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The enzyme soybean lipoxygenase (SLO) provides a prototype for deep tunneling
mechanisms in hydrogen transfer catalysis. This work combines room temperature
X-ray studies with extended hydrogen—deuterium exchange experiments to define a
catalytically-linked, radiating cone of aliphatic side chains that connects an active site
iron center of SLO to the protein—solvent interface. Employing eight variants of SLO
that have been appended with a fluorescent probe at the identified surface loop, nano-
second fluorescence Stokes shifts have been measured. We report a remarkable identity
of the energies of activation (E,) for the Stokes shifts decay rates and the millisecond
C-H bond cleavage step that is restricted to side chain mutants within an identified
thermal network. These findings implicate a direct coupling of distal protein motions
surrounding the exposed fluorescent probe to active site motions controlling catalysis.
While the role of dynamics in enzyme function has been predominantly attributed to a
distributed protein conformational landscape, the presented data implicate a thermally
initiated, cooperative protein reorganization that occurs on a timescale faster than nano-
second and represents the enthalpic barrier to the reaction of SLO.

thermal activation | hydrogen tunneling | hydrogen-deuterium exchange | Stokes shift decay |
room temperature X-ray

'The contribution of protein scaffold motions to the modulation of reaction barrier height
and shape remains a major unresolved component in our ability to describe the physical
properties underlying enzyme catalysis. The vast majority of enzyme-catalyzed reactions
require thermal activation, with only a small handful of enzymes undergoing photo-
chemical initiation (1-3). Temperature-dependent hydrogen—deuterium exchange cou-
pled to mass spectrometry (TDHDX-MS) has recently emerged as a broadly accessible
experimental tool to interrogate heat-induced changes in local protein flexibility, which
when coupled to function-altering protein mutations provides time-averaged spatial
resolution of activated networks that lead from protein—solvent interfaces to enzyme
active sites (4-8). The growing identification of such reaction-specific networks that are
distinctive from each other, and independent of protein scaffold conservation, points
toward scaffold-embedded heat conduits as a source of dynamical activation in enzyme
catalysis (9-16).

To explore how heat transfer from a protein—solvent interface to an enzyme active site
may enable catalysis, we turned to soybean lipoxygenase (SLO), a paradigmatic enzyme
for quantum mechanical tunneling in biological C—H bond cleavage reactions (17). SLO
catalyzes the production of fatty acid hydroperoxides at (Z,2)-1,4-pentadienoic moieties
via a rate-limiting proton-coupled electron (net hydrogen atom) transfer from the reactive
carbon (C11) of substrate to an Fe(OH) cofactor (Fig. 1A). The physiological substrate,
9,12-(Z,2)-octadecadienoic acid (linoleic acid, LA), is converted to 13-(S)-hydroperoxy
-9,11-(Z,E)-octadecadienoic acid (13-HPOD). The resulting oxygenated lipids and their
by-products are essential for signaling structural and metabolic changes in the cell, includ-
ing seed growth and plant development (18). Native SLO catalysis exhibits a fairly weak
temperature dependence (£, ~2.0 kcal/mol), a small Arrhenius prefactor (A < 10° s7h),
and a greatly inflated kinetic isotope effect on 4, Pk, = 81) (19, 20) that rises to Pk,
=500 to 700 for an enzyme variant that has been mutated at two bulky hydrophobic side
chains surrounding the reactive carbon of bound substrate (21). The aggregate structural
and kinetic properties of SLO played a key role in the development of vibronically non-
adiabatic analytical tunneling expressions (20, 22-26).

The extension of Marcus-like models for long-range electron tunneling to hydrogen
transfer reactions provides a powerful formalism that accommodates the multidimensional
properties of hydrogen tunneling at room temperature (20, 22, 23, 26-29). In particular,
the resulting separation of the temperature-dependent protein environmental
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site quantum properties
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reorganization terms from the inherently temperature-independent
probability of wave function overlap refocuses structure—func-
tion—dynamics studies on the protein scaffold itself and allows its
deconvolution from the primary chemical bond cleavage event.
In this context, SLO was subjected to a combined analysis of the
time-, temperature-, and mutation-dependent properties of hydro-
gen—deuterium exchange as analyzed by mass spectrometry (5).
This integrated TDHDX-MS approach aided in the identification
of a small subset of SLO-derived peptides for which mutation-
induced changes in the activation energies of hydrogen exchange,
E,(kypy), are seen to correlate with changes in the activation
energy for the first-order rate constant of catalysis, E,(£.,,). The
most compelling peptide, 317-334, is located in a solvent-exposed
loop (Fig. 1B) remote from the sites of mutation.

The nature of the dynamical motions in this loop was further
examined through temperature-dependent, time-resolved
Stokes shifts measurements that exploited a fluorescent probe
incorporated through thiol modification at either position 322
at the tip of the identified thermal network or at a control
position 596 (30). The striking observation of an exact corre-
spondence between the E, for a millisecond catalytic step and
for a nanosecond Stokes shift decay process suggested a direct
coupling of distal protein motions surrounding the appended
probe to active site motions controlling catalysis in the wild-
type (WT) enzyme. Herein, we extend these preliminary studies
of nanosecond fluorescence Stokes shifts to eight variants of
SLO, observing a remarkable identity of the energies of activa-
tion for the Stokes shifts decay rates and the millisecond C-H
bond cleavage among side chain mutants that are restricted to
the identified thermal network. The implication of a site-
selective thermal pathway, originating at a solvent-exposed loop
and extending toward the buried iron cofactor and substrate-
binding site (5, 30), provides a unique opportunity to explore
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the structural and dynamical features that control C-H activa-
tion in enzyme catalysis.

Results

Catalytically Linked Thermal Network in SLO Extends beyond
the Initial TDHDX-MS-Defined Pathway. The originally defined
thermal pathway for SLO (Fig. 1B) was based on the impact of
two protein side chains (Leu546 and Ile553 in close proximity
to the Fe'™(OH) cofactor and bound linoleic acid substrate) on
the TDHDX behavior of a surface loop 20 to 30 A away (5).
Inspection of Fig. 1B shows an intermediate region comprising
the aliphatic residues Ile552 and Val750 that are positioned to
act as mediators between Leu546 and Ile553 and the residues
Ser749 and Tyr317 that extend to the surface loop. Of particular
interest, neither Ile552 nor Val750 is in direct contact with the
reactive carbon, raising the question of their importance and
impact to catalytic proficiency. To address this issue, we examined
the effect of alanine substitution at Ile552 and Val750, obtaining
a suite of kinetic parameters (Table 1). While the magnitude of
the difference in the energy of activation for the reaction with
H- vs. D-labeled LA substrate [AE, = E,(D) - E,(H)] is reduced
for V7504, its value is within the experimental error of WT, and
the value of AE, for I552A is unchanged. An increase in AE| has
been shown to map to a loss of precision in the local positioning
of the reactive carbon (C11 of the LA substrate) for SLO (31), as
well as for a wide range of H-transfer enzymes (32). In accordance
with this behavior, evolutionary selection was recently applied to
a primitive form of dihydrofolate reductase (DHFR) showing a
progressive decrease in AE, as the evolved enzyme approached
the activity of native DHFRs (33). From this study of I552A
and V7504, we conclude that A, is largely unaffected, with the
impact of such mutations appearing primarily as a reduction in the
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Fig. 1. (A) Rate-limiting hydrogen transfer reaction from linoleic acid (LA) catalyzed by an Fe"(OH) cofactor in SLO to form product, 13-HPOD (17). (B) X-ray structure
of SLO (PDB: 3PZW) depicting the active site Fe (orange), and the network of residues (pink) and thermally activated surface loop (residues 317 to 334, in dark
blue-green) inferred from previous TDHDX-MS experiments (5). Inset: The bound linoleic acid substrate (dark gray) is modeled from previous calculations (25)
and overlaid in this structure. Leu754, which is outside the identified network, is shown in purple. The peptide 317-334 is labeled in blue-green. (C) Temperature-
dependent HDX-MS analysis. Relationship between the HDX enthalpic barrier (E, for k,py) at peptide 317-334 and the enthalpic barrier for hydrogen tunneling
(E, for k.,0). New data for I1552A are shown and compared with data for other mutants from ref. (34).
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Table 1. Comparative kinetic parameters for Ala var-
iants at positions 552 and 750 within the thermal net-
work of SLO"

SLO AE,, kcal/  Refer-
variant ko, s ' Pkg  E, kcal/mol mol ence
WT 297 (10) 81(5) 2.1(0.2) 0.9(0.2) Ref. 20
I552A 81 (2)Jr 60 (2)T -0.3(0.2) 1.2 (0.5) This
work”
V750A 218(8)" 69 (4)" 1.0(0.4) 0.3(0.4) This
work”

“Temperature-dependent kinetics data had been reported (35) but were not previously
analyzed for £, and AE,. The full range of additional mutants formerly characterized in this
fashion is summarized in S/ Appendlix, Table S1.

For comparison under similar protein and substrate purification procedures (5), data for
WT were recollected using the enzyme preparation of the present study, generating k. =
359(7)s™", ka =57(2), E,=2.4(0.2) kcal/mol, and AE, = 1.1 (0.1) kcal/mol. Data for k. and

Pk, from this work were collected at 303 K.

enthalpy of activation [E,(H)] that is accompanied by a reduction
in the first-order rate constant (k) at 30 °C. The changes in £,(H)
suggest a perturbation (loosening) of structure away from the
configuration that is optimal for catalytic turnover in WT, with
the impact of I552A exceeding that of V750A.

With the goal of more fully understanding the contribution of
residues Ile552 and Val750 to the thermal pathway in SLO, addi-
tional independent experimental directions were pursued. First,
TDHDX-MS was extended to 1552A, which has a more dramatic
impact on the catalytic £, than V750A. Such analysis of 1552A
results in the same set of nonoverlapping peptides as obtained for
WT and other variants (5, 34) (SI Appendix, Fig. S1). The majority
of the I552A-derived peptides display nearly identical exchange
behavior to WT across the five temperatures (10, 20, 25, 30, and
40 °C) analyzed (Dataset S1). The peptide of particular interest is
317-334 that defines a surface loop that was previously shown
(5) to undergo strongly correlated alterations in the activation
energy for HDX E(kypy) and E (k) when interrogating the
variants 1553G and L546A in relation to WT. Mutation-induced
changes to the term £, (ky;y) have been shown to reflect changes
in local structural flexibility of a protein. An increase in E,(kypy)
for a particular peptide is attributed to a more rigid and
temperature-sensitive structural element, whereas a reduced
E, (kypy) corresponds to a more flexible region (5). The new data
for I552A indicate an E,(kypy) = 3.2(3.7) kcal/mol for peptide
317-334 within experimental error of zero and is analogous to its
E (k) = -0.3(0.2) kcal/mol (SI Appendix, Table S2). As shown
in Fig. 1C (red bar), these data for 1552A fall on the original
correlation of E,(kypy) and E, (k) in support of the inclusion of
Ile552 within the defined thermal pathway. We note that muta-
tions at Leu754 (L754A and the double-mutant L546A/L754A)
fall off the line correlating E, (k;py) to E, (k) (35), indicating that
Leu754 resides outside of the thermal network (Fig. 1C); this
feature will be discussed further below, serving as a control for
time- and temperature-dependent Stokes shift decay analyses. We
also observed an unusually large perturbation from I552A on the
TDHDX-MS of peptides 541-554 and 555-565 residing near
the inferred substrate portal, with peptide 541-554 of I1552A
indicating a decrease in E,(kypy) from 23.7(2.0) kecal/mol for WT
to 5.64(0.5) kcal/mol (ST Appendix, Fig. S2); these data are con-
sistent with an earlier report of an increase in /g values for sub-
strate release in 1552A, attributed to a loosening of the substrate
portal that is adjacent to the active site (35).

Structural confirmation of the involvement of 1le552 and Val
750 in the thermal network in SLO was pursued through room
temperature (RT, 277 to 300 K) X-ray studies. The multicon-
former models obtained from qFit (36) uncover coupled, local
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anisotropic protein dynamical information that is supported by
NMR measurements and reflects multiscale motions of the protein
backbone and side chains (37). Such studies have been shown to
be sensitive to weakly populated substates within a protein con-
formational ensemble that can be associated with function through
comparison of structures for WT enzyme to site-specific mutants
(38). Inspection of the electron densities for the RT X-ray struc-
ture of WT SLO had indicated a number of alternate side chain
conformers at positions Leu546, 1le553, 1le552, and Val750 (5).
We have now compared the available RT X-ray data (300 K) for
1553G (5) and L546A (34) to WT finding that the I553G variant
decreases the conformational space accessed by its proximal
Leu546 side chain, while the L546A mutation leaves Ile553
unperturbed and decreases the electron density of an alternate
conformer for a second proximal residue Ile552 (ST Appendix,
Fig. $3). With these observations, we proceeded to examine the
impact of both 1552A and V750A mutations on nearby residues
via RT X-ray structural analysis. While it is possible that changes
in side chain conformations and/or populations following site-
specific mutagenesis may radiate throughout the protein (38, 39),
the impacts of I552A and V750A are found to be concentrated
within a region that neighbors the TDHDX-MS—detected ther-
mal pathway (Fig. 24). A dramatic effect of both mutations
appears at Leu546, with the loss of one of the two possible side
chain conformations of WT (column 1, Fig. 24). The I552A and
V750A mutations also produce reciprocal changes to side chain
occupancies and/or orientations in Val750 and 1le552, respectively
(columns 2 and 3, Fig. 24). Furthermore, mutations at Ile552

Leu546 Val750 lle552 lle746 Leu262
WT
'mut_ation
1552A i
*mutation
site N
V750A 3%);/‘ i
B

Loop 1:
317-334

e

. Loop 2:

Fig. 2. Room temperature X-ray structure analysis. (A) Impact of 1552A
and V750A mutations on the 300 K X-ray structure electron densities of
their respective side chains and those of Leu546, lle746, and Leu262. (B)
Connectivity of residues from the Fe active site to the surface loops [loop
1:317 to 334 (blue-green) and loop 2: 284 to 299 (brown)] in the 300 K X-ray
structure of WT SLO (PDB: 5T5V). Multiple side chain conformers detected
along the thermal network are purple, with remaining residues colored pink.
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and Val750 impact electron densities at side chains 1le746 and
Leu262 (columns 4 and 5, Fig. 2A4); as illustrated, the impact on
Ile746 appears greater for nearby I552A than V750A, while
Leu262 appears to be altered more from the nearby V750A.

The above analyses provide strong support for the role of both
Ile552 and Val750 as mediators between the active site side chains
of SLO that are in position to contact bound substrate and an
extended thermal network that terminates at the protein—water
interface. As a guide for visualizing the entire network, side chain
interactions have been traced from Leu546 to the surface loops
comprised primarily by the region of protein represented by amino
acids 317 to 334 and to a lesser extent the region 284-299, a
second peptide shown to undergo correlated motions in the £, for
HDX-MS and catalysis (5) (Fig. 2B). Using a cutoff of 4 A for
van der Whaals interactions between adjacent side chains, an
extended network of amino acids is detected beyond the TDHDX~
MS—derived pathway. In particular, Ile552 is seen to act as a core
residue, exhibiting steric interactions with Leu546, Val750, and
Ile746. Moving further away from these side chains, a number of
hydrophobic residues within van der Waals distance (e.g., Leu742,
Phe270, Leu299, lle307, Leu325, and the H-bonding pair Tyr317
and Ser749) can be traced. We note that increasing electron den-
sity disorder for such residues closer to the exterior solvent pre-
cluded accurate determinations of alternate RT X-ray—derived side
chain conformations. As shown in Fig. 2B, a cone-shaped region
of protein containing activity-related alternate conformers con-
nects the active site to the solvent-exposed loops.

Dynamical Measurements of the Identified Thermal Network in
SLO. Stokes shift measurements of SLO were pursued using a wide
range of enzyme variants with distinctive trends in E,(k,) and
E,(kypy)- The dye 6-bromoacetyl-2-dimethylaminonaphthalene
(BADAN, BD) was appended to position 322 and used as a
sensor to probe changes in local solvation dynamics following
photoexcitation (40). The main mechanism for fluorescence

modulation is through interactions of the surrounding solvent
with the electronically excited state of the probe (41), which in
the case of BADAN involves changes in polarization of its N,N-
dimethylamino- and carbonyl substituents. Nearby Trp residues
in proteins have been shown to quench BADAN fluorescence
via electron transfer (42). In Q322C-BD SLO, the nearest Trp
residue, Trp340, to the BADAN probe at position 322 is 30 to 40
A away. Molecular dynamics simulations of Q322C-BD show that
this distance does not change significantly (S/ Appendix, Fig. S4),
making artifactual quenching of the BADAN probe at the 322
position an unlikely complication.

Four of the protein variants chosen for the current study are in
contact either with bound substrate or with each other: 1553G,
1553A, L546A, and 1552A (Fig. 34). Substitution of residues at posi-
tions 553 and 546 in the substrate-binding pocket leads to pertur-
bations that increase the E (k) (L546A), decrease the E,(k.)
(I553G), or retain the same E, (k) (I553A) as WT (20, 43)
(81 Appendix, Table S1). lle552, which is located proximal to Leu546
but is not in direct contact with substrate, produces a decreased
E (k) relative to WT (Table 1). The properties of L754A variant
make this a valuable internal control. While Leu754 is positioned on
an opposite face of the reactive carbon of substrate from Leu546 and
L754A produces an elevated enthalpic barrier for catalysis, TDHDX~
MS measurements (34) indicate little or no change on E,(kypy)
relative to WT at peptide 317-334 (or other peptides) (Fig. 1C). The
impacts of L754A on rate and catalytic activation energy have been
attributed to an expanded active site that incorporates additional
water molecules, thereby altering the active site microenvironment
and Fe active site geometry (34). Stokes shift controls involving dou-
ble mutations with L754A as the parent were also interrogated,
involving I553A/L754A and L546A/L754A that exhibit some of the
largest observed increases in activation enthalpy for catalysis relative
to WT (44) (SI Appendix, Table S1). The full set of eight SLO variants
display E,(#_,) values from ca. 0 to 10 kcal/mol, providing a broad

cat

range of catalytic properties (SI Appendix, Table S1) from which to
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Fig.3. Temperature-dependent nanosecond fluorescence Stokes shift analysis of a fluorescent probe on the identified surface loop in SLO. (A) Location of the
mutated active site residues 1le553, Leu546, [le552 (red), and Leu754 (blue) in relation to the thermally activated loop (317 to 334, blue-green) and the BADAN-
labeled Q322C residue (green). The BADAN orientation is based on the optimized structure from ref. 30. (B) Representative time-resolved emission spectra
(TRES) at 30 °C, pH 9.0, for the L546A SLO mutant. (C) Representative time and temperature dependence of the Stokes shift decay rates of L546A. (D) Arrhenius

plots for the nanosecond Stokes shift decays (1/z;, 1/7,) of L546A.
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test the correspondence between the magnitude of activation energies
for Stokes shifts decay rates and for the rates of catalysis.

Each of the above-described variants was mutated at Gln322
to cysteine and reacted with the thiol-reactive alkyl bromide group
of BADAN according to protocols established with WT SLO
(30) (Fig. 34). The resulting bioconjugates were characterized by
electrospray ionization mass spectrometry to confirm 1:1 adduct
formation (SI Appendix, Table S3). To verify the fidelity of the
probe attachment to Q322C, liquid chromatography—tandem
mass spectrometry was performed on the pepsin digests of each
SLO-BD conjugate (S Appendix, Fig. S5), corroborating sole
modification at position 322C, with a mass addition (+211 Da)
corresponding to the 6-acetyl-2-dimethylaminonaphthalene
group. In all instances, the Cys mutation and attachment of
BADAN at the GIn322 position yield proteins with almost iden-
tical kinetic parameters (k, and E,) to the parent SLO
(SI Appendix, Table S4), making these constructs well suited for
probing protein dynamics.

Time-resolved emission spectra (TRES) were constructed from
the steady state (S/ Appendix, Fig. S6) and time-resolved fluores-
cence decay data (SIAppendix, Table S5) upon excitation of
BADAN at 373 nm (see Materials and Methods). The time-
dependent Stokes shift is attributed to solvent/environmental
reorganization around the excited state probe and is manifest as
continuous red shifts in emission spectra until the steady-state
emission wavelength is approximated (45—47). The TRES for the
Q322C-BD-labeled SLO mutants at 30 °C are shown in
SI Appendix, Fig. S7, with total Stokes shifts varying from ~ 700
to 1,800 cm™" (ST Appendix, Table S6). The Stokes shift decay
curves (S Appendix, Fig. S8) were fit to a biexponential function,
indicating a fast (7; ~ 0.5 ns, ca. 60%) and a slower (7, ~ 5 to 8
ns, ca. 40%) component (S Appendix, Table S6). This bimodal
behavior has been shown to be nearly universal and is typically
referred to as the bimodality of the reorientational response of
biological water (48). The shorter lifetime (z;) is typically assigned
to the unconstrained (free) water in the biological water layer, and
7, is ascribed to the nanosecond reorganization of protein associ-
ated with constrained (bound) water (48). Nanosecond Stokes
shift decay experiments have been reported for a number of other
enzyme systems that include the analysis of a fluorescent probe
attached to the surface of a protein tunnel in haloalkane dehalo-
genase (49) and to the active site of glutaminyl-tRNA synthetase
(50). Molecular dynamics simulations support the view that water
molecules hydrating the protein surface will undergo restricted
translational and rotational motions (51, 52).

Arrhenius plots of the Stokes shift decay rates in SLO variants
(SI Appendix, Fig. S9 and Table S7) reveal distinctive temperature
dependences in the slower component (z,) but not in the fast
component (z;) (Fig. 4 and ST Appendix, Fig. S10). In WT SLO,
both 7, and 7, were seen to be temperature dependent (30); how-
ever, temperature-independent values for 7, appear to be the more
general case. The previously reported viscosity independence of
k.. in SLO (44, 53) is consistent with a primary role for the
hydration shell (related to 7,) rather than the bulk solvent (related
to 7;) in the enzymatic activation barrier (54). The activation
energies (£, for 7, in SLO range from ~ 0 to 4 kcal/mol
(81 Appendix, Table S7) and are similar to reported E, values for
the nanosecond dynamics of a solvent-exposed tryptophan in a
thermophilic alcohol dehydrogenase (ADH) (55, 56) and the
picosecond hydration dynamics around solvent-exposed trypto-
phan in Dpo4 (57), ApoMb (58), and SNase (59). The compar-
ison of the experimental activation energies for Stokes shift decay
rates (1/7,) and for k_, as a function of site-specific mutagenesis

cat

is presented in Fig. 4. The data indicate a remarkable 1:1
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Fig. 4. Comparative activation energies for the Stokes shift decay rates
1/, [E,(1/7,)] and for catalysis [E,(K.,)]. The red bar indicates residues that
are along the thermal network. Given the very close overlap between the
data points for I552A and 1553G, the data point for I552A is shown in purple
to allow distinction from I553G. The blue bar represents the single-mutant
L754A together with two double mutants, I553A/L754A and L546A/L754A. In
this case, the temperature dependence of the observed Stokes shift decays
arises solely from the on-network mutations (I553A or L546A, labeled red).

correspondence for WT SLO and four variants within the ther-
mally activated network, 1553G, 1552A, 1553A, and L546A
(Fig. 4, red bar), generating a slope of 1.0 (0.1), #* = 0.99.

Differential scanning calorimetry was pursued to rule out any
untoward impact of changes in hydrophobic side chain volume
on protein stability in the case of the on-network variants repre-
sented in Fig. 4. As summarized in SI Appendix (SI Appendix,
Table S8 and Fig. S11), an analysis of protein unfolding thermo-
dynamics (AH°) for mutants relative to native enzyme [AAH° =
AH° (mutant) - AH° (WT)] yielded values for AAH* that are
within experimental error of each other and in the range of values
found for hydrophobic mutations in the prototypic and much
smaller enzyme lysozyme (60-62). A second important control is
the variant L754A that is concluded to lie outside of the designated
SLO thermal network (Fig. 1C) (34). The comparative tempera-
ture dependencies from Stokes shifts and £, analyses with L754A
are seen to be displaced to the right in Fig. 4 (blue bar). Note that
for the double mutants that contain both on-network and off-
network mutations, 1553A/L754A and L546A/L754A, the tem-
perature dependence of the Stokes shift decay arises solely from
the on-network mutation (I553A and L546A). With three data
points, this second line of L754A-containing variants displays a
slope of 0.7 (0.1) and a correlation coefficient of # =0.99. The
results with L754A mutation indicate that the equivalence of £,
values for catalysis and Stokes shift decay is restricted to residues
that have been assigned to the thermal network.

Discussion

These studies extend earlier applications of a range of biophysical
tools to the study of SLO that include RT X-ray crystallography,
TDHDX, and the temperature dependence of Stokes shift decay
(5, 30, 34). Both RT X-ray (38, 63) and TDHDX-MS (4-8)
studies provide time-averaged measurements of either amino acid
side chain disorder at a single temperature (RT X-ray) or the
temperature dependence of local protein unfolding (TDHDX)
and share an ability to uncover regions of protein that undergo
dynamical changes subsequent to the insertion of
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function-altering site-specific mutations. In the present study, we
compared RT X-ray structures for WT SLO to single-site mutants
with demonstrated impacts on the properties of hydrogen tunne-
lmf&%I from C11 of the linoleic acid substrate to the active site
Fe"'(OH) cofactor (5, 34) (Fig. 14). Electron density analyses
(SI Appendix, Fig. S3 and Fig. 24) extend the thermal transfer
pathway initially identified by TDHDX-MS (5) to an island of
primarily hydrophobic side chains that reach from the protein—
solvent interface to the active site (Fig. 2B). The abundance of
hydrophobic residues in this extended network led us to consider
other possible clustering of hydrophobic residues in SLO. It has
been proposed that the side chains of Ile, Leu, and Val often form
hydrophobic clusters (64, 65) which serve as cores of stability and
prevent intrusion of water molecules. The hydrophobic clusters
in SLO (S Appendix, Fig. S12) were computed using a contacts
of structural units algorithm (66). Of considerable interest for
how thermal networks may be constructed, the largest calculated
hydrophobic cluster in SLO comprises 32 residues and includes
the active site residues that are in contact with the linoleic acid
substrate (Ile553, Leu546, and Leu754), all of the residues that
are experimentally assigned to a thermal activation pathway, and
the I1e839 ligand to the Fe center (see below).

In the case of TDHDX-MS, the linear relationship between
E,(kypyand E,(k.,) (34) (Fig. 1C, red bar) provided initial
insights into the location and composition of a thermal network
for enzyme catalysis in SLO. An important caveat of the
TDHDX-MS—derived correlation is the significant difference in
the magnitudes of E, (kypy)in relation to E,(k_,), as expected for
inherently different processes that reflect local and fully reversible
protein unfolding events [E,(kypy)] vs. the tuning of active site
electrostatics and distances that promote hydrogenic wave func-
tion overlap between the donor and acceptor atoms [E,(£,)]. The
presented time-dependent Stokes shift analyses (Fig. 4) differ in
a fundamental way from the TDHDX-MS experiments, uncov-
ering activation energies for a photo-induced environmental reor-
ganization around a surface-attached probe in SLO that are
identical to the measured activation energies for cleavage of the
C-H bond of substrate. A limited number of previous studies
have shown corresponding enthalpies for distinct kinetic processes
within a single system that include a comparison of Stokes shifts
and fluorescence anisotropy using the method of tryptophan
scanning in DNA polymerase IV (57) and a comparison of the
rate of solvent dielectric relaxation to changes in Mossbauer spec-
tra following the photoexcitation of the carbon monoxide—heme
complex in myoglobin (54). However, neither of these studies
was able to address the physical origins and site specificity of heat
activation in the context of an enzyme-catalyzed bond cleavage
reaction. The observation of the same enthalpy of activation
among variants of SLO for two distinctive chemlcal processes that
take place with rate constants that differ by 10°-fold provides
compelling evidence for rapid (faster than nanosecond),
temperature-dependent protein restructuring that connects the
thermal energy of the solvent bath with the remote bond cleavage
step in SLO over an average distance of cz. 20 to 30 A. The
regional specificity of this heat flow, as revealed from in-depth
studies of TDHDX-MS and RT X-ray, illustrates the importance
of anisotropic thermal conduits that are able to generate activated
enzyme—substrate complexes while minimizing indiscriminate
interference from nonproductive protein motions that could slow
down or eliminate catalysis.

There has been a recent resurgence and growing interest in
understanding and harnessing the role of quantum mechanics,
including spin coherence, entanglement, and tunneling, in bio-
logical and other macroscopic processes (67, 68). Among the
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unresolved questions is our ability to determine and quantify the
link, and possible synergy, between classical and quantum behavior
and the degree to which thermal “noise” at the warm temperatures
of biology influences the efficiency of quantum effects. We note
that an earlier computational analysis of promoting vibrations in
lactate dehydrogenase had led to the proposal of a preferred channel
for energy transfer (69). A defining feature from studies of SLO is
the primacy of the extended protein scaffold in overcoming the
energetic barriers of tunneling; this necessitates a simultaneous
reduction in the donor—acceptor distance (DAD) and the creation
of transient degeneracy between reactant and product states (22,
23).

The spatial and temporal resolution of functionally impactful
protein motions in SLO provided by the present study leads us to
propose an atomistic mechanism for how classical motions within
the protein scaffold of SLO enable quantum tunneling: As a frame
of reference, the substrate linoleic acid is modeled into the available
X-ray structure for SLO (25). The fluctuations in the identified
localized region of aliphatic residues, Fig. 54, are influenced by the
remote, solvent-exposed loops and culminate at Leu546, the key
residue in direct contact with the reactive carbon of substrate (C11).
Thermally activated changes in side chain positions within this
region are positioned to moderate the distance between the substrate
hydrogen donor and its acceptor, the iron-bound hydroxide ion,
leading to a transient reduction in DAD from an initial van der
Waals interaction (Fig. 5B and ref. 31) to a tunneling-ready distance
of ca. 2.7 A (22, 23, 70). Thermally activated motions that alter the
substrate cofactor distance may reasonably be expected to also prop-
agate along the substrate chain, producing a concomitant reduction
in distance between a remote hydrophobic carbon of substrate
(position C14 in the presented orientation) and I1e839. The residue
[1e839 is directly ligated to the active site iron of SLO and has been
predicted to tune the electrostatic properties of quantum tunneling
by moderating hydrogen-bonding interactions between the iron-
bound hydroxide ion and its C-terminal carboxylate (24, 71).
Accordingly, a shared protein “quake” is proposed to simultaneously
reduce the H-donor—acceptor distance to tunneling appropriate
distances and to produce the matched reactant/product energy states
that are a prerequisite for hydrogenic wave function overlap.

A central feature of the presented data is the observation that two
distinct physical processes, fluorescence Stokes shift decays (nano-
seconds) and substrate turnover (milliseconds), share a common
activation energy (E,) while differing in rate by 10°-fold. In the case
of the tunneling-based C—H cleavage reaction of SLO, developed
analytical rate expressions are capable of reproducing both the size
and temperature dependence of isotope effects on the tunneling
rate, k(> but not the magnitude of the observed rate of catalysis,
ks (72). This has been attributed to the essential role of conforma-
tional ensembles, where only a small fraction of enzyme undergoes
reaction at any time according to Egs. 1 and 2 as follows:

/eobs = F(conf) X k(tun), [1]
E E(active)

= . 2

(conf E(total) [ ]

Equating P, ¢to F..., a comprehensive formulation for the obser-
vation of different rate constants that arise from a shared thermal
activation of the protein scaffold can be written, Eq.3, as follows:

/eobs = Pconf.kintrinsic‘ [3]

As represented, the measured rate constant 4, depends on both
the rate of the temperature-dependent activation of the specific
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Fig. 5. Graphical representation of the proposed role of thermally activated protein scaffold motions in modulating the donor-acceptor distance (DAD) and
reactant/product energetics in SLO-catalyzed hydrogen tunneling. (A) The bound linoleic acid substrate (gray) is modeled from previous quantum mechanics/
molecular mechanics calculations (25) and overlaid in the WT RT X-ray structure (PDB: 5T5V). The experimentally identified solvent-exposed loop (peptide 317-334)
is shown in blue-green. Connecting this loop to the active site is a network of mainly aliphatic residues (in red) that mediates the heat transfer and culminates
at Leu546 in van der Waals contact with the reactive carbon C11. (B) Interactions between LA and the Fe(OH) cofactor are dependent on fluctuations of Leu546
and 11e839 that arise from within the defined thermal network. The side chain Leu546 influences the positioning of the carbon backbone of bound LA, while

1le839 mediates the electrostatic environment.

protein thermal network, contained within 4, and P the
probability that the resulting structural activation is sufficient for
the process undergoing measurement. In the case of a fully opti-
mized enzyme-catalyzed reaction, P will be very small, a result
of the dependence of productive barrier crossings on a multitude
of transiently optimized electrostatic interactions and precise inter-
nuclear distances. The magnitude of P can reasonably be
expected to become much larger in the case of the Stokes shifts
behavior of a surface-appended fluorophore, given the availability
of a wide range of both protein and solvent interactions for the
stabilization of excited state dipoles, as reflected in the observation
of Stokes shifts within the picosecond to nanosecond regimes (30,
55-58). This feature is attributed to the origin of the 10°-fold
increase in k for Stokes shifts with the BADAN-labeled SLO
that occur with E| values identical to enzymatic turnover. Although
quantitative measurements of the contributions of AH* and AS*
to the free energy of activation of enzymatic reactions are readily
available in the literature, structural and dynamical interpretation
of these parameters has been lacking. In the context of the model
developed herein for the SLO reaction, the value of AH" is seen
to derive entirely from the thermal activation of the identified
protein network (Fig. 54), with ASt reflecting the frequency with
which transiently excited protein states are congruent with pro-
ductive H tunneling.

Extensive literature discussions of the role of protein dynamics
in enzyme catalysis have been primarily focused on the importance
of distributed conformational protein substates that are readily
accessible and rapidly interconverting near room temperature
(73-77). The presented work raises the question of the relationship
of such conformational landscapes to the participation of aniso-
tropic networks that provide explicit pathways for productive heat
transfer in thermally activated enzyme reactions. Our multitiered
working model of protein dynamics integrates the growing body
of experimental evidence for protein-embedded thermal networks
(4-8) that enable rapid, long-distance initiation of active site
chemistry: First, according to the principle of conformational
selection (Fig. 6), as conceptualized by Frauenfelder for ligand-
binding dynamics in myoglobin (78) and developed by Kern and
coworkers for catalyzed reactions (75, 76), substrate binding leads
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to shifts in the conformational ensemble of apoenzyme toward
configurations that place the reactive components of an enzyme
active site in proximity to regions of protein capable of efficient
heat transmission from solvent to the active site (Fig. 6A).
Subsequent sampling of multiple conformational substates within
the enzyme-substrate (ES) complex is expected to refine the pre-
cision of interactions of bound substrate with the embedded ther-
mal network (Fig. 6B) (conversion of ES to ES’). Barrier crossings
arise from a combination of optimized ES’ states in relation to
the site-specific, long-range thermal activation pathway. The over-
all properties of Fig. 6 provide a context from which to rationalize
the large and growing body of evidence from directed evolution
(79-82) and high-throughput screening (83) that discrete regions
distal to the active site play essential roles in enzyme catalysis (84).
An eartlier study of a thermophilic alcohol dehydrogenase (he-
ADH) had been designed to compare intrinsic protein (tryptophan)
fluorescence to the catalyzed reaction. Using protein constructs in
which single-site tryptophan side chains were installed either at the
active site or in a remote-embedded position, a one-to-one corre-
spondence between the activation energies for nanosecond fluores-
cence lifetimes and/or Stokes shifts and the millisecond rate of hydride
transfer from substrate to the nicotinamide adenine dinucleotide
cofactor was restricted to the Trp residing behind bound substrate
(55, 56). In a separate analysis of Forster resonance energy transfer
(FRET) kinetics between a second interior Trp residue and the nic-
otinamide ring of bound cofactor, identical enthalpies of activation
were also observed for microsecond FRET and millisecond catalysis
(85). This correspondence of activation energies for protein structural
rearrangements and C—H activation on different timescales is similar
to SLO. However, ht-ADH differs greatly from SLO regarding the
chemical reaction catalyzed, the transfer of hydrogen as a hydride ion
rather than as a hydrogen atom, and values for £, (11 to 15 kcal/mol)
that are considerably larger than the magnitude of E, for WT SLO
and variants (2 to 4 kcal/mol). Additionally, studies of SLO involve
an appended fluorescent probe that connects the protein surface to
the remote active site over a distance of cz. 30 A, raising the question
of the mechanism whereby a long-distance, thermally activated rear-
rangement of the protein scaffold can support both nanosecond flu-
orescence at the protein surface and remote millisecond catalysis.
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Fig. 6. An integrated model of the multiple tiers of protein dynamics. (A)
Binding of substrate to enzyme produces changes in both protein structure
and flexibility (illustrated using the iron in SLO as a generic frame of reference).
The process of conformational selection drives the enzyme from a distribution
of substrate-free to substrate-bound conformational substates (75, 76, 78),
placing the substrate in proximity to the active site metal and an extended
thermal network for productive heat transfer (labeled red cone). (B) View of an
energy landscape that leads to barrier crossings (adapted from ref. 86). The
initially formed enzyme-substrate complex (ES, blue) further samples a wide
range of RT-accessible protein conformational substates (ES’, green) (y axis,
designated ensemble conformations). Only a fraction of ES” will be optimized
with regard to the protein-embedded thermal network (ES,.) to achieve
efficient barrier crossings (x axis, designated reaction coordinate). The very
low probability of femtosecond barrier crossings is expected to be a reflection
of a small fraction of productive protein substates within the conformational
ensemble together with an ongoing partitioning of the network-specific heat
transfer between cooperative protein restructuring and dissipation.

Pagano et al. have implicated picosecond oscillations as the
origin of the temperature dependence of the kinetic isotope effect
in the enzyme formate dehydrogenase (87). In X-ray free electron
laser-based studies of heat evolution in a light-activated protein,
protein structural changes are found to radiate out from the active
site to solvent on a timescale of femtoseconds to picoseconds (88).
This range of timescales is consistent with experimental and com-
putational studies of a number of well-studied model systems,
e.g., myoglobin and albumin, that consistently indicate lifetimes
in the range of 1 to 50 ps for heat flow in proteins over distances
of tens of angstroms (89-94). Using a different approach involving
site-specific incorporation of a local heater, Baumann et al. were
able to detect picosecond vibrational energy transfer within the
protein interaction domain of PDZ3 (95). Such data support the
view that SLO is able to support long-range (over a distance of
20 to 30 A), picosecond heat transfer from the protein—solvent
interface to the active site. The presence of two surface loops at
the end of the SLO thermal network (Fig. 2) further suggests that
the initial heat transfer to surface loops 1 and 2 may act as a
“trigger” for the ensuing rapid, long-range, and temperature-
dependent protein restructuring.

We note that none of the presented studies directly address the
question of whether rapid, cooperative heat flow through a protein
can deviate from a fully equilibrated process. In a recent study of
infrared-detected protein motions following photochemical excita-
tion of a surface probe in bovine serum albumin, an out-of-
equilibrium protein quake was proposed with properties of a
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Frohlich-like condensate that is comprised of coupled low-
frequency vibrations (96). In the present study, the entire protein
will be in equilibrium with the bulk solvent at each temperature.
However, the contribution of anisotropic thermal conduits to
protein thermal activation provides a different view of “apparent
out-of-equilibrium” behavior in proteins: We propose that the
irregular topology of globular proteins provides a means for non-
random heat distribution at fixed temperatures, with specific
regions more efficient than average with regard to the coupling of
protein scaffold motions to reaction barrier crossings.

The presented model for protein dynamics (Fig. 6) is very differ-
ent from previous textbook descriptions of enzyme catalysis that
are primarily focused on static enzyme structures and are rooted in
the principle of “enhanced transition state binding” (97, 98).
Although this particular study is focused on an enzyme reaction
that proceeds via deep hydrogen tunneling, a combination of dis-
tributed protein conformational substates and embedded thermal
networks within a protein scaffold is likely to play a key physical
role in enzymatic rate enhancements independent of the reaction
catalyzed (99) The dominant role of the protein scaffold has been
visualized through a combination of conformational selection
(Fig. 64) and subsequent conformational sampling that occurs
subsequent to formation of the ES complex (Fig. 6B). As illustrated,
the primary coordinate for catalysis lies on the x-axis that involves
site-specific distribution of heat into the protein scaffold to reach
high-energy states capable of barrier crossings (ES¥, labeled red);
this property is shown as acting in concert with a distributed con-
formational landscape (y-axis, labeled green) that enhances the
specificity with which a subset of ES complexes are positioned to
respond to local anisotropic heat transfer. This combined involve-
ment of protein-embedded thermal networks with protein confor-
mational selection and sampling that occur in response to binding
of substrate (for enzyme catalysis) can be extended to the binding
of allosteric effector (in the case of enzyme regulation). The newly
presented data and interpretation both emphasize the unique prop-
erties of enzyme reactivity relative to the reaction of small molecules
in the condensed phase and serve as a launching point to answering
the long-sought goal of integrating the protein matrix into our
understanding of the origins of naturally evolved enzymatic rate
accelerations and our ability to carry over this knowledge into
rational de novo design of proteins and other soft materials.

Materials and Methods

General. All reagents were purchased from commercial sources at the highest
grade available. Water was purified to a resistivity of 18.2 MQ cm (at 25 °C)
using a Milli-Q Gradient ultrapure water purification system (Millipore). DNA
sequencing was performed at the UC Berkeley DNA Sequencing Facility. Mass
spectrometric analysis of intact and pepsin-digested proteins was performed at
the UC Berkeley QB3/Chemistry Mass Spectrometry Facility. Fluorescence emis-
sion spectra of the BADAN-labeled mutants were collected on a custom-built
Fluorolog-3 spectrofluorometer (Horiba Jobin-Yvon). Excitation was achieved
with a 450-W xenon lamp. The light was focused using a double Czerny-Turner
excitation monochromator (1-nm bandpass) with 1,200 grooves/mm blazed at
330 nm. Photons from sample emission were focused using a single Czerny-
Turner monochromator (10-nm bandpass) with 1,200 grooves/mm blazed at 500
nm. The excitation and emission optics were calibrated using the lamp spectral
maximum at 467 nm and the water Raman scattering band at 397 nm, respec-
tively, using high-pressure liquid chromatography-grade water in a quartz cuvette.
Further details regarding Materials and Methods are provided in S/ Appendix
available for this paper at https://www.pnas.org/lookup/suppl/doi:10.1073/
pnas.2211630120/-/DCSupplemental.

Data, Materials, and Software Availability. Summary tables of all kineticand
thermodynamic parameters and fluorescence and crystallography data measured
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for each mutant are also included. The atomic models have been deposited at
the Protein Data Bank with PDB IDs 7501 (1552A SLO) and 750J (V750A SLO). All
other data are included in the article and/or S/ Appendix.
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