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We have studied the role of protein dynamics in chemical catalysis
in the enzyme dihydrofolate reductase (DHFR), using a pump-
probe method that employs pulsed-laser photothermal heating
of a gold nanoparticle (AuNP) to directly excite a local region of
the protein structure and transient absorbance to probe the effect
on enzyme activity. Enzyme activity is accelerated by pulsed-laser
excitation when the AuNP is attached close to a network of cou-
pled motions in DHFR (on the FG loop, containing residues
116-132, or on a nearby alpha helix). No rate acceleration is ob-
served when the AuNP is attached away from the network (distal
mutant and His-tagged mutant) with pulsed excitation, or for any
attachment site with continuous wave excitation. We interpret
these results within an energy landscape model in which transient,
site-specific addition of energy to the enzyme speeds up the
search for reactive conformations by activating motions that facil-
itate this search.
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he role of protein dynamics in the mechanism of chemical

catalysis by enzymes is a crucial but unresolved question
(1-4). Proteins are highly dynamic molecules (5-7), but deter-
mining which protein motions might be coupled to catalysis is a
difficult challenge. So far, it has not been possible to excite such
motions directly while observing the effect on catalysis. Protein
motions that might affect catalysis range from local fluctuations
of side chains to larger-scale conformational changes (domain
rotations or loop closures) and also span a wide range of time-
scales (8-10). These motions can be divided into two general
classes: ones directly coupled to crossing the transition state and
ones that facilitate the search for reactive conformations. An
example of the first type would be motions that modulate the
donor to acceptor distance for hydride transfer on the timescale
of crossing the transition state (107'* - 1072 5) (6, 8, 9, 11, 12).
These motions are coherently coupled to catalysis. In contrast,
motions involved in the search of the energy landscape for re-
active conformations are expected to be slower, on the nano-
second to microsecond timescale or longer, and they modulate
the population of Michaelis state conformations rather than
couple directly to catalysis (4, 13—16). Here we explore whether
it is possible to directly excite this second class of motions in a
model enzyme, Escherichia coli dihydrofolate reductase (DHFR),
using laser induced heating of DHFR conjugated to a gold
nanoparticle (AuNP).

AuNPs have been used previously for the photothermal
heating of enzymes and peptides (17-20). A laser is used to
photoexcite the surface plasmon resonance (SPR) absorbance of
the AuNP (21, 22). Nonradiative relaxation through electron—
electron scattering and electron—-phonon coupling converts the
absorbed energy into heat, resulting in a rapid temperature in-
crease of the AuNP surface. Subsequent phonon—-phonon cou-
pling causes heat to dissipate into the surroundings (23). In this
way, a protein attached to the surface of the AuNP can be
rapidly and site-specifically heated by the laser pulse. This ap-
proach has been employed to study thermophilic-enzyme gold-
nanorod conjugates encapsulated in calcium alginate, in which
continuous light excitation (heating) of the nanorod and
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encapsulation from the alginate heats the enzyme and causes its
activity to increase (17). The mechanism of heat transfer through
small peptides attached to AuNPs was studied using heat-
responsive labels on the peptide (18). Heat transfer from the
AuNP to the peptide was observed to occur through the single
point of attachment of the peptide, producing a time-dependent
heat distribution through the peptide as the heat is transferred
linearly through its backbone. The initial anisotropic heat dis-
tribution evolved to an isotropic one as the heat equilibrated
linearly through the peptide structure. While these studies
demonstrate that AuNPs can be used to heat an attached protein
photothermally and site specifically, none have attempted to
connect energy transfer from AuNPs to catalytically relevant
enzyme dynamics.

We chose the enzyme DHFR as a model system because
protein motions have been postulated to be coupled to its cat-
alytic activity, but their exact role remains contentious (24-26).
DHEFR is a ubiquitous enzyme that catalyzes the reduction of the
substrate 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate
through the oxidation of the cofactor nicotinamide adenine di-
nucleotide phosphate (NADPH) to NADP™*. The mechanism of
substrate reduction involves a hydride transfer from NADPH to
DHF and a concomitant proton transfer (27). Molecular-
dynamics (MD) simulations have shown that there are motions
across DHFR that are coupled to each other in the reactive
complex but not in the product complex and these motions have
been linked to catalysis by mutational studies (28-31). This
network of coupled motions involves active site residue 114 and
many distal residues, including A9, M42, R44, H45, T46, L54,
G121, D122, and F125 (Fig. 1). These residues span the active
site, which is roughly in the center of the view presented in Fig. 1.

Significance

Direct excitation of specific protein structural dynamics as a
test of their role in enzyme catalysis has not yet been possible.
Here we show that such motions can be excited photo-
thermally, using a gold nanoparticle attached to a specific site
on the enzyme dihydrofolate reductase (DHFR). DHFR is known
to adopt multiple ground-state conformations having different
kinetics of enzyme turnover. Site-specific photothermal exci-
tation enables the enzyme to sample different reactive basins
in the catalytic energy landscape and accelerates catalysis. We
postulate that transient, site-specific heating excites a network
of coupled motions that form a collective breathing mode of
the protein structure near the active site, facilitating redistri-
bution of the population into more reactive conformations.

Author contributions: R.K., J.Z., and R.B.D. designed research; R.K. performed research;
R.K., J.Z., and R.B.D. analyzed data; and R.K. and R.B.D. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: briandyer@emory.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2014592118/-/DCSupplemental.

Published January 18, 2021.

https://doi.org/10.1073/pnas.2014592118 | 1 of 8

>
3
=4
4]
=
e}
S
o



https://orcid.org/0000-0003-1874-6524
https://orcid.org/0000-0002-0090-7580
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2014592118&domain=pdf&date_stamp=2021-01-13
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:briandyer@emory.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014592118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014592118/-/DCSupplemental
https://doi.org/10.1073/pnas.2014592118
https://doi.org/10.1073/pnas.2014592118

Downloaded from https://www.pnas.org by 108.74.117.145 on October 28, 2023 from |P address 108.74.117.145.

B

A Network

FG Loop Mutant

FG Loop L3 Highly =
o'fv::otu..lpled 3 Ml /7 Accelerated oWl /Y
otions N, \ﬁ‘\_“ Ty
% ‘l f: Turnover. (054
Alpha 7; N & /~ |y e/ T
7 _Helix ~ b ) s
‘\( . \i AuNP
) il 340 nm
8
L - Q \ Probe
j’ C Distal Mutant
% > Normal ,% : by
? N\, é’ — y«j{é': ”
- J// T r o
‘ v ;// o : urnover (¥ ”
pistal Y / o }/ Y. ‘S S
Mutant O% AuNP
' u
O I
\ 340 nm
Probe

I
| &

Fig. 1. Schematic of the overall experimental design. (A) DHFR with mutated

residues labeled (Protein Data Bank, PDB: 1RX2). Green, FG loop; blue, alpha

helix; red, distal mutant, and yellow, His tagged. The residues in the anticorrelated network of coupled motions are shown in black. (B) FG loop mutant
location. E120, on the FG loop, is mutated to a cysteine for the site of AUNP attachment next to the G121 residue of the network of coupled motions. In the
conjugates, there is actually a layer of protein surrounding the AuNP as described in detail elsewhere (54). (C) Distal mutant location. D87 is mutated to a
cysteine as a control with an attachment site away from the network of coupled motions. These representations are not to scale. While one enzyme per AuNP

is shown here, the experimental evidence shows that there is a monolayer of

MD simulations by the Brooks group showed that these residues
exhibit anticorrelated motions (i.e., motions in concert but in
opposite directions) in the reactive complex of DHFR (13). The
anticorrelated motions of these residues can be described as a
“collective breathing motion” of the protein structure spanning
the active site. Mutation of any of these residues reduces the
activity of the enzyme, which has been attributed to changes in
the motions such that they become catalytically unfavorable.
Further, 128, F31, Y100, and T113 all line the active site, and
while these residues are not significantly coupled to distal resi-
dues, they affect the rate of catalysis seemingly due to the
binding geometry changes from the anticorrelated motions (13).

We explored the catalytic energy landscape of DHFR by
transient, site-specific heating of the protein structure. We at-
tached AuNPs (15-nm diameter) to DHFR near and distal to the
network of coupled motions (Fig. 1). Residues E120 and E101
were selected due to their proximity to the network whereas D87
and the His tag act as “control” mutants, because they are lo-
cated far from the network. We studied the effect of photo-
thermal excitation on the enzyme activity, and we also studied
whether the timescale of energy input effects the outcome, using
continuous and pulsed (80-fs and 20-ns) laser excitation. Dur-
ing catalysis, the enzyme searches the energy landscape for the
most accessible reactive conformations. Our results show that
this search can be accelerated by input of energy at locations
next to the network of coupled motions and on the timescale
for which these motions remain anticorrelated. We postulate
that the search for reactive conformations is accelerated by
these collective motions, which facilitate reorientation of the
substrate.

Results and Discussion

Monitoring Activity of DHFR-AuNP Conjugates. The maximum cat-
alytic rate of DHFR (v,,,,,) was measured for the DHFR-AuNP
conjugates at saturating substrate concentrations using the
340-nm NADPH absorbance to follow the kinetics and k., was
determined by dividing v,,,,, by the enzyme concentration (Ta-
ble 1). Saturation conditions were achieved with 50 pM of sub-
strate, an order of magnitude larger than the K, of DHFR of
4.8 pM (27). In general, we observe decreased enzyme activity in
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protein covering each AuNP.

the conjugates, a common occurrence for enzymes attached to
surfaces that has been attributed to a variety of factors, including
increased stability and decreased flexibility of the structure
(32-35). There are also differences in activity that depend on the
mode of conjugation to the surface. The distal mutant conjugate
retains slightly more activity than the others (Table 1 and SI
Appendix, Fig. S2D), likely because its cofactor and substrate
binding sites are more solvent exposed. The FG loop and alpha
helix mutant conjugates have less favorable orientations of the
enzyme on the AuNP surface that may partially block the co-
factor binding site, or they may hinder the loop motions required
for catalysis, resulting in lower activity. The His-tagged conjugate
also exhibits lower activity despite a favorable orientation on the
AuNP surface, possibly due to its higher surface coverage (S/
Appendix), which may sterically hinder access of the substrate
or cofactor.

Laser Heating of the DHFR-AuNP Conjugates. We measured the
effect of laser heating on enzyme catalysis with pump—probe
experiments in which a pump laser excited the AuNP SPR band
and heated the DHFR-AuNP conjugates and the enzyme ki-
netics were probed using the 340-nm NADPH cofactor absor-
bance. To observe an effect of laser heating on the DHFR
kinetics, we hypothesize that the heat input must be localized to
the network of coupled motions and it must be on a timescale
that is on the order of the energy redistribution time or faster
and can therefore preferentially excite the motions of the
protein that are coupled to catalysis. The initial energy input
was localized by attaching the AuNP to a specific site on the
protein surface, either adjacent to (FG loop and alpha helix) or
remote from (distal network and His tagged) the network of
coupled motions. Furthermore, the initial heating of the pro-
tein structure is localized to the point of attachment and the
nearby structure. The point of attachment is not at the active
site, so any heating of the active site is indirect, either through
the network of coupled motions or by diffusive heat flow. The
pump and probe beams were overlapped in the sample such
that the probe only measured the activity of the AuNP-DHFR
conjugates being excited (locally heated) by the pump beam (S
Appendix, Fig. S4). The heating is transient and localized to the
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Table 1. k¢ of DHFR-AUNP conjugates in steady-state turnover, with and without laser illumination
kcat (571)
Sample type Free protein -AuNP,* No laser -AuNP,* CW -AuNP,* ns -AuNP,* fs
FG loop 272 +0.3" 0.645 + 0.048 100 mW: 0.592 + 0.028 50 mW: 0.568 + 0.030 5 mW: 0.694 + 0.031
250 mW: 0.653 + 0.053 100 mW: 1.143 + 0.032 20 mW: 0.690 + 0.035
200 mW: 1.105 + 0.048 40 mW: 1.270 + 0.032
Alpha helix 30.0 £ 0.3 0.769 + 0.047 100 mW: 0.781 + 0.023 50 mW: 0.750 + 0.045 5 mW: 0.722 + 0.055
250 mW: 0.837 + 0.088 100 mW: 1.200 + 0.048 20 mW: 0.745 + 0.102
200 mW: 1.221 + 0.045 40 mW: 1.302 + 0.088
His tagged 296 + 0.4 0.759 + 0.035 100 mW: 0.742 + 0.071 50 mW: 0.781 + 0.070 5 mW: 0.758 + 0.038
250 mW: 0.756 + 0.041 100 mW: 0.792 + 0.062 20 mW: 0.769 + 0.028
200 mW: 0.836 + 0.026 40 mW: 0.798 + 0.037
Distal mutant 30.1+04 1.073 + 0.083 100 mW: 1.004 + 0.062 50 mW: 1.176 + 0.088 5 mW: 1.117 £ 0.057
250 mW: 1.079 + 0.053 100 mW: 0.981 + 0.079 20 mW: 1.175 + 0.020

200 mW: 1.032 + 0.059 40 mW: 1.199 + 0.010

*Conjugates with 15-nm AuNPs.
TUncertainties represent SDs of at least three trials.

conjugate, such that there is no detectable rise in temperature
of the enzyme solution over the course of the kinetics mea-
surement. We also explored the effect of the timescale of
heating, using pulsed (80 fs or 20 ns) or continuous wave ex-
citation. The short time limit for heat input is set by the rate of
conversion of the absorbed light energy to heat in the AuNP
(~1 ps) which can be achieved using ultrafast laser excitation,
whereas continuous wave laser excitation allows us to heat the
enzyme on a timescale that is slow compared to the energy
redistribution time.

T T T T 1
0 50 100 150 200 250 300
Time (seconds)

Pulsed-Laser Heating. Transient heating of the FG loop and alpha
helix conjugates with 20-ns pulses and an average pump power of
50 mW produced no detectable effect on k., (Fig. 2 A and B),
but at higher pump powers a marked acceleration in rate was
observed. The FG loop conjugate showed a 75% increase in
activity, while the alpha helix conjugate showed a 56% increase
in activity. This rate acceleration saturates since no further
change was observed when the pump power was increased from
100 to 200 mW. When the average power was increased above
200 mW, the noise drastically increased, likely due to cavitation
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Fig. 2. Rate dependence on nanosecond pulsed-laser excitation. (A) FG loop-15-nm AuNP conjugates. Laser power of 100 mW or greater shows a 75%

increase in activity. (B) Alpha helix-15-nm AuNP conjugates. Laser power of 100

mW or greater shows a 56% increase in activity. (C) His tagged-15-nm AuNP

conjugates. (D) Distal mutant-15-nm AuNP conjugates: No increase in activity with any amount of nanosecond laser excitation. Reaction conditions for all

assays: 10-30 nM enzyme, 50 uM substrate, 50 pM cofactor at 37 °C for 5 min.

Kozlowski et al.

Acceleration of catalysis in dihydrofolate reductase by transient, site-specific photothermal

excitation

PNAS | 30f8
https://doi.org/10.1073/pnas.2014592118

CHEMISTRY


https://doi.org/10.1073/pnas.2014592118

Downloaded from https://www.pnas.org by 108.74.117.145 on October 28, 2023 from |P address 108.74.117.145.

caused by the high peak power of individual pulses (36). Con-
sequently, we kept the average power below 200 mW to avoid
this noise problem. The distal mutant and His-tagged conjugates
showed a different result altogether. No increase in activity with
any amount of 20-ns pulsed laser power was observed for either
of these two conjugates (Fig. 2 C and D). These mutants are each
attached to the AuNP away from the network of coupled mo-
tions in DHFR, so the addition of heat in this case does not heat
the network directly. The distal mutant and His-tagged mutant
are also experimental controls for questions regarding the bulk
heating of solution. If substantial bulk heating of the surrounding
solution were the underlying cause of the rate acceleration, an
increase in activity would also be observed for these two conju-
gates. Since we observe no such acceleration, this supports the
conclusion that the initial heating of the protein is localized at
the point of attachment of the AuNP; on a longer timescale the
heat is redistributed throughout the protein structure and dissi-
pates to the surroundings, but the net change in temperature is
insufficient to affect catalysis (see COMSOL simulations and
Arrhenius analysis).

With the three Cys mutant—-AuNP conjugates, we expect the
net heat transfer into the protein to be the same regardless of the
attachment point, since it occurs through the same linkage in
each case. Therefore, the observed differences in catalytic ac-
tivity depend on where the heat is input with respect to the
network of coupled motions. It is clear that a maximum effect on
the catalysis is achieved when the heat is input more directly into
the network of coupled motions in DHFR.

Similar results were observed for excitation of the AuNP-
DHFR conjugates with 80-fs laser pulses (Fig. 3). For the FG
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loop and alpha helix conjugates, there is an increase in activity
with sufficient power of the 80-fs pulsed laser (Fig. 3). With
40-mW pump power, the FG loop conjugates show a 95% in-
crease in activity, and the alpha helix conjugates show a 75%
increase in activity. The effects of pulsed heating are greater with
80-fs compared to 20-ns pulses, suggesting that the acceleration
of the search of the energy landscape is more efficient with the
input of heat on a faster timescale. As with the nanosecond
pulsed excitation, the distal mutant and His-tagged conjugates
do not show increased turnover with any amount of laser exci-
tation power (Fig. 3 C and D). This is further evidence that
addition of heat on the network of coupled motions in DHFR is
obligatory for photothermally induced rate acceleration, likely
due to the facilitated search for reactive conformations.

Continuous Wave Laser Heating. As a control, a continuous wave
(CW) laser was used as a pump excitation source, but with the
same average power as the pulsed-laser excitation, such that the
average heating of the sample was the same over the course of
the enzyme kinetics measurement. There was no difference in
the observed turnover rate induced by heating any of the
DHFR-AuNP conjugates with any amount of CW excitation
(Fig. 4). All turnover rates are expressed quantitatively in Ta-
ble 1. Although the same total energy is added to the system in
both the pulsed and CW heating experiments, in the case of CW
excitation the energy input is much slower than the redistribution
time. Since the net temperature change is negligible once the
heat is distributed throughout the protein, the result is no change
in the enzyme activity.
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Fig. 3. Rate dependence on femtosecond pulsed laser excitation. (A) FG loop—15-nm AuNP conjugates. Laser power of 40 mW shows a 95% increase in
activity. (B) Alpha helix-15-nm AuNP conjugates. Laser power of 40 mW shows a 75% increase in activity. (C) His tagged-15-nm AuNP conjugates. (D) Distal
mutant-15-nm AuNP conjugates: No increase in activity with any amount of femtosecond laser excitation. Reaction conditions for all assays: 10-30 nM

enzyme, 50 pM substrate, 50 uM cofactor at 37 °C for 5 min.
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Fig. 4. Rate dependence on CW laser excitation. (A) FG loop—15-nm AuNP conjugates. (B) Alpha helix-15-nm AuNP conjugates. (C) His tagged-15-nm AuNP
conjugates. (D) Distal mutant-15-nm AuNP conjugates. None of the conjugates show any increase in activity with any power of CW laser excitation. Reaction
conditions for all assays: 10-30 nM enzyme, 50 uM substrate, 50 pM cofactor at 37 °C for 5 min.

Finite-Element Simulation of Heat-Transfer Dynamics. We used  the simulation are provided in SI Appendix). Initially, there is a
COMSOL Multiphysics package to perform a finite-element large increase in temperature of the AuNP core and AuNP
simulation of the heat-transfer dynamics and temperature gra-  surface, which is very short-lived (Fig. 5 and SI Appendix, Figs.
dient in the AuNP-DHFR bioconjugate during the pulsed-laser ~ S6 C and D and S7A4). This heat is transferred to the protein
excitation and subsequent thermal relaxation (Fig. 5). These locally, at the point of attachment, heating this local region of
simulations were performed using three-dimensional heat-  the enzyme. At longer times the energy is dissipated over a larger
transfer equations to calculate the heat dissipation and the volume, including the full protein structure and the surrounding
temperature gradient in the surrounding environment (details of  solution, such that the net change in temperature is quite small
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Fig. 5. COMSOL finite-element analysis of pulsed-laser excitation of AUNP-DHFR bioconjugates. (A) The initial (20-ns) temperature change of the AuNP and
enzyme layer for the 20-ns excitation for 50, 100, and 200 mW. (B) The initial (80-fs) temperature change for the 80-fs excitation plotted versus the distance
from the center of the AuNP for 5-, 20-, and 40-mW laser powers. For all three powers and both the nanosecond and femtosecond excitations, the tem-
perature profile is uniform throughout the AuNP itself; then, once on the AuNP surface, there is a nonlinear decrease in temperature until equilibrated with
the bulk solution temperature. (C) Time dependence of the temperature increase at the enzyme:bulk solvent interface after 80-fs laser excitation; the large
initial increase is completely dissipated by 2 ns.
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(Fig. 5), especially for nanosecond excitation. Therefore, a crit-
ical feature of the pulsed-laser excitation is the substantial
transient heating that occurs in a small region of the protein
structure. The initial rise and decay of the transient heating span
the timescale determined by MD simulations for the correlated
motions in DHFR.

With the 20-ns excitation, the temperature on the immediate
surface of the AuNP increases by very little, only 15 °C above
room temperature (Fig. 54). Further, the heat dissipation on
longer timescales (50 ns) shows complete equilibration with the
surroundings. This makes physical sense because the laser pulses
are 20 ns, the dissipation of heat from the AuNP occurs on the
order of hundreds of picoseconds, and the repetition rate of the
pulses is 5 kHz (one pulse every 200 ps). All of the heat from a
single pulse has dissipated well before the next pulse arrives so
there is no accumulation of heat between pulses. However, ex-
perimentally, we observe an acceleration in turnover with this
nanosecond excitation. Apparently, an elevation of 15 °C above
room temperature is enough to push the enzyme out of trapped,
unreactive states.

There is a much higher initial temperature jump with the 80-fs
excitation, as expected (Fig. 5B). With 40 mW of laser power, the
temperature at the AuNP core is roughly 200 °C. The heat dis-
sipates as it transfers through the surroundings, reaching the bulk
solution temperature of 37 °C about 15 nm away from the AuNP
core. All of the heat in the 4-nm enzyme layer dissipates within 2
ns after the initial femtosecond pulse (Fig. 5C). The laser pulse
duration is 80 fs, and the repetition rate is 1 kHz, or one pulse
every millisecond. While the peak pulse power is very high in an
80-fs pulse, the 1-kHz pulse rate allows for complete cooling
before the next pulse arrives, meaning that there is no cumula-
tive heating over the course of the experiment.

Temperature-Dependent Kinetics of the DHF-AuNP Conjugates. We
measured the temperature-dependent kinetics of DHFR and
performed an Arrhenius analysis to determine the expected
change in rate for the bulk temperature change predicted by the
COMSOL simulations. The temperature dependence of DHFR
kinetics on the bulk temperature of the solution is typical of an
activated process. This Arrhenius relationship was investigated
with each of the free-protein mutants and their respective con-
jugates (SI Appendix, Figs. S8-S10). The activation energies of
the conjugates are all similar to each other, and they are also
similar to the respective free protein E, (ST Appendix, Figs. S9
and S10), indicating that there is no substantial difference in bulk
heating effects between any of the mutants or their respective
conjugates. The Arrhenius analysis predicts that that an increase
in bulk temperature of 8.8 °C would be required to produce the
95% rate enhancement observed for the FG loop conjugate with
80-fs laser excitation. However, the COMSOL simulations indi-
cate that the heat has mostly dissipated to the surroundings
within 2 ns, such that the net increase in temperature is negli-
gible on the timescale of enzyme turnover. Therefore, the bulk
heating produced by the laser excitation is much too small to
generate the observed turnover acceleration. Further, transmis-
sion electron microscopy (TEM) studies show that the increase
in temperature with 80-fs laser excitation does not seem to de-
form the AuNPs or unbind enzyme (SI Appendix, Figs. S11
and S12).

Conclusions

We explored the effect of transient and site-specific heating of
the protein structure on the rate of DHFR catalysis. Photo-
thermal heating of a local region of the protein structure was
accomplished using a covalently attached AuNP, which converts
the energy of the absorbed photons to heat on an ultrafast
timescale and transfers that energy to the attached enzyme site-
specifically. With pulsed-laser excitation, it is possible to excite a
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single AuNP with hundreds of photons per pulse (227 kJ per
mole of 527-nm photons) and to transfer some of this energy to
the protein much faster than the timescale of dissipation to the
surrounding solution. The rate of DHFR turnover was accelerated
by photothermal heating with 20-ns or 80-fs laser pulses for the FG
loop and alpha helix-AuNP conjugates.

We interpret the observed rate acceleration in terms of an
energy landscape model for catalysis in which the local input of
heat speeds up the search for reactive conformations of the
enzyme on a rough protein energy landscape (9, 37, 38). If the
catalytic landscape is rough, it is likely to have multiple transition
barriers with a range of heights (4, 9), and some of the enzyme
population could become trapped in local minima that have high
barriers to reaction. Support for this view comes from a recent
single-molecule nanopore study of DHFR which observed four
different ground-state conformers of the enzyme, where each
conformer is postulated to have a different affinity for different
states in the catalytic cycle (39). These single-molecule experi-
ments are consistent with ensemble results, which show the en-
zyme cycles through multiple structures involving loop and
domain motions that correspond to different catalytic interme-
diates (40). These conformers represent separate minima in the
DHFR multidimensional energy landscape, with barriers be-
tween them. Interconversion among these ground-state con-
formers is likely slow under equilibrium conditions; for example,
the two forms of DHFR with different affinities for the inhibitor
methotrexate interconvert with a rate of 0.035 s™! (41). It is also
possible that there are multiple conformers within the Michaelis
complex with different reactivities, due to varying orientations of
the substrate or nicotinamide hydride donor. It has been shown
that different substrate analogs, including folate and metho-
trexate, bind with different geometries in the active site (40). We
conclude that local input of heat into the protein structure
speeds up the interconversion among multiple DHFR confor-
mations and helps to transfer population to more reactive basins
on the landscape, from which the transition barrier is lower. In
this energy landscape picture, the site-specific addition of energy
to the enzyme speeds up the search for reactive conformations by
activating motions that facilitate this search.

The question remains, how does the protein achieve efficient
transfer of the photothermal energy to the active site to enable
this conformational search? Finite-element simulations of the
heat-transfer dynamics show a rapid exponential decay of the
temperature with distance from the AuNP surface. These sim-
ulations are in agreement with experimental observation of en-
ergy transport and dissipation in protein structures on the
hundreds of picoseconds timescale (42-45). If the photothermal
energy is rapidly redistributed throughout the protein structure it
is likely to have little effect on the population of active site
conformations. We postulate that in addition to this diffusive
energy transport, some of the energy directly excites the network
of coupled motions and this collective “breathing motion” of the
protein enables a more efficient search of reactive conforma-
tions. There are multiple lines of evidence to support this model.
First, the energy input must be localized on or near the protein
structure containing the network of coupled motions, since we do
not observe acceleration of catalysis when energy is input to
other parts of the protein structure. Second, the acceleration of
catalysis requires input of a threshold level of energy and it
saturates at higher energy input. It is difficult to rationalize these
observations in terms of local heating through an equilibrium
diffusion process, which should result in a Boltzmann distribu-
tion of populations that continuously shifts with increasing en-
ergy input and thus temperature. In contrast, a nonequilibrium
process such as directed energy transfer into a collective motion
of the protein requires a threshold energy to activate the motion
and therefore should exhibit a discontinuous effect on catalysis.
This effect would be expected to saturate once the population of
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inactive conformation is depleted. Third, the energy must be
input on the appropriate timescale, such that the coupling out-
competes the energy dissipation. MD simulations of DHFR have
shown that the anticorrelation of the motions of the network
occurs on a timescale of 1-10 ns (13). Efficient coupling to this
collective motion requires energy input on a similar (nanosec-
ond) timescale. Although excitation with 80-fs pulses produces
significantly higher increase in temperature than 20-ns pulses, it
does not produce a proportionate increase in catalytic rate,
consistent with the excitation of a collective motion on the
nanosecond timescale. Finally, the collective breathing motion
spans the active site and modulates its structure, which may allow
the substrate complex to access different conformations, pro-
viding a molecular mechanism for sampling the energy land-
scape. This model also accounts for the large difference in
timescale between the collective protein motion (1071% — 1078 5)
and the timescale of enzyme turnover (107> s). Local heating of
the enzyme and activation of the coupled network allows redis-
tribution of the population on the fast timescale and this new
population distribution then allows accelerated turnover on the
slower timescale, since conformational redistribution is slow at
room temperature (41).

In summary, these results demonstrate the important role of
the search for reactive conformations in DHFR catalysis by
photothermal excitation and redistribution of population on the
energy landscape of catalysis, to produce an acceleration in en-
zyme turnover. This approach can be broadly extended to other
enzyme systems, especially those which have known networks of
motions, such as Cyclophilin A and Triose Phosphate Isomerase
(46-48). The study of heat flow through enzymes is a new ap-
proach to the characterization enzyme dynamics, providing ex-
perimental evidence on the energy landscape of enzymes and
energy transfer through networks of motions in enzymes, thus
furthering our knowledge of the role of motions in enzyme
catalysis.

Materials and Methods

Materials. All chemicals were used as purchased from Sigma-Aldrich unless
otherwise indicated. DHF was synthesized using the dithionite reduction
method (49), lyophilized, and stored away from light at —20 °C with desic-
cant. AuNPs were synthesized using the citrate reduction method and stored
away from light at 4 °C (50).

Enzyme Activity Assays. Activity assays were run by monitoring the decrease in
340-nm absorbance on an Ocean Optics QE65000 spectrometer with a xenon
lamp source, following the oxidation of NADPH to NADP*. To run the assays,
50 mM sodium phosphate pH 7 buffer, NADPH (50 uM), and DHFR (10-30 nM)
were added into a cuvette and allowed to equilibrate at 37 °Cin an Ocean Optics
QPOD temperature-controlled cuvette stage for 5 min. DHF (50 M) was added
to initiate the reaction, and the 340-nm absorbance was measured over 5 min.
All reactions were run in at least triplicate. Enzyme turnover was calculated by
method of initial rates, which was either linear or exponential depending on the
sample. For the exponential fits, preexponential (A) and © parameters from an
exponential fit were used with the integrated extinction coefficient for NADPH
(11,800 M~".cm™") to determine the initial rate of the reaction. The linear fits
were used with the integrated extinction coefficient to determine the initial
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rate. The concentration of protein was used with the initial rate to determine
enzyme turnover (in s7").

Laser-Heating Assays. The assays were performed as described in Enzyme
Activity Assays, with the addition of either the CW, 20-ns pulsed, or 80-fs
pulsed lasers. The CW laser was a Verdi Coherent 531-nm, 5-W CW pump
laser. The nanosecond laser was a CrystalLaser diode pumped Q-switched
527-nm laser with 20-ns pulses set to 5.0-kHz repetition rate. The femto-
second pulses were generated by a Coherent ultrafast laser system described
elsewhere (51-53) to produce 530-nm light in 80-fs pulses with a 1.0-kHz
repetition rate. In all cases, the laser was aligned perpendicularly to the
xenon lamp source in the cuvette stage (S/ Appendix, Fig. S4). The green
lasers do not interfere with the probing of the sample, as the beams cross
the sample perpendicular to the probe beam and are terminated into a
beam dump or power meter for laser-power determination. The power of
the laser was attenuated with a continuous variable neutral density filter
and monitored with a power meter after interaction with the sample. The
power absorbed by the sample is roughly half of the initial power; for ex-
ample, for a typical 40-mW power trial, the power measured through the
sample was 20 m\W. The sample was continuously illuminated with the laser
throughout the entire 5-min duration of the activity measurements. The
laser was aligned by inserting a fiber-optic cable into the holder on the re-
ceiving end of the laser in cuvette stage (in place of the beam dump) and
placing two pinholes into the sample holder. This fiber-optic cable was at-
tached to the spectrometer. The mirrors directing the laser into the cuvette
stage were adjusted to maximize the laser intensity through the pinholes
and onto the centered fiber, which maximizes alignment with the fiber-
optic coupled xenon lamp source in the perpendicular holders on the
cuvette holder.

Before the assay, the sample was allowed to equilibrate at 37 °C with the
laser blocked. DHF was added to initiate the reaction, and the laser block
was immediately removed upon start of data collection. Laser power was
attenuated with a variable neutral density filter, from 50 to 200 mW for
nanosecond experiments and from 5 to 40 mW for femtosecond experi-
ments. The pump laser diameter was 2 mm, fully spanning the open length
of the microvolume Starna Cells fluorescence cuvette, allowing all of the
sample being probed to be excited with the pump beam. The probe beam
diameter was 1 mm, allowing only the pumped sample to be probed.

Arrhenius Kinetics. The activity assays were run as described in Enzyme Ac-
tivity Assay. The assays were run at six different temperatures: 22, 27, 32, 37,
42, and 47 °C. The raw data were fit to linear or exponential fits (S/ Ap-
pendix, Fig. S8). The natural log of the rates is plotted on the y axis of the
Arrhenius plots, and the respective inverse temperatures are on the x axis (S/
Appendix, Figs. S9 and S10). The slope of the line was used to determine the
activation energy, E,, as it represents —E,/R, where R is the gas constant
8.314 J/K-mol. The rates and temperatures were plotted as In(rate) vs. inverse
temperature, such as the Arrhenius equation: In(rate) = (—E./R)(1/T).

Data Availability. All study data are included in the article and S/ Appendix.
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