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electrostatic perturbation that mimics the catalytic
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Understanding how electric fields and their fluctuations in the
active site of enzymes affect efficient catalysis represents a critical
objective of biochemical research. We have directly measured the
dynamics of the electric field in the active site of a highly proficient
enzyme, A5-3-ketosteroid isomerase (KSI), in response to a sudden
electrostatic perturbation that simulates the charge displacement
that occurs along the KSI catalytic reaction coordinate. Photoexci-
tation of a fluorescent analog (coumarin 183) of the reaction inter-
mediate mimics the change in charge distribution that occurs
between the reactant and intermediate state in the steroid sub-
strate of KSI. We measured the electrostatic response and angular
dynamics of four probe dipoles in the enzyme active site by mon-
itoring the time-resolved changes in the vibrational absorbance (IR)
spectrum of a spectator thiocyanate moiety (a quantitative sensor
of changes in electric field) placed at four different locations in
and around the active site, using polarization-dependent transient
vibrational Stark spectroscopy. The four different dipoles in the
active site remain immobile and do not align to the changes in the
substrate electric field. These results indicate that the active site of
KSl is preorganized with respect to functionally relevant changes in
electric fields.

enzyme catalysis | electrostatic preorganization | Stark effect |
visible-pump IR probe | time-resolved anisotropy

Enzymes catalyze the vast majority of biochemical reactions
and accelerate the rate of these reactions by many orders
of magnitude compared to the uncatalyzed reactions in solution.
The origins of the enormous catalytic power of enzymes are still
not well understood despite enormous effort (1-6). In particular,
the functional role of fast picosecond protein motions in catalysis
and the dynamic nature of the transition state barrier crossing is a
subject of ongoing and current debate (7-13). Theoretical studies
have suggested that fast vibrations in enzymes might generate
transition state conformations conducive to the chemical reaction
(7, 8, 14-21), a familiar concept for reactions in ordinary solvents
(22). In an alternative viewpoint, preorganization effects have
been suggested to be a major contributing factor to enzyme cat-
alysis (23-28). It has been postulated that enzymes have partially
oriented dipoles of polar and charged groups in the active site
that interact with electrostatic features present in the catalytic
transition state more favorably than water can. Such preorgani-
zation of active site dipoles and charges has been suggested
to result in a reduction in the reorganization energy and provide
enormous catalytic advantage over the reaction in solution, where
water molecules must rearrange in order to solvate charge rear-
rangements during the chemical reaction (24, 29-31). The rela-
tive merits of these opposing viewpoints remains unclear largely
because of the paucity of direct experimental assessment of the
key discrepancies between these alternative explanations for
enzyme activity (11-13, 20, 31, 32). Furthermore, thermal motion
is always present on all timescales, so the question is whether
functionally relevant motions, specifically coupled to catalysis,
are present.
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We have directly measured the changes in mobility and orien-
tation of probe dipoles in the active site of a highly proficient
enzyme, A3-3-ketosteroid isomerase (KSI) (Fig. 14), in response
to an electrostatic perturbation that mimics the movement of
electronic charges during its catalytic cycle. KSI catalyzes the
isomerization of 3-oxo-A3-steroids to their A*-conjugated iso-
mers (28, 33-35) (Fig. 1B), enabling the isomerization reaction
to occur approximately 10'!-fold faster than the uncatalyzed
reaction. Biologically, the enzyme activity of homologues of
KSI is critical for the synthesis of steroid hormones in mammals
and plants (28, 36). We simulated the movement of electric
charge along the reaction coordinate of KSI by the photoexcita-
tion of a fluorescent intermediate analog, coumarin 183 (C183)
(Fig. 1 A and C), which binds tightly in the active site of the
enzyme (Fig. 2, Fig. S1, and SI Text). In earlier work, the electro-
static response of the active site was probed indirectly by measur-
ing the time-dependent fluorescence Stokes shift of the dye in
the active site (31). The solvation dynamics for the dye bound
at the active site of the enzyme was found to be very different
from what is observed for the same dye in water, suggesting that
the active site solvating dipoles were highly restricted. In the
present work, we directly measure the extent of reorganization
of probe dipoles in the enzyme active site by employing polariza-
tion- and time-dependent IR spectroscopy (time-resolved UV-
pump IR-probe spectroscopy) (37-39), as an ultrafast probe of
solvation dynamics. This spectroscopic method combines the
subpicosecond time resolution of the optical laser pulses with
atomic level structural sensitivity of vibrational spectroscopy.
Four cysteines modified with spectator thiocyanate at strategic
locations in the active site (Fig. 14) served as the quantitative
reporter of changes in electric field and dynamics. Following
the initial vibrational Stark shift resulting from the optically in-
duced instantaneous charge redistribution on C183, no further
change in the spectator probe absorption frequency or orienta-
tion was observed for any of the four thiocyanate spectator
dipoles. These observations strongly indicate that the enzyme
electrostatic field does not respond dynamically to the simulated
motion of charge along the reaction coordinate.

Results and Discussion

Photoexcitation of KSI-Bound C183 Simulates the Movement of
Electronic Charges During the Catalytic Cycle of KSI. Understanding
how light-activation of C183 simulates the movement of charge
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Fig. 1. Structural model of the active site of KSI bound to C183 and equilenin. (A) Superimposed structures of KSI variants containing a nitrile at positions 116
(C116-"3C'5N), 17 (C17-'3C'>N), 86 (C86-'3C'>N), or 105 (C105-'3C'>N) bound to equilenin (transparent yellow). C183 (blue) is aligned with equilenin in the
superimposed structure. The structure was drawn from Protein Data Bank files 30XA, 30X9, and 30WY using the program PyMOL. The structural model
of KSI with a nitrile at position 17 (117C-"3C'>N) was created using PyMOL. (B) The movement of electronic charge during the enzymatic reaction of KSI
is compared to the movement of electronic charge during the photoexcitation of C183 (C). The red arrow in B and C show the direction of movement
of electronic charge when moving from KSl-intermediate complex to KSl-substrate complex. An electronic difference dipole (|Afeaction]) Of approximately
20.2 debye is created from the movement of a single electronic charge over a distance of 4.2 A during the passage from KSl-intermediate complex to
KSl-substrate complex, which is similar in magnitude t0 |Afxcitation| ~ 14.2 debye created during photoexcitation of enzyme-bound C183 (see text).

density during the reaction catalyzed by KSI requires the consid-  activation relocates electron density away from the deprotonated
eration of the catalytic mechanism. The isomerization reaction  hydroxyl oxygen atom and the oxyanion hole (Fig. 1 B and C).
catalyzed by KSI starts with the abstraction of an alpha proton We quantify the magnitude of electrostatic perturbation intro-
of the steroid substrate by the negatively charged Asp40 residue  duced by photoexcitation of C183 by measuring the difference
of the enzyme (Fig. 1B). Removal of a proton leads to the for-  in dipole moment of C183 between the electronic ground and
mation of a dienolate intermediate where the negative charge on  excited state (electronic difference dipole, | Afiexcitation|)- We mea-
the oxygen atom of the carbonyl moiety is stabilized by a network  sured the electronic Stark spectrum of C183 (40) (Fig. S2, see SI
of hydrogen bonds to the active site residues (Aspl103, Tyr 16,  Text), which gives a value of |Ajigyitation| = 14.2 debye (ST Text,
Tyr57, and Tyr 32) of the enzyme (collectively referred to as the  Fig. S2). In the reaction catalyzed by KSI, the movement of a
“oxyanion hole”). Hence, during the progress of the reaction  single electronic charge approximately 4.2 A from the hydroxyl
from the reactant state to the intermediate state, negative charge  atom of the dienolate intermediate to the Asp40 residue as the
moves toward the oxyanion hole; conversely, negative charge reaction proceeds from KSI-intermediate complex to the KSI-
moves away from the oxyanion hole while proceeding from the  substrate complex (Fig. 1B) is expected to create a |Agieaction|
intermediate state to the reactant state (Fig. 1B). From the per-  of approximately 20.2 debye (one electronic charge separated
spective of electrostatics, the reaction is characterized by this by | A distance creates a dipole of 4.8 debye). Hence, the mag-
flow of charge. In the final step of the catalytic reaction cycle, nitude of the electronic perturbation produced by photoexcita-
protonated Asp40 transfers its proton to the 6 position of the ster-  tion of C183 is reasonably similar to the electronic perturba-
oid ring to complete the reaction. tion that occurs during the reaction catalyzed by KSI, though
We exploit the photoacidity of a coumarin dye, C183, to  the direction of transfer appears to be rotated by approximately
simulate this movement of charge density during the reaction  45° between the two systems.
catalyzed by KSI, due to its structural similarity with the inter-
mediate formed on the catalytic pathway (31). Aromatic photo-  Thiocyanate Probes Sense the Movement of Electric Charges in the
acids undergo a profound change in pK, upon photoexcitation Active Site of KSI. We used four different enzyme-bound spectator
and exhibit a lower pK, in the photoexcited state than in the thiocyanate probes to study the extent of reorganization of the
ground state (40). A charge rearrangement occurs upon photo-  active site due to the change in charge distribution following the
excitation such that electron density is transferred from the acidic ~ photoexcitation of C183. The vibrational frequency of the nitrile
functional group, often a hydroxyl group, to the aromatic ring (CN) bond in a thiocyanate moiety is sensitive to its local elec-
(40, 41). Photoacidic coumarins have been used in previous stu-  trostatic environment. This sensitivity to changes in the electric
dies to mimic electron and proton transfer reactions in solution  field manifests in a vibrational Stark shift of the CN stretch fre-

(41, 42) and in the active site of KSI (31). quency given by (44, 45)
The strategy utilized to study the dynamical response of the . .
active site residues of KSI along the reaction coordinate is he AV = —Ajien ® AF = —|Ajien||AF]| cos € [1]

described schematically in Fig. 1C (31). C183 binds tightly in

the oxyanion hole (the dissociation constant of KSI-C183 binding ~ where A% is the observed difference in vibrational frequency
was determined to be approximately 1.3 uM; Fig. S1C and S Text)  (in inverse centimeter) of the nitrile between two different elec-
in the anionic form (Fig. S14) and chemically resembles the in-  trostatic environments, / is Planck’s constant, ¢ is the speed of
termediate state in the catalytic cycle (31, 43) (Fig. 1 A-C). The light, Aficy is the change in dipole moment between the ground
pK, of the hydroxyl group drops from approximately 6.5 to  and excited state of the vibrational transition of the nitrile (also
approximately 1 upon photoexcitation (31) and charge density ~ known as the vibrational difference dipole or Stark tuning rate,
moves away from the deprotonated hydroxyl oxygen atom toward  with units of inverse centimeter per megavolt per centimeter), AF
the aromatic ring (31, 40) (Fig. 1C). Thus, the photoexcited state  is the change in electric field due to photoexcitation (units of
of enzyme-bound C183 resembles the charge distribution of the re-  megavolt per centimeter), and 6 is the angle between the nitrile
actant state of the enzyme-catalyzed reaction, because the light- probe difference dipole moment vector and the direction of the
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change in the field. The direction and magnitude of Agcy have
been measured for many nitrile-containing model compounds
(44) as well as in proteins (46) by calibration in known applied
electric fields using vibrational Stark spectroscopy. Typically, the
direction of Aficy is along the nitrile-bond axis and has a magni-
tude of approximately 0.7 cm~!' /(MV /cm). Because the thiocya-
nate probe senses the projection of the electric field change onto
the nitrile-bond axis [Eq. 1], the IR frequency shift of a thiocya-
nate can be quantitatively converted into electric field values if
the direction of the nitrile-bond axis and its relationship to the
direction of charge motion created by the photoexcitation of
the enzyme-bound fluorescent ligand are known.

X-ray crystal structures of three of the probe-modified proteins
used in this study (M116C-3CN, MI105C-3CN, and
F86C-13C'SN) with or without the bound intermediate analog
equilenin have been determined (Protein Data Bank IDs 30XA,
30WY, and 30X09, respectively) (47). The structure of the fourth
probe-modified protein used here (117C-'*C'>N) was modeled
using PyMOL (8! Text). An alignment of C183 with equilenin
in the crystal structure of KSI (Fig. 14) reveals that the four
thiocyanate spectator probes are located close to the hydroxylic
oxygen of the bound C183 and within a few angstroms of the
polar side chains and catalytic residues in the active site, which
include residues that form a network of hydrogen bonds in and
around the oxyanion hole. All the four probe-modified proteins
bind C183 with similar affinity (legend to Fig. S1) and the orien-
tation of the nitrile in all the proteins is consistent with the
observed vibrational Stark shift due to photoexcitation of C183
(see below and ST Text).

In order to more faithfully mimic the charge distribution of
the KSI-dienolate intermediate complex, we used a mutant form
of KSI in which Asp at position 40 in the sequence is mutated
to Asn (D40N). The D40N form of KSI mimics the protonated
form of the general base D40 present in the enzyme-dienolate
intermediate complex (Fig. 1B); the oxyanion hole of KSI is
negatively charged in the apo form of D40N-KSI at neutral
pH (43). The negative charge is transferred to the hydroxyl oxy-
gen of the bound ligand, in the enzyme—dienolate intermediate
complex (48, 49). IR spectra of the apo and the C183-bound form
of D40N-KSI (Fig. 2) reveal that the four spectator thiocyanate
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Fig. 2. Steady-state FTIR spectra of '*C'>N-labeled mutant forms of KSI.
In each panel, the green and blue spectra denote the absorption frequency
of —13C'5N attached to the sole thiol of the indicated mutant variant of KSI
in the apo form and in C183 bound form, respectively.
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probes in the active site of KSI sense this movement of electric
charge between the free oxyanion hole and the enzyme-bound
C183 differently based upon their orientation and the distance
from the deprotonated hydroxyl oxygen atom of the enzyme-
bound C183. The peak vibrational frequencies of the four thio-
cyanate probes in the apo and the C183-bound form of the
enzyme are listed in Table S1. These steady-state IR experiments
show that the vibrational frequency of the nitrile bond of the
KSI-bound thiocyanates is sensitive to the changes in electrostatic
environment in the active site of KSI.

Spectator Probe Dipoles in the KSI Active Site Do Not Change Their
Energy and Orientation in Response to Electrostatic Perturbation
Mimicking the Catalytic Cycle of KSI. A clear distinction between
a preorganized active site versus a mechanism of enzyme catalysis
which relies on ultrafast dynamic fluctuations of the active site
residues for efficient catalysis requires direct measurement of the
response of dipoles in the enzyme’s active site as it moves along
the catalytic reaction coordinate. Fig. 3 shows how the four
different nitrile dipoles strategically deployed in KSI’s active site
respond to changes in electrostatic environment upon photoex-
citation of enzyme-bound C183 (also see SI Text and Fig. S3).
The transient IR spectra show the generation of bleach signals
at 2,088.3 , 2,090.1, and 2,088.1 cm™!, respectively, for the
nitrile moiety placed at positions C116 (C116-'3C°N), C86
(C86-13CN), and C17 (C17-"*CN) in the active site of KSI
(in proteins M116C-13C’N, F86C-3CN, and I17C-3CPN,
respectively) (Fig. 3 A-C and Table 1), which are directly corre-
lated with the peak positions when C183 is bound in the active
site and is in its electronic ground state (Fig. 2 and Table S1).
These frequencies can be taken as the characteristic vibrational
frequencies of the nitrile dipoles in the “intermediate state-like”
electrostatic environment (Fig. 1 B and C). The photoexcited
state of the enzyme-bound C183 is sensed by enzyme-bound ni-
triles as a red shift (a Stark shift) in their vibrational peaks from
2,088.3 t0 2,083.3 cm™! for C116-*C'*N, 2,090.1 to 2,085.9 cm™!

8 T T T T T T T T T

M116C-BC™*N A ,| Fesc-cN B |
—O— 1ps
4L —o—5ps i o= 1ps
—O— 20 ps O— 20ps
O— 50 ps —O— 40 ps
—O— 100 ps

—O— 100 ps

8
8
3

>

N
S
e
&
T

Peak frequency (cm™')
S
H
H

Peak frequency (cm™

< 4f

o {3-0-0-O—

- 2082 B

: 0 15 }D 45 0 15 _30 45
g s ) ) . Delay time (ps) § ) ) ) Delay time (ps)
g 2,070 2,080 2,090 2,100 2,082 2,085 2,088 2,091 2,094
Ee]

= T T T T T T T T

3 13~15,

3 M7C-C"N C | M105C-"C'N D |
<

< 2 —o—1ps 1

—O— 10 ps
—O— 40 ps
—O— 100 ps

|
2088 =~ Fa3
3
S 2085 | e
2 i &%ood
H
= 0 15 30 45
) ) Delay time (ps) 2 N X X X
2,070 2,080 2,090 2,100 2,060 2,070 2,080 2,090

Wavenumber (cm'1)

Fig. 3. Time-resolved transient IR absorption spectra of '3C'>N-labeled mu-
tant forms of KSI after the photoexcitation of bound C183 at 400 nm. A-C,
Inset, shows the mean IR-absorption frequency of —'3C'>N attached to the
sole thiol of the indicated mutant form of KSI, at different times after the
photoexcitation of the enzyme-bound C183, in ground-state bleach (blue
triangles) and electronic excited state (dark-red circles). The solid blue and
red line through the data in the inset is a fit to a straight line equation.
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Table 1. Mean vibrational frequencies for nitrile-modified KSI-D40N
in electronic ground and excited states at pH 7.2, as determined
from fitting the transient IR spectra to a sum of two pseudovoigt
functions

Dens cm™!

Probe location AT, cm™!
Electronic Electronic
ground state excited state
C116-3C'5N 2,088.3 2,083.3 -5
C86-'3C'>N 2,090.1 2,085.9 -4.2
C17-3C"N 2,088.1 2,084.0 -4.1

C105-"3C">N* — — —

*Due to poor signal-to-noise ratio, a precise value of frequencies could not be
extracted for this position.

for C86-13CI5N, 2,088.1 to 2,084.0 cm~! for C17-3C"N, and
too small to measure reliably for C105-'*C'5N (Fig. 3, Table 1,
and SI Text). Thus, 2,083.3, 2,085.9, and 2084.0 cm™! can be taken
as the characteristic vibrational frequency of C116-3CPN,
C86-13CN, and C17-13CPN, respectively, in the “reactant state-
like” electrostatic environment (Fig. 1 B and C). Note that the
signal-to-noise ratio of the transient IR spectra for the nitrile
moiety placed at position C105 (C105-"*C!3N) (in protein
M105C-13CPN) is very poor (Fig. 3D) because the nitrile dipole
is nearly perpendicular to the plane of the C183 dye (see below).
The vibrational difference dipoles in C116-'*CN,
C86-13CN, and C17-1*CN sense the change in electric field
due to photoexcitation of C183 as a red shift of 5.0, 4.2, and
4.1 cm™!, respectively, in the vibrational frequency (Table 1).
We used a simple electrostatic model (S7 Text and Fig. S4) based
upon the energy of a dipole in an electric field to estimate these
vibrational Stark shifts. The directions of the nitrile probes in
the protein structure and their orientations with respect to the
bound C183 are known (Fig. 14, see SI Text). We calculated
the projection of the change in electric field (AF) created by
the electronic difference dipole of C183 on the axis of the nitrile
bonds of the thiocyanate probes to extract the expected vibra-
tional Stark shifts experienced by the vibrational dipoles (the
details of modeling are discussed in SI Text). The vibrational
Stark shifts calculated using this simple electrostatic model match
the experimental Stark shifts remarkably well (Table S2). Hence,
the results of this geometric analysis provide a self-consistent
validation of the structural model presented in Fig. 14. This
simple electrostatic model also explains the poor sensitivity of
C105-3C®N as the nitrile probe is nearly perpendicular to the
C183 ring (see Fig. 14, the model presented in SI 7ext and
Table S2). Although C105-1*C'SN is less sensitive to the changes
in electrostatics due to the movement of charges on the plane
of C183 aromatic rings, this observation provides an additional
geometrical control for the structural model presented in Fig. 14.
These results also indicate that the shift in vibrational frequency
of enzyme-bound thiocyanates upon photoexcitation of C183
results largely from an electrostatic effect. As expected for the
change in IR signal due to the Stark effect, the transient IR sig-
nals of thiocyanates in the electronic excited state of KSI-bound
C183, decay with a time-constant of 31 & 3 ps (Fig. S5), which is
similar to the fluorescence lifetime of KSI-bound C183 (31).
IR spectra taken at different times after photoexcitation of
enzyme-bound C183 show no further shift in IR frequency
(Fig. 3 A-C, Insets); only a decay in the intensity of the difference
spectrum as the excited state decays back to the ground state is
observed. This result is important because if the enzyme responds
dynamically to the charge perturbation that simulates the flow
of electric charges along the reaction coordinate, then the vibra-
tional frequency of the thiocyanate reporters are expected to
change continuously after photoexcitation, as in a classical solva-
tion response generally measured with electronic spectroscopy
(50, 51), but also resolvable with vibrational transitions (39,

Jha et al.

52-54). The time-independence of the nitrile stretching fre-
quency on the picosecond timescale of three different active
site dipoles, C116-'3CI°N, C86-'3CN, and C17-13CSN, strongly
indicates that the enzyme electric field does not evolve or reor-
ganize in response to the photoanalog of the electrostatic differ-
ences between the reactant and the intermediate state.

Polarization-dependent UV-pump IR-probe spectroscopy pro-
vides insight into the relative angles between the optical and
IR-transition dipole moments (37, 38, 55). By monitoring IR sig-
nals A4, and A4, when the polarizations of optical-pump and
IR-probe beams are, respectively, parallel and perpendicular to
each other, an anisotropy y can be calculated which is related to
the angle ¢ between the dye’s optical- and the probe’s IR-transi-
tion dipole moments as (42)

- AA”—AAL 73<C0524)>—1
TTM t28d, - 5

[2]

where (...) represents an ensemble average. For the nitrile probe,
both the IR-transition dipole and the difference dipole moment
vectors of the vibrational transition align with the nitrile-bond
axis (44). Hence, by estimating the anisotropy values, it was pos-
sible to measure the changes in angle, if any, between the nitrile-
bond axis and optical transition dipole of C183—i.e., whether the
nitrile probes possess sufficient orientational freedom to align
with the photoinduced change in electric field.

The four nitrile probes Cl116-*CN, C86-1*CP°N,
C17-BCPN, and C105-CN show different ratios of AA
and AA, (Fig. 4) when C183 is in electronic ground state because
of their different orientation with respect to the optical transition
dipole of C183. The mean value of y in the electronic ground state
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Fig. 4. Polarization-dependent transient IR absorption spectra of '*C'>N-la-
beled mutant forms of KSI at time zero. Transient spectra obtained from par-
allel pump and probe polarization geometries (AA) are plotted in green
circles, and the spectra from perpendicular polarization geometries (AA))
are plotted in dark-red triangles. A-C, Inset, shows the changes in apparent
anisotropy of the '3C'>N attached to the sole thiol of the indicated mutant
form of KSI, at different times after the photoexcitation of the enzyme-
bound C183, in the ground-state bleach (blue triangles) and the electronic
excited state (dark-red circles). The anisotropy was calculated using Eq. 2 with
AA| and AA, signals at (A) 2,088.3, (B) 2,090.1, and (C) 2,088.1 cm~", respec-
tively, for the electronic ground state and at (A) 2,083.0, (B) 2,085.7, and (C)
2,083.7 cm™', respectively, for the electronic excited state. The solid blue and
red line through the data in the insets is a fit to a straight line equation.
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of C183 was determined to be 0.3 for C116-'*C!*N, 0.1 for
C86-13CPN, and 0.32 for C17-13CSN (Fig. 4 A-C, Insets), which
corresponds to an average angle of approximately 24°, 45°, and
21° between the respective nitrile-bond axis and the optical tran-
sition dipole moment of C183. For C105-'3C>N, the changes in
absorption are very weak due to its poor sensitivity and it was not
possible to estimate anisotropy values. Nevertheless, in this case,
AA, signal appears more than A4 signal (Fig. 4D), which con-
forms to the fact that C105-'*C'N is nearly perpendicular to the
C183 molecular plane (Fig. 14). The anisotropy values remain
constant in time both when C183 is in the electronic ground state
and in the electronic excited state (SI Zext) for all the three nitrile
probes, C116-'3C5N, C86-'*C'°N, and C17-'3C'N, where it was
possible to calculate anisotropy values (Fig. 4 A-C, Insets). This
result indicates that the angles between these three nitrile probes
located in the active site and the bound C183 molecule do not
change in response to the charge perturbation that simulates
the flow of electric charge along the reaction coordinate of KSI.

Implications for Dynamic Theories of Barrier Crossing During Enzy-
matic Catalysis. Two opposing and limiting theories of enzyme cat-
alysis revolve around the nature of mechanical and electrostatic
fluctuations in the enzyme active site. In one of the theories, fast
(approximately picosecond) vibrations (protein breathing modes)
and a network of coupled motions within the enzyme-substrate
complex have been hypothesized to be linked to transition state
formation and reduction of the barrier for chemical change (10,
13, 15, 21). It has also been suggested that dynamic excursions
of active site architecture on the picosecond timescale create
variable electronic interactions between enzyme and reactants,
which induce catalytic barrier crossing (7, 8, 10, 17, 19). In an
alternative theory of enzyme catalysis, it has been proposed that
electrostatic forces, due to preorganized active site dipoles and
charges, primarily drive the formation of the transition state
during enzymatic catalysis, and dynamic motion of the active site
residues are unimportant or even deleterious (23-28, 56).

In the experiments presented in this study, we have directly
measured the dynamics of different parts of the enzyme’s active
site on the picosecond timescale when the electronic charge
distribution in the active site is changing from reactant state-like
to intermediate state-like across the transition state barrier. The
results show that three different dipoles in the active site of KSI
do not show any time-evolving electrostatic response on the pi-
cosecond timescale or realign their dipoles to the changing elec-
tric field. For this very proficient enzyme, picosecond dynamics
do not appear to be important for catalytic barrier crossing.

A recent computational study reports that Asp40 and the
oxyanion hole residues of KSI undergo conformational changes
during the catalytic reaction (57). Our experimental approach
does not capture all aspects of KSI catalysis. Most notably, proton
extraction by Asp40 during the catalytic cycle is obviously not
modeled in the D40N mutant. Nevertheless, the results presented
in this study combined with the results of fluorescence Stokes
shift experiments in a previous study (31) strongly suggest that
the solvation response of most of the active site residues at the
active site is quite restricted, a behavior that is not found in
typical solvents outside of proteins.
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An electrostatically preorganized active site of an enzyme
will not create a fluctuating electric field as the substrate reacts
along the catalytic reaction coordinate. This resistance to change
its electrostatic environment was observed during the light-driven
reaction analog in the active site of KSI. In our study, the elec-
trostatic response and angular mobility of the enzyme’s active site
dipoles have been directly measured along the catalytic reaction
coordinate, a functionally relevant motion, and the results that
the active site dipoles remain immobile and do not align to
changes in the substrate electric field support the electrostatic
preorganization model of enzyme catalysis.

Materials and Methods

Protein Expression, Purification, and Thiocyanate Labeling. The present work
employs four single cysteine mutant forms of KSI in each of which the sole
thiol group is chemically modified into a thiocyanate and Asp40 is mutated
to Asn (D4ON). All the four mutant enzymes (C695/C815/C97S/D40N)/M116C,
(C695/C815/C97S5/DAON)/F86C, (C69S5/C81S/C97S/DAON)/117C, and (C69S/C81S/
C97S/D40N)/M105C were expressed and purified according to a previously
published protocol (43). The purified enzymes were labeled with K'3C'>N
according to a previously published protocol (58). Isotopically labeled
—13C'>N was used to shift the spectator probe frequencies as far as possible
from the nitrile on C183 (see Fig. S6), an example of the advantage of this
chemical labeling strategy. All four proteins were found by mass spectrome-
try to be >95% labeled, with an expected 27-Da increase in the mass due to
the —3C'5N adduct. The fluorescence and circular dichroism spectra of all
the four probe-modified proteins are similar to the wild-type KSI in both
the native and unfolded states, which indicates that the gross tertiary and
secondary structure of KSI is preserved across all the four probe-modified
proteins. See S/ Text for further details.

Binding Experiments Using UV-Visible Absorption and Steady-State Fluores-
cence. The binding of C183 with KSI was monitored with changes in UV-visible
absorption spectra and steady-state fluorescence. See S/ Text for details.

Steady-State FTIR Experiments. All the steady-state IR spectra were obtained
on a Bruker Vertex 70 FTIR spectrometer equipped with an InSb detector as
detailed in S/ Text.

Electronic Stark Experiments. The magnitude of the electronic difference
dipole of C183 was measured using electronic Stark spectroscopy as described
in S/ Text.

UV-Pump IR-Probe Experiments. \We use subpicosecond duration 400-nm
pulses to excite C183, and broadband mid-IR pulses to probe the transient
spectra of the CN stretches on KSI and C183. The cross-correlation of the
pump and probe pulses is less than 200 fs FWHM. A spectral resolution of
approximately 1 cm~' is achieved by using a spectrometer with a 32x2
mercury-cadmium-telluride array detector as detailed in S/ Text.

Modeling of Vibrational Stark Shifts. A simple electrostatic model based upon
the energy of a dipole in an electric field is used to calculate the vibrational
stark shift experienced by nitriles at different locations in KSI, in response to
photoexcitation of enzyme-bound C183. The model is described in S/ Text.
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