclusion in turn is compatible with
findings from Kern and co-workers, who have shown that an overall protein conformational
landscape can be quite similar for substrate free vs. substrate bound enzyme forms, although
in detail, substrate is expected to shift the relative distribution of each conformer within the
ensemble.>2

Interrelationship of Kinetic and ENDOR Measurements:

The present study enables the determination of hydrogen transfer DADs in ground-state
(conformer &) E-S complexes that could not be visualized by X-ray crystallography.3® The
ENDOR-derived a conformer for WT SLO and its variants places the target C11 of LA
within a van der Waals DAD in the ground state. This positioning does not correspond to a
TRS, but the occupancy of such an “active’ conformer (conformer &) is considered a
prerequisite for efficient tunneling (Figure 1).53 In the context of theoretical formalisms for
nonadiabatic C-H activation reaction,3: ® 6:32 multiple tiers of distance and energetic
optimization are necessary to produce the tunneling. The system first adopts the reactive,
ground-state E-S configuration (designated &, Figure 1A), then reaches weakly populated
compacted ground state configurations on the reaction coordinate (a* Figure 1A-C) via
conformational sampling. The transition from a*(Figure 1B green dot) to the TRS (Figure 1
Band C purple dot) is controlled by the Marcus reorganization energy (A) associated with
the tunneling coordinate. As C-H activating enzymes have evolved, they have attained highly
tuned active sites generally characterized by reduced DADs for conformer a*that are close
to the dominant protium tunneling distance of 2.7 — 2.9 A. As such, native enzymes exhibit
relatively little need of DAD sampling for either H- or D-transfer, producing the
characteristic AE, ~ 0 (Figure 1D, E, bottom).

However, single site ‘impairing” SLO mutants (e.g. 11e553X) are often associated with
modest impacts on kg and P4, along with measurable increases in the AE,. The results
presented in Figure 4C show a previously undetected correlation between increasing AE,
and decreasing £, with the near-zero AE, for WT SLO corresponding to the maximum 7
seen for any of the variants studied here. Most significantly, the ENDOR data indicate an
inverse correlation between the fractional population of active conformer a corresponding to
van der Waals DADs and the magnitude of AE,. This both supports the view that the a
conformation, with its van der Waals DAD, is the catalytically relevant ground-state
structure, and shows that the ability to achieve a close positioning of the substrate target in
the ground state (7;) translates to small values for AE,.

Pursuing this further, the available parameters, P k.. and AE,, can be used in combination
with the analytical expression derived from the nonadiabatic formalism that calculates the
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rate constant for PCET, ApceT,” to yield two physical parameters: the equilibrium DAD
associated with conformer a*and the frequency of the DAD sampling coordinate, w. The
corresponding values32 for the SLO 11e553X series (Table S2) are plotted in Figure 6,
showing that decreases in £, which are correlated with increases in AE, (Figure 4), likewise
are associated with elongations of the DAD at conformer a* (Figure 6A) and a softening of
the DAD sampling potential (i.e. reduced frequency for the DAD sampling mode, w; Figure
6B).

We propose that the magnitude of AE, offers a “ruler” for the degree of active-site
compactness in a*with native enzymes and its subsequent impairment in activity-impacting
mutants.1% 54 This is supported by the impact of active-site packing defects generated by
mutation of single protein side chains both proximal to and remote from the reacting bonds.
These subtle changes systematically suppress the optimized ground-state substrate
configuration (conformer &) and this effect is propagated into elongated DADs at conformer
a* Some of the perturbation at a*can be recovered by the onset of DAD sampling
coordinate that is amplified for deuterium relative to protium transfer (Figure 1-D, top).

CONCLUSIONS

The key finding in the present work is the strong inverse correlation between the occupancy
of the active ground state structure, 7;and the dependence of effective H- tunneling on
enhanced distance sampling, as revealed in the difference between the enthalpic barriers for
D and H abstraction, AE,, (Figure 4C). This linkage shows the critical role of ground state
positioning in achieving correspondingly optimized TRSs that enable efficient quantum H-
transfer. The active-conformation occupancy, 7, is not only highly sensitive to packing
defects generated by mutation of a single hydrophobic side chain (11e553) in contact with
bound substrate (Figure 3), but also is modulated by a remote residue through the previously
identified,22 long-range, catalytically-linked protein network (Figure 5).

The data show that any perturbation, even a quite small one, can alter both the fraction of
reactive conformers in the ground state (conformer &) and the disposition of the donor and
acceptor as the enzyme-substrate complex moves from conformer ato conformer a*and on
to the TRS along the Marcus reaction coordinate. It appears that the mutant enzymes are
simply never able to fully recover a WT TRS state from their impaired conformer &*
geometries. In the case of protium transfer, the impact on rate can be fairly minimal, but the
shorter wavelength spread for D within the impaired conformer a*state dictates a greater
dependence on DAD sampling.

The present results, underscored by mounting recent experimental evidence,8: 5 illustrate
how the study of tunneling in C—H activation reactions affords a unique and incisive window
into the geometric and dynamic contributions that control enzymatic fitness. This study
further illustrates how ENDOR provides an exquisitely sensitive probe of enzyme control of
substrate conformation, revealing functionally significant changes in the ground state E-S
structure generated by subtle “point’ (single-residue) perturbations.
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Representation of the nonadiabatic PCET theoretical model for enzymes catalyzing C-H
activation (A-D) and kinetic phenomena that characterize them (E). (A) Potential-energy

surface (PES) showing the distribution of enzyme into active and inactive ground state

populations, a (blue) and b (gray), respectively. Subsequent and transient fluctuations lead to
short-lived substates, represented as conformer a*with DADs reduced from ground state
configurations (green dot). (B) Slice along Marcus reaction environmental coordinate within

the tunneling-active a* conformation involving the nuclear ‘heavy atom’ positions and

defined by the Marcus reorganization energy, A, and driving force, AG°. (C) The positioning
of the hydrogenic wave function, in the reactant (donor, left) and product (acceptor, right)
states, and in the TRS (center, purple dot in B) where it is degenerate across the donor and
acceptor wells. (D) The PES of the DAD sampling coordinate. The small AE, values
characteristic of native enzymes (bottom) indicate a short DAD that enables efficient overlap
for both protium and deuterium with rigid DAD sampling frequencies. When the average
DAD is elongated, as occurs in single site mutations, the PES of the DAD sampling
coordinate is softened (top). In such as case, the tunneling efficiency of the broader wave
function for H can be maintained (dark purple). However, the less diffuse wave function for
D (light purple) results in a greater dependence on local sampling of the donor and acceptor
for effective wave function overlap. This is the origin of the disproportionate increase in the
enthalpy barrier for D (AE, >> 0). (E) Cartoon representations of Arrhenius plots for the
cleavage of C-H or C-D bonds, to show the distinction between native (WT) enzymes (AE, ~
0) and impaired, single mutant enzymes (AE, >> 0). For illustration purposes, the slope of

the line for H-transfer is represented as unchanged.
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Figure 2.
(A) 1.14A structure of Mn-substituted SLO active site (PDB: 4WFO) resolved in the

absence of substrate. Catalytically important residues are shown as spheres; yellow spheres
represent Leu754. The substrate (green sticks; reactive carbon, C11 is in black) was modeled
using previous ENDOR geometries of the dominant ground state conformer.31 The Mn2*
(OHy) cofactor is shown as purple and red spheres, respectively. (B) ENDOR-derived model
structures of the aand 6 conformers. Reproduced with permission from ref 34. Copyright
2017 J. Am. Chem. Soc.
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Figure 3.
13C Mims ENDOR spectrum for (A) WT SLO and decomposition into @, & conformers (see

Materials and Methods and SI); (B) 11e553X variants. /nset. overlay of simulations
containing percentage of a conformer, £ (Figure S7). simulation parameters, Tables S1, S2.
Mims ENDOR condiitions, magnetic field = 11000 G, microwave frequency ~34.8 GHz,
MW pulse length (1e/2) = 50 ns, T = 1500 ns, repetition rate = 100 Hz, and T =2 K.
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Figure 4.
(A) ENDOR-detected £, versus 553 volume. For reference, the structures of the sidechains

for the ENDOR data are shown at the top of the panel and color coded. (B) Kinetic-
determined AE, versus 553 volume. (C) ENDOR-detected £, versus Kinetic-determined AEj.
In addition to the color coding for 11553 X variants, the black and gold points represent the
Tyr317Ser and Tyr317Leu variants (cf. Figure 5 and S9), respectively. In all panels, linear
fits (black lines) were determined in the absence of the outlier 1le553Leu.
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Figure5.
(A) Catalytically-linked protein network from solvated loop (orange cartoon) to the active

site. The gray colored residues near the active site, 11e552 and Val750, have not been pursued
in the present study. Kinetics for Tyr317X variants are presented in Table S4. (B)
Background-subtracted 13C11 Mims ENDOR spectra for Tyr317 mutants compared to WT;
Conditions as in Figure 3.
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Figure 6.
ENDOR-detected £, versus the computed values for the DADs in conformer a* (A) and the

frequency of the DAD sampling mode, w (B). The color coding for 11e553X variants is same
as in Figure 4: WT, gray; 1le553Val, red; 1le553Leu, green; 1le553Ala, blue; 11e553Gly,
purple. Values for a*and w were determined using the analytical rate expression for the rate
constant for PCET, ApceT, that includes quadratic terms;® the values are listed in Table S2.
The data are illustrative and were obtained using a harmonic potential for the DAD sampling
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mode. Analysis via a Morse potential is expected to lead to small changes in the absolute
values for a*and w,>3 but not in the observed trends.
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Scheme 1.
Mechanism of linoleic acid (per)oxidation by SLO is initiated by a rate-determining

hydrogen abstraction of pro-Shydrogen at carbon-11 (C11). Both the C-H abstraction and
subsequent O insertion are associated with PCET processes. Select carbons are numbered
for reference. In WT SLO, O, insertion is site-selective at carbon-13. The DAD relevant to
this study is between C11 of LA and oxygen from the metal-bound hydroxide.
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