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Abstract: The electronic structure of the two lowest excited electronic states of FAD and FADH" in folate-
depleted E. coli DNA photolyase (PLox and PLsq, respectively) was measured using absorption Stark
spectroscopy. The experimental analysis was supported by TDDFT calculations of both the charge
redistribution and the difference dipole moments for the transitions of both oxidation states using lumiflavin
as a model. The difference dipole moments and polarizabilities for PLox are similar to those obtained in
our previous work for flavins in simple solvents and in an FMN-containing flavoprotein. No such comparison
can be made for PLgq, as we believe this to be the first experimental report of the direction and magnitude
of excited-state charge redistribution in any flavosemiquinone. The picture that emerges from these studies
is discussed in the context of electron transfer in photolyase, particularly for the semiquinone photoreduction
process, which involves nearby tryptophan residues as electron donors. The direction of charge displacement
derived from an analysis of the Stark spectra rationalizes the positioning of the critical Trp382 residue
relative to the flavin for efficient vectorial electron transfer leading to photoreduction. The ramifications of
vectorial charge redistribution are discussed in the context of the wider class of flavoprotein blue light

photoreceptors.

Introduction

DNA photolyase is a light-driven flavoprotein that repairs
cyclobutylpyrimidine dimers (CPDs) in UV-damaged DNA.'?
The protein is found in all kingdoms, including nonplacental
mammals. Two noncovalently bound cofactors are associated
with PL. One is an absolutely conserved flavin adenine
dinucleotide (FAD) molecule without which the protein cannot
bind or repair substrate. The second cofactor appears to function
as a photoantenna, although the protein can bind and repair DNA
without it.

Photolyase binds to the CPD in a light-independent manner.
Substrate binding does not depend to any significant degree on
the oxidation state of the flavin.>* The earliest crystal structure
of photolyase revealed a surface-accessible cavity with the
approximate dimensions of a CPD, and it was suggested that
base flipping of the CPD was required to bring the substrate
close to the flavin cofactor found at the base of this cavity.
This base flipping hypothesis, tested by several indirect means,® ®
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was ultimately confirmed by a crystal structure of PL with a
modified substrate molecule.’

The FAD must be fully reduced (FADH™, PLggp) for repair
to take place, and we'® and others'' ~'* have shown that direct
excitation of the FADH™ cofactor leads to efficient CPD repair
through ultrafast electron transfer from *FADH™ to an as yet
unknown initial acceptor. Ultimately, the radical anion of the
dimer, CPD"", is formed, although definitive evidence for this
intermediate is still lacking, and the flavin becomes oxidized
to FADH". FADH" is therefore an intermediate in the electron
transfer pathway. At some point in the reaction cycle, the CPD*™
undergoes a thermally activated monomerization reaction'>'®
to yield a thymine and thymine radical anion, T™". Back electron
transfer from FADH'—T"—FADH —T brings the flavin back
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Figure 1. The spatial arrangement of the FADH" acceptor with the Trp
donor residues that facilitate photoreduction in E. coli photolyase, taken
from Kim et al. (PDB entry IDNP?). The arrow indicates the direction of
the initial electron transfer following photoexcitation of FADH". The N atom
on W382 is about 5.7 A from Ns on the flavin.

to the fully reduced form in the ground state. Product release
subsequently occurs, but little is known about this process.

The second chromophore appears to function as a light
harvesting antenna.'” The identity of the second cofactor
depends on the organism. In E. coli PL folate is found,'® but it
is deazaflavin in A. nidulans."® Apparently FAD is also used as
the chromophore, as has been observed for S. tokodaii.*® In
earlier studies, it was concluded that the function of this
secondary chromophore was to facilitate the photoreduction of
FADH' to FADH .*' The reduced flavin is stable if an
exogenous electron donor is available to reduce the terminal
Trp residue. It was thought that this photoreduction reaction
was a physiologically relevant process, based on the observation
that the in vitro purified protein was in the semiquinone form.
However, more recent studies suggest that PL is probably fully
reduced in the cell, and therefore photoreduction does not appear
to be tied to DNA repair.*

Efforts by several groups have shown that the photoreduction
of FADH" involves a set of highly conserved tryptophan (Trp)
residues in E. coli PL.>*** In fact, E. coli PL has 15 Trp residues,
a large number for a protein with 471 amino acids. W382 is
less than 6 A from the flavin N5 atom and is located under the
flavin below the xylene ring (see Figure 1; a numbering scheme
for the flavin ring system can be seen in Figure 3a). In E. coli
PL, photoexcitation of FADH" leads to ultrafast electron
abstraction from W382, which, in turn, pulls an electron from
W359.%° The electron transfer chain terminates when the cation
radical of W306, formed by electron transfer to W359°%, is
reduced by an exogenous donor. Of the other 12 Trp residues,
W277 is known to be critical in substrate binding and may be
involved in the DNA repair reaction directly.?

One is led to wonder why the Trp triad involved in
photoreduction is located where it is. Are there electronic
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Figure 2. (a) Room temperature (red line, 21 «M) and 77 K (blue line, 21
uM) absorption spectra of PLox in glycerol:buffer. (b) Energy-weighted
Stark spectra of 220 uM PLox at y = 54° (—) and 90° (O), normalized to
1 MV/cm. The symbol used to plot the 90° data is sized to appropriately
reflect the magnitude of the standard deviation from the mean for the
averaged scans.

characteristics of the FADH" excited state that require that W382
be proximal to the xylene ring? Why is W382 underneath Cg
as opposed to above Cy, or Nj, Cy4, etc.? Knowledge of the
charge distribution of the excited states of FADH" is central to
answering these questions. Another issue is whether photore-
duction of the oxidized form of the protein®’ proceeds in a
similar fashion.

These issues take on greater significance in studies of crypto-
chromes (Cry),"**?° PL homologues that have no DNA repair
activity but act as blue light photoreceptors (with the exception of
the Cry-DASH protein, which has been shown to act as a single-
strand CPD photolyase®*>"). Cry has both the required FAD and
a second chromophore. However, it is often very difficult to
photoreduce FADH" in Cry.*>** Furthermore, there is speculation
that this blue light photoreceptor may utilize the flavin radical, at
least in avian Cry, so as to visualize the Earth’s magnetic field to
the avian eye for migratory purposes.®*~®

While PLox has not been shown to have a physiological
function (but see below), there are photoactive flavoproteins
that use oxidized flavin, FAD or flavin mononucleotide (FMN),
in blue light signal transduction.?® These include the LOV and
BLUF domain proteins. FMN-containing LOV domains,*
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including phototropins,*® are responsible for a wide variety of
blue light responses in bacteria, plants, and animals. Blue light
excitation of the FMN leads to reasonably efficient singlet to
triplet intersystem crossing ('FMN—3FMN). The triplet flavin
then forms a cysteinyl adduct with a highly conserved cysteine
residue positioned close to the Cy, of the flavin. BLUF (blue
light using FAD) proteins are involved in the photoregulation
of photosynthesis.*' This photobiological mechanism has been
the subject of intense study lately. The signaling mechanism
appears to involve a hydrogen-bonding alteration that engenders
a conformational change.*”** This condition is set up by
photoinduced electron transfer to the excited-state singlet of the
flavin from a nearby conserved tyrosine residue to produce the
Tyr'—FADH’ radical pair. The relevance of the BLUF mech-
anism to this study is given below.

In all of these cases, function depends on a light-induced
charge redistribution of the flavin molecule, which can alter the
reduction potential of the excited state relative to the ground
state.”” There have been computational studies to examine the
excited state (see Discussion), but the size and asymmetry of
the flavin molecule make accurate calculations difficult. Measur-
ing the degree and direction of charge redistribution is chal-
lenging experimentally as well. However, Stark spectroscopy
is one of the most powerful tools we have to elucidate the
excited-state structure of flavins in various oxidation states, and
we have explored charge redistribution in oxidized flavins in
simple solvents*>*® and in flavoproteins.*’” Here, we have
applied absorption Stark spectroscopy, supported by time-
dependent density functional theory (TDDFT) calculations, to
study folate-depleted fully oxidized photolyase (PLox) and one
electron reduced photolyase (PLgq). In both cases, an analysis
of the Stark spectrum for the lowest excited state suggests that
electron density moves toward the pyrimidine ring, leaving the
xylene ring relatively electropositive. This charge redistribution
is discussed in the context of PL function and the function of
other photoactive flavoproteins.

Materials and Methods

Protein Purification and Photodecomposition of MTHEF. The
purification*® and photodecomposition of E. coli PL*® has been
described previously. The purity of DNA photolyase was analyzed
by SDS-PAGE and UV —vis absorption spectroscopy. The purified
protein contained the two expected chromophores, FADH' and
MTHF. PLox was obtained by removing both the FAD and the
folateit gofactors and then reconstituting the apoprotein with FADox
only.

Antenna-free PL. was obtained by photodecomposing the folate
so that only the flavin cofactor remained.*® The protein was placed
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inalcm X 1 cm quartz cuvette with a sealed cap and suspended
in a 100 mL beaker half-filled with water-ice. The beaker was
placed in front of a focused 150 W xenon arc lamp whose light
was filtered using a long pass filter with 50% transmission above
370 nm. The sample was irradiated for 5 min, and the decrease in
the folate absorbance at ~380 nm was monitored using an
HP8452A diode array spectrophotometer. This procedure was
repeated approximately 4—5 times until there was no further
decrease in the 380 nm absorption, indicating that MTHF photo-
decomposition was complete. As a final check, MTHF fluorescence
was measured to ensure that PL was MTHF-free. At the end of
this protocol, the protein was in the semiquinone state, but trace
amounts of PLox (<5%) were observed. The MTHF-depleted protein
was concentrated using 30 kD MWCO centrifugal concentrators.
Glycerol was added to the concentrated photolyase to a final
concentration of 50% (v:v), and the protein was stored at —80 °C
for further use.

Stark Spectroscopy. The basic setup of the spectrometer is the
same as described previously with minor changes.’® The H.S.
Martin optical dewar was replaced with a cryogenic dual reservoir
nitrogen optical dewar (JANIS Research).’' Briefly, the Stark
spectrometer consists of a 150 W Xe arc lamp focused using a
fused silica lens and filtered through a 1/8 m monochromator. The
filtered light was passed through a depolarizer and then polarized
with a Glan—Taylor polarizer and imaged onto the sample cuvette.
Transmitted light was focused onto a UV-enhanced silicon photo-
diode whose output was amplified using a Ketheley current
preamplifier.

The sample cuvette consists of two 1”7 x 17 x 1.2 mm thick
glass slides coated on one side with indium tin oxide (ITO, 100
Q/cm). The ITO coatings were arranged facing each other, separated
by a 55 um kapton spacer. About 15 uL of 330 uM PLgq in
glycerol/buffer solution (2:1 v:v) was sandwiched between the two
transparent electrodes, and the cuvette was mounted onto the
cryostat sample holder using spring clips and plunged into the liquid
N,. The angle between the incoming light and the sample normal
(parallel to the direction of the applied field) was set by rotation.

Stark spectra were obtained by scanning the probe light in equal
increment energy units, typically about 77 cm™! per step. This
energy step at 400 nm corresponds to AA = 1.4 nm and at 700 nm
AA = 3.8 nm (the 0.6 mm slits used for these scans produce a
band-pass of 2 nm). A 217 Hz AC external electric field, Fey, was
derived from a high voltage power supply (Joe Rolfe Associates).
Phase sensitive detection of change in the light intensity (Al) as a
function of the applied external field was performed using a digital
lock-in amplifier (SR830). Each collected spectrum consists of the
average of nine scans taken with a 1 s time constant. These spectra
were obtained at several fields and at least two different angles of
. Six data sets were obtained for each angle of y, and each set of
data was individually fitted.

An analysis of the Stark spectra requires a high-quality low
temperature absorption spectrum. We used our recently developed
COWS (cryogenic optical waveguide spectrometer) technique’” to
obtain these spectra using a 5.8 cm path length in a liquid waveguide
at 77 K. Room temperature absorption spectra were obtained using
an HP H8452A diode array spectrometer with a 2 nm band-pass.

Liptay’s Formalism of Electroabsorption. The analysis of the
Stark spectra derives from Liptay.”* The field-induced change in
the extinction coefficient can be fitted to the derivatives of the zero
field absorption spectrum. The energy-weighted field-induced
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change in the extinction can be given as eq 1:

4E® L(ED
Ag - A e | By ( v ) P ( v )
5 T (R A T T 7 2,2 2
% % 15ch dv 3020 dv

6]

The term &(v) represents the energy-weighted unperturbed
absorption spectrum. F represents the externally applied
electric field, and f indicates the field correction factor for the
protein core, which is related to its dielectric properties. The
field correction factor is usually between 1 and 2, but is difficult
to estimate especially for nonhomogeneous media like proteins.>*
The angle x is the angle between the direction of the electric
field vector of the linearly polarized probe light and the applied
electric field. All of the Stark experiments reported here are
performed with ¥ = 54.7° (magic angle) or ¥ = 90°, after
correcting for the refractive index of liquid nitrogen.

The scaling factors A,, B,, and C, are related to the intrinsic
electronic properties of the chromophore. The A, term is related to
the change in the transition state polarizability, and also reflects
the transition hyperpolarizability, or the influence of the electric
field on the transition moment. In simple terms, A, reflects the
orientation of molecule possessing a ground-state dipole moment
due to Fe. Working in frozen samples restricts any response to
this field, so A, ~ 0.

Information about the change in polarizability and change in
permanent dipole moment can be obtained from the B, and C,
coefficients:

B, =

NSRS

TrAT + (3 cos’ y — l)(%m-Aﬁ'm - %TrAﬁ)
2

and
C, = IAuP(5 + Bcos’y — DBcos’ s, — 1} 3)

where G, is the angle between Agi and the transition dipole moment,
m. Here, IAzil is the magnitude of the difference in the permanent
dipole moments of the states coupled by the transition. Ad is the
difference polarizability tensor, but we consider only the trace of
the polarizability tensor, TrAQ, which is a scalar. The trace of a
tensor is invariant with the coordinate system, so the 7rAdQ is a
good estimate of the change in the mean polarizability. When y =
54.7°, eqs 2 and 3 simplify, and the dependence on y vanishes so
that 7rA& and 1Azl can be directly obtained.

From eq 1, it can be seen that the scaling parameters can be
obtained by fitting the Stark spectra to the zeroth, first, and second
derivatives of the absorption spectrum. This process begins by fitting
the low temperature absorption spectrum to Gaussian functions.
This procedure not only provides the (analytic) derivatives of the
absorption spectrum, but also reduces noise that would result from
a numerical differentiation of the experimental absorption spectrum.
Our approach involves partitioning the absorption spectrum into
two separate sets of Gaussians, each set corresponding to one of
two different transitions.*® An in-house written MATLAB routine
allows for the two sets of Gaussian functions to overlap if necessary,
so that distinct vibronic progressions for each transition can be
included. However, we make no claim that this is a deconvolution
of the spectrum, and this fit is merely a starting point for the
simultaneous fitting of both the absorption and the Stark spectra.

The absorption and Stark spectra were then fitted simultaneously,
with approximately equal weighting, giving two sets of A,, B,, and
C, values. For excited states n = 1, 2, 3.;., all reported values of
|AZio,| and TrAQy, are in terms of D/f and A%/f? respectively, where
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1 D=1debye =336 x 100 Cmand 1 A>=1.113 x 1074 C
m? V™!, Even though the absolute difference dipole moment and
difference polarizability values depend on f, which can be difficult
to calculate accurately, this uncertainty cancels when taking ratios
of IAtgl, n = 1,2, as required below. However, this factor is
required when calculating the absolute value of the shifts. In this
case, an elliptical cavity approximation for f was used (see eqs 5,6
in ref 46).

TDDFT Calculations. All of the calculations were done using
Gaussian 03.%° Lumiflavin (Lf, 7,8,10-trimethyl-isoalloxazine) was
used as a model flavin system. The starting geometry for Lf was
taken from the isoalloxazine moiety of the (presumably) FADH"
cofactor of A. nidulans PL.° in which the ribityl/adenosine moiety
at Ny was replaced by a methyl group and hydrogen atoms were
added. The geometry optimization and transition dipole moment
calculations were done at the B3LYP/6-311+G (d,p)>*°” and
UB3LYP/6-311+G (d.p) levels for Lfox and Lfsq, respectively. Ten
excited states were included in all excited-state calculations.
However, calculations using only three excited states gave the same
electronic properties as those for 10 states.

Calculations were performed for vacuum and for a polar solvent
using a polarization continuum model®® (PCM). Chloroform (CCly)
and methanol (MeOH) were used as solvents, with dielectric
constants of about 5 and 33, respectively. Difference dipole
moments, A, were calculated using the finite field hexapole
method using an external electric field of 0.001 au propagating along
the 4x, £y, and 4z directions in the center of mass coordinates.>*°
The difference electron density was calculated by subtracting the
SCF ground-state density from 1-particle Rho-density for the
corresponding excited states.®' Chemcraft (http://www.chemcraft-
prog.com) was used to generate and visualize the excited-state
dipole moment vectors and difference density figures.

Results

Low Temperature Absorption and Stark Spectra of PL(x.
The room and low temperature spectra of E. coli PLox in
glycerol buffer (2:1 v:v) from 300—556 nm are shown in Figure
2a. Both spectra were obtained using our COWS spectrometer.”
The room temperature spectrum, 21 4M in PLox, shows well-
resolved vibronic structure, indicating that the cofactor is bound
with minimal conformational freedom and through specific
interactions. The 77 K spectrum (21 4M in PLox) shows
significantly enhanced vibronic structure, with the lowest
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Figure 3. (a) Difference dipole moment vectors for FAD in PLox based
on Stark fitting. Solid arrows are in good agreement with calculated
difference dipoles, while dotted arrows represent other vector orientations
consistent with the Stark data analysis. The directions of the calculated
transition dipole moments are shown as color-coded short dashed lines. (b)
Difference dipole moments from TDDFT/finite field calculations for vacuum
and (c¢) CCl, based on the PCM solvent model.

vibronic band for S¢—S; occurring at approximately 21 186
cm™! (472 nm) and the S;—S, band occurring at approximately
26171 cm™" (382 nm). The feature to the red of the lowest
energy transition is a small amount of PLgq.

It can be seen that each vibronic band in the S¢—S; transition
has been split into two closely spaced peaks (state numbering
for the experimental spectra follows the commonly used
nomenclature). This has been observed by us previously in the
low temperature absorption and Stark spectra of Old Yellow
Enzyme,*” an FMN-binding flavoprotein. The splitting could
be due to heterogeneity in the FAD binding site, but, as
suggested in our earlier study, it appears more likely that a
vibrational degeneracy is being lifted by hydrogen bonding with
the protein. This is further corroborated by the observation that
only single bands are observed at low temperature for flavins
in nonprotic solvents.*® The S;—S, band does not show this
splitting, but this may be due to the inherently broader line width
of this transition. Interestingly, freezing the protein does not
induce any significant spectral shifts. This suggests that the FAD
binding pocket maintains its structure at low temperature. The
peak positions have been tabulated in Table S1. The 77 K
spectrum was fitted to two sets of Gaussian functions (see Figure
S1), and the parameters from this fit (width, center, and
amplitude) were used as a starting point for the simultaneous
fitting of the Stark and absorption spectra described below.

The Stark spectra of PLox at 220 uM for two different
polarizations, y = 54° and 90°, are presented as averages from
several different runs and have been normalized to F., = 10°
V/cm to reduce noise and facilitate comparison (Figure 2b). The
spectra were corrected for concentration, path length, and the
refractive index of the buffer. The second derivative nature of

Table 1. Experimental Electronic Structure Parameters

|Aziorl (D-1) (£0) 2" (deg) (+0) TrAGG, A° 2 (d0)
PLox:j; 2.7(0.3) 55(3) 134 (13)
PLox 7.3(0.5) 35(7) 57 (26)
PLgo" 3.9(0.5) 51(7) 86 (14)
PLgo” 2.9 (0.6) 64 (9) 236 (26)

the signal is apparent, and this enhances the vibronic splitting
described above. The spectrum obtained at the magic angle (y
= 54°) is equal in amplitude to the y = 90° spectrum for the
S¢—S; transition (~20 000—24 000 cm ™', ~500—417 nm). The
magic angle Stark spectrum of the Sy—S, transition (~24 500—30 000
cm™!, ~408—333 nm) is significantly larger than its y = 90°
counterpart. The different dichroic ratios correspond with the
linear dichroism (LD) data of Eaton et al. for flavodoxin
absorption in single crystals.®” Fitting these data as described
above yields values for 1Azi,l, £, and TrAQ,, where the index
for excited states n = 1, 2, 3,..., for the two bands (see Table
1). Excitation of the low energy transition leads to a dipole
moment change of Azl = 2.7 £ 0.3 D-f. This difference
dipole makes an angle of £ = 55° + 3° with respect to 7).
The change in polarizability is 7rA8y = 134 & 13 A3 £2. For
the in, transition, the difference dipole increases nearly 3-fold,
|Aigol = 7.3 & 0.5 D+f, {2 = 35° & 7°, and TrAQy, = 57 +
26 A £2. In both transitions, the difference dipole represents
the largest contribution to charge redistribution. These values
compare quite well with those obtained for flavins in simple
solvents (~IAZig)|=2.5D-fand |Azipl = 7.5 D £, respectively*>*°).
A more detailed discussion is given below, but a major
conclusion from these results is that there is no evidence of
charge transfer interactions between the isoalloxazine ring and
the protein, including W382, for the two lowest energy
transitions.

A knowledge of the transition dipole moment directions for
flavin is required to assign the directions of the measured
difference dipole moments. In 1975, Eaton et al. measured these
my, for both the oxidized and the semiquinone flavin (mono-
nucleotide) in flavodoxin single crystals,®” and these values have
guided our study. However, because of the isotropic orientation
of the flavin molecules, Stark spectroscopy cannot provide a
unique assignment of the direction of the Ao, in the molecular
frame. The experimentally determined angle £ only provides
the orientation of Ay, to i, which still leaves an infinite
number of vectors that form a double cone about r,. As we
shall show below, the transition dipoles and difference dipoles
from the TDDFT calculations support placing the Ay, in the
plane of the flavin. This limits the set of Ao, to four for each
transition, each of the same magnitude but with different
directions such that OAgig,, 7ig, = &X*. With this assumption,
the experimentally derived directions for Ag,, n = 1,2 for the
two transitions are shown in Figure 3a, where the A is
indicated by red arrows and the Ay, are color-coded blue. To
assign the difference dipole directions uniquely requires further
information. Therefore, we used TDDFT calculations to help
narrow the possible Afig, directions derived from the experi-
mental data.

TDDFT Calculations on Lfox and the Assignment of the
PLx Stark Spectra. The electronic structures of the Sy, S;, and
S, states were calculated using TDDFT. The starting coordinates
for Lfox were obtained from the A. nidulans crystal structure

(62) Eaton, W. A.; Hofrichter, J.; Makinen, M. W.; Andersen, R. D.;
Ludwig, M. L. Biochemistry 1975, 14, 2146-2151.
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Table 2. Electronic Structure Parameters from TDDFT
Calculations?

species frse Jmax (NM) w2, (D)? Auon (D)° 2" (deg)
Lfox""/vac 0.20 412.4 11.9 1.8 64
Lfox™/vac 0.15 326.0 18.3 4.4 11
Lfox"'/CCl, 0.26 4234 2.3 41
Lfox™/CCl, 0.26 343.7 6.4 10
Lfox"'/MeOH 0.23 423.6 2.8 30
Lfox"/MeOH 0.28 348.5 6.8 7
Lfsg"/vac 0.098 595.8 10.7 1.9 80
Lf5Q03lvac 0.0039 418.2 7.8 1.5 30
Lfst/CCh 0.13 581.0 2.3 69
LfsQOZ/CCh 0.013 446.9 1.2 20
LfsQ°3/CCl4 0.060 436.2 4.6 16
LfsQOI/MeOH 0.12 567.8 2.6 59
LfsQoleeOH 0.017 451.9 2.0 3
Lf5Q°3/MeOH 0.066 441.5 4.6 11

“Only transitions to states with fi, > 0.001 are included. ® From
Rho-ClI density calculations.®' © From finite-field calculations.

Table 3. DFT-Calculated Ground-State Dipole Moments as a
Function of Solvent

species o (D)
Lfox/vacuum 9.8
Lfox/CCl, 12.3
Lfox/MeOH 133
Lfso/vacuum 9.8
Lfso/CCly 12.7
Lfso/MeOH 13.7

of Mees et al.” where a methyl group was substituted at N
and hydrogens were added as necessary. Optimization from
these coordinates yielded a planar geometry (see Figure S10
for bond lengths and axis system). This supports the simplifying
assumption that the Agiy, reside in the flavin plane. Calculations
of the transition dipole moment directions for the two lowest
energy bright transitions agree well with the experimentally
derived directions from Eaton et al.®> These vectors, shown in
Figure 3a, are positioned +17° and —5° relative to the long
axis of the flavin for 77, and g4, respectively, as compared to
+15° and —5° from Eaton’s measurements (positive angle is
counterclockwise relative to the long axis). TDDFT calculations
were performed to account for the change in electronic properties
due to solvent, using a polarizable continuum model (PCM).
The permanent ground-state dipole moments, z, for Lfox were
9.8, 12.7, and 13.3 D in vacuum, CCl,, and MeOH, respectively
(Table 3). The increase in the dipole moment in the polar
solvents is to be expected, given that the dipole moment is
roughly parallel to the cavity electric field. TDDFT calculations
returned transition energies and dipole moments (see Table 2),
as well as the x, y, and z components of the transition dipole
moments (see Table S2). The calculated oscillator strengths for
LFox in vacuum were obtained for the Sy—S; (fosc = 0.20) and
So—S4 (fose = 0.15) transitions, with Ay = 412 nm and Ay =
326 nm, respectively (both g, and ny; had near zero f.). The
calculated wavelength maxima were about 60 nm to the blue
of the protein maxima (about 3062 and 4504 cm™" for 71, and
Mg, respectively). For a dielectric of about 5 (CCly), the band
maxima red-shifted, giving Ana = 423 nm and Ay, = 344 nm
for the wavelength maxima of 7y, and i, respectively (both
g, and s had near zero fy), in much closer agreement with
the experimental result. Interestingly, calculations using metha-
nol as a dielectric (n &~ 33) did not significantly change the
transition energies, but did lead to a reordering of MOs such
that the bright transitions were now 7y; (Amax = 423 nm) and
o3 (Amax = 344 nm). This points to the critical role played by
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Figure 4. (a) Difference electron density of the S;—S; transition calculated
for Lfox in vacuum. Purple indicates positive charge, while red indicates
negative charge. (b) Difference electron density of the Sy—S, transition.
the solvent cavity electric field, which is addressed more fully
in the discussion of the semiquinone results.

Finite-field calculations were used to obtain the difference
dipole moment magnitudes and directions. The magnitudes of
Ay, and their directions relative to the corresponding transition
dipole moment, &%, are given in Table 2. The calculated Az,
lie approximately in the plane of the flavin (Figure 3b,c for
vacuum and CCly, respectively), which itself is planar in this
oxidation state. In fact, the z component of the permanent dipole
moments from the Rho-CI calculations was usually much less
than 0.1% of the magnitude of the x or y components (see Tables
S4,S5).

The ratio of IAzpl/IAL | is about 2.4 for both vacuum and
MeOH, and about 2.8 for CCly, all of which are within 10% of
the experimental ratio for the protein (2.7). This agreement
provides a basis for the use of the excited-state calculations in
narrowing down the Stark assignments.

The directions of the Ay, did not vary much with the
dielectric constant and justify the refinement of the experimental
assignments. Overall, the calculations agree quite well with the
experimental Agy, indicated by the solid arrows in Figure 3a.
These are the same A, that were found in our previous work
on the electronic structure of flavins in simple solvents,*® on
OYE,*” and from our work on the substrate electrochromism
hypothesis.®?

The difference electron densities for the two transitions
(vacuum) are shown in Figure 4a,b. Calculations performed
using a PCM solvent model did not differ from the vacuum
results significantly. Electron-rich regions of the molecule are
colored red, and electron-deficient regions are colored purple.
Electron density is highest along the Ns—Cy4,—C)o portion of
the molecule for both transitions. The xylene ring is net electron
deficient for both transitions, while the pyrimidine ring shows
a net excess of electron density. The significance of this result
is discussed below in the context of photoreduction of PLox.

Low Temperature Absorption and Stark Spectra of PLg.
The absorption spectrum of PLgq in glycerol/buffer A (2:1 v:v)
frozen glass is compared to its room temperature absorption

(63) MacFarlane, A. W., IV; Stanley, R. J. Biochemistry 2001, 40, 15203—
15214.
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Figure 5. (a) Room temperature (red line, 1.3 mM) and 77 K (blue line,
8 uM) absorption spectra of PLgq. (b) Energy-weighted Stark spectra of
330 uM PLgq taken at y = 54° (—) and 90° (O) and normalized to 1 MV/
cm. The symbol used to plot the 90° data is sized to appropriately reflect
the magnitude of the standard deviation from the mean for the averaged
scans.

spectrum under the same conditions as shown in Figure 5a. To
our knowledge, this is the first report of a low temperature
absorption spectrum of PLgq or, for that matter, any flavoprotein
semiquinone. The room temperature spectrum was obtained on
a 1.3 mM PLgq sample in a conventional 1 mm quartz cuvette
and UV/vis spectrometer (1 s integration time/1 scan), while
the 77 K spectrum was obtained using our COWS spectrometer
at a concentration of 8 M (5.8 cm path length) with about the
same total acquisition time (100 ms time constant/9 scans). The
slightly lower signal-to-noise ratio of the COWS-derived
spectrum is probably due to scattering of the frozen glass in
the 5.8 cm path length of the waveguide. Nonetheless, the
quality is comparable to the 298 K spectrum even though the
protein concentration is less than 1/150th of the room temper-
ature sample. The near overlap of the spectra suggests that
aggregation effects in the 298 K sample are negligible at this
level of analysis.

At both temperatures, the absorption spectrum of FADH" in
photolyase shows two overlapping visible transitions, Dy—D;
(15 385—18 018cm ™!, ~650—555 nm) and Dy—D, (~19 050—24 390
cm™!, ~525—410 nm). These two transitions were also identified
by Eaton et al. in their single crystal linear dichroism studies
of semiquinone flavodoxin.®* Vibronic resolution is more
pronounced at low temperature and shows that the conforma-
tional space available to the FADH" is restricted at 77 K. This
spectral signature also strongly suggests that freezing the protein
does not lead to cold denaturation, as a free flavosemiquinone
would be extremely sensitive to oxidation. As further confirma-
tion, we have observed that frozen solutions of PLgq (and PLrgp,
unpublished observation) maintain their oxidation state upon
warming to room temperature. As with PLox, no temperature-
dependent spectral shifts were evident, and the measured peak
positions were within a few nanometers of the room temperature
assignments of Schelvis’ laboratory®* (Table S1). Two sets of
Gaussian functions were fitted to the 77 K absorption spectrum
for the Dy—D; and Dy—D; transitions to allow for an analysis
of the Stark spectra (Figure S2).

The Stark spectra of 330 uM PLgq in glycerol/buffer (2:1
v:v) frozen glasses at two different probe polarizations are shown

(64) Schelvis, J. P. M.; Ramsey, M.; Sokolova, O.; Tavares, C.; Cecala,
C.; Connell, K.; Wagner, S.; Gindt, Y. M. J. Phys. Chem. B 2003,
107, 12352-12362.

in Figure 5b. The average of four spectra was normalized to 1
MV/cm first after correcting for concentration, path length, and
the refractive index of the buffer. As in the case of PLqx, second
derivatives of the absorption spectrum contribute prominently
to the Stark spectrum, suggesting that the Az, dominates the
change in electronic structure. The low energy transition,
Dy—D;, is more prominent than the Dy—D, transition. This may
be attributed, in part, to the more highly resolved vibronic
structure of the low energy transition. The band spacing of this
progression is larger than that for the high energy transition, an
observation corroborated by Schelvis.®* The greater congestion
for the high energy band can easily cause cancelation of the
second derivatives associated with each vibronic band, as has
been observed in other systems.®® This can be seen more clearly
in an example of a fit of the energy-weighted Stark spectrum
to sums of zeroth, first, and second derivatives of absorption
spectra, as shown in Figure S3.

Eaton et al. considered that the molecular orbitals of oxidized
and semiquinone flavin®® were identical but that only the
occupancy changed depending on which oxidation state was
considered. This appears to be corroborated by our measure-
ments, as the changes in electronic structure measured for the
semiquinone are in the same range as for PLox. For the Dy—D,
transition, |Azig = 3.9 £ 0.5 D+f and & = 51° 4 7° with
respect to iy The change in the mean polarizability is TrAQ,
=86 = 14 A® f2. For the Dy—D, transition, |AZig,] = 2.9 + 0.6
D-fand £% = 64° 4 9°. The change in the mean polarizability
for this transition is TrA8y, = 236 & 26 A3 f2. The contributions
of each of these components to the fit of the Stark spectrum
can be seen in Figure S3. Interestingly, the change in the
magnitude of the difference dipole moments and polarizabilities
between the two lowest energy bright transitions in PLgq is
reversed as compared to PLox (e.g., AudX < Aufs, but Aug? >
Ag®). This has consequences for interpreting solvatochromism
in flavosemiquinones. Contrary to the argument made above
for a lack of charge transfer in PLox, we have nothing with
which to compare the semiquinone protein Stark spectrum, so
any statement about charge transfer involving FADH" for these
transitions would be premature.

The &% values afford a mapping of the difference dipoles
onto the molecular framework as shown in Figure 6a. Using
the aforementioned simplification, there are four possible sets
of vectors for each transition (eight total, red—Ag,
blue—Afi(,). The two vectors shown as solid arrows give the
best agreement with the TDDFT calculations, as discussed
below.

TDDFT Calculations of Lfs, and the Assignment of the
PLg, Stark Spectra. To our knowledge, this is the first time
TDDEFT has been used to probe the excited-state electronic
structure of the flavin neutral radical. The ground-state dipole
moment of semiquinone lumiflavin and the transition dipole
moment directions for the two lowest energy bright transitions
in vacuum were calculated using TDDFT at the UB3LYP/6-
311+G (d,p) level. Optimization of the radical starting from
the crystal structure coordinates (pdb code 1TEZ) yielded a
planar geometry for FADH". This is different from the initial
geometry taken from the experimental crystal structure of Mees,’
which shows a ~9° “butterfly” bend. They ascribe this geometry
to fully reduced FAD (i.e., FADH"). Interestingly, the flavin is
planar in all other PL crystal structures from E. coli,” T.

(65) Silverman, L. N.; Spry, D. B.; Boxer, S. G.; Fayer, M. D. J. Phys.
Chem. A 2008, 112, 10244-10249.
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Figure 6. (a) Difference dipole moment vectors for FADH" in PLg( based
on Stark fitting. The solid arrows are in good agreement with the calculated
difference dipoles, while the dotted arrows represent other vector orientations
consistent with the data analysis. The directions of the calculated transition
dipole moments are shown as color-coded short dashed lines. (b) Difference
dipole moments for Lfgq from TDDFT/finite field calculations in vacuum
and (c¢) CCl, based on the PCM solvent model.

thermophilus,66‘67 S. tokodaii,*° A. thaliana (Cry—DASH30), and
an earlier one from A. nidulans.'"® Our computed geometry
suggests that these latter crystal structures are reporting on
semiquinone (or possibly oxidized, see above) photolyase.
Fortuitously, the computed planar geometry affords a simplifica-
tion of the assignment of the difference dipoles (see Figure S11
for bond lengths and axis system).

The excitation energies are in good agreement with the
experimental absorption spectrum of FADH' for DNA photol-
yase. The lowest energy electronic transition, Dy—D;, was
calculated to have A,,,x = 590.83 nm and f,,. = 0.098 for the
corresponding experimental band found at 580—620 nm. The
Dy—D, transition had zero oscillator strength. The next bright
state, Dy—D3, had an oscillator strength of fi,. = 0.0039, and
the wavelength of this transition was An,, = 440.6 nm. This
corresponds to the experimentally observed broad 400—530 nm
band. However, the experimental absorption spectrum shows
almost equal intensity for the two bright transitions. This
discrepancy might be due to the influence of the surrounding
protein environment. The calculated transition dipole moment
directions for the Dy—D; and Dy—Dj transitions were +14°
and —10° relative to the long axis of the flavin, respectively, as
compared to +16° and —7° from the LD measurements, in

(66) Komori, H.; Masui, R.; Kuramitsu, S.; Yokoyama, S.; Shibata, T.;
Inoue, Y.; Miki, K. Proc. Natl. Acad. Sci. U.S.A. 2002, 98, 13560
5.

(67) Klar, T.; Kaiser, G.; Hennecke, U.; Carell, T.; Batschauer, A.; Essen,
L.-O. ChemBioChem 2006, 7, 1798-1806.
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excellent agreement with the experimentally determined transi-
tion dipole moment directions from linear dichroism studies®?
on FMNH" in flavodoxin single crystals (see Tables S2 and S3).

Difference dipole moments for Lfsg in vacuum were calcu-
lated using the finite field method as described above and are
plotted on the flavin molecular framework in Figure 6b. The
values for the Dy—D; and Dy—D; transitions are 1.9 and 1.5
D, respectively. Without an estimate of the local field correction,
£, it is not surprising that the experimental result of 3.9 D+f and
2.9 D-f differs from the calculated values. However, the ratio
[Azigsl/IAtig;| =~ 1.27 from the calculation should be comparable
to |Azipol/I Azl ~ 1.34 from the Stark fit. These ratios differ by
about 6%, suggesting that TDDFT, using the UB3LYP/6-3114+G
(d,p) basis set, provides a reasonable measure of the magnitude
of charge redistribution for the electronic structure of the radical.

The 7y, directions from the TDDFT calculations (Table S3)
provide some guidance in choosing the appropriate experimental
Ao, vector that most closely matches it. The calculated direction
of Afig; is independent of the choice of solvent. The experi-
mental Agig; that most closely matches these three calculations
is indicated as a solid red arrow in Figure 6a. The agreement is
quite good, with the Stark result differing less than 10° from
the TDDFT prediction. The calculated vacuum Agig; vector
supports the Stark-derived difference dipole that points toward
the C, carbonyl oxygen (dotted blue arrow). However, calcula-
tions done using CCl; and MeOH suggest an alternative
assignment for higher excited states to the vacuum case.

The inclusion of a polar solvent in the calculations compli-
cates the interpretation for the higher energy transition and
stands in stark contrast to the Lfox case where there was no
significant change in calculated electronic structure as a function
of solvent dielectric. These results are summarized in Table S2.
The lowest energy transition in CCl,; and MeOH red shifts to
Amax = 581.0 nm and An = 567.8 nm, respectively, with
essentially equivalent f,, in excellent agreement with the
experimental spectrum. However, both solvent calculations
introduce a new state with non-negligible oscillator strength,
such that two transitions essentially overlap to form the
experimentally assigned Dy—D, band. The calculated f. for
the Dy—D, and Dy—Dj transitions are 0.013 and 0.060 for CCly,
and 0.0017 and 0.066 for MeOH. The transition energies for
the two bands in either solvent are within 10 nm of each other,
centered at about A, = 440 nm for CCly and A, = 446 nm
for MeOH. The spectra for these transitions would overlap under
our experimental conditions. In addition, the calculated %'
values are within 8°, suggesting that the dichroic Stark measure-
ments would not resolve these bands either.

The difference dipole moments for these three transitions were
calculated using the finite field method and are shown in Figure
6¢ for the CCly case. Interestingly, both the Agig, and the Agios
vectors have rotated nearly 150° in the plane of the flavin
relative to the vacuum case. The near overlap of the calculated
Dy—D, and Dy—D; transitions suggests that the analysis of the
experimental Stark spectrum may not be straightforward. A
linear combination of the two calculated difference dipole
moments suggests that the closest match to the experiment is
the difference dipole pointing nearly at Ns (solid blue arrow,
Figure 6a), but that this is really a mixture of the two transitions.
The ratio of (AuY/Au§I)> ~ 15, suggesting that the Stark
spectrum should be dominated by the Dy—Dj transition almost
entirely based on the difference dipole alone. In addition, f3./
f% ~ 4, again suggesting that the Stark spectrum would report
on only the higher energy transition. If this is the case, then the
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Figure 7. (a) Difference electron density of the D—D, transition calculated
for Lfsg in vacuum. Purple color indicates positive charge, while red
indicates negative charge. (b) Difference electron density of the Dy—D;
transition.

ratio of the calculated Agigi/Atips ~ 0.5—0.6, whereas the
experimental ratio, |Azi/IALiyl, is ~1.3. However, the sensitiv-
ity of the calculated values of Az, for n > 1 and f, on the
dielectric constant is not insignificant, as opposed to what was
observed for Lfox, and may point to limitations in TDDFT to
calculate accurate properties for higher excited states of radicals
of large organic molecules.

Difference electron density maps for vacuum and for CCl,
and MeOH solvents were calculated to visualize the extent of
charge redistribution upon excitation. The difference density was
essentially the same in the two solvents, but these differed from
the vacuum case for the Dy—Ds, as was observed for the
directions of the difference dipoles described above (again, the
calculated Dy—D, transition is omitted because of its low
oscillator strength and smaller Au). Because both solvents
produced essentially the same result, we discuss only the CCly
case and present these difference density maps for the two
transitions in Figure S12.

For both vacuum and solvent cases, these maps show that
the charge redistribution for the Dy—D; transition is character-
ized by excess electron density near the Ns—Cy, region, and an
electron-deficient region that spans the N;(—N;—C, region and
the Cs,—C; region (Figures 7a, S12a). This latter result has
important implications for the photoreduction of *FADH" by
W382, as discussed below.

For vacuum, the charge redistribution for the Dy—Dj5 transi-
tion is nearly the inverse of the lowest energy transition density
(Figure 7b), with excess electron density spread throughout the
Cs5,—C; and N;(—N;—C,; regions. Inclusion of solvent changes
this result however (see Figure S12b), making the xylene moiety
highly electron-deficient. However, in both cases, the D; state
should decay rapidly through internal conversion to D, accord-
ing to Kasha’s rule. Thus, electron transfer from W382—
*FADH" should occur through the D, state of the flavosemi-

quinone, making the charge distribution of this state that which
is sensed by the W382 donor in the photoreduction process.

Discussion

Stark spectroscopy provides a unique window into the degree
and direction of charge displacement upon photoexcitation,>*6>68~71
While our work represents the first application of Stark
spectroscopy to light-driven flavoproteins, others have used this
approach to study other photobiological systems such as
photosystem 11,7072.73 light harvesting alrays,71’74 carotenoids,”>"°
photoactive yellow protein,”” retinal,”®’® and the bacterial
reaction center.>*8078°

Our Stark data are of high quality, but their interpretation is
not without difficulty. A precise knowledge of the transition
dipole moment directions of the molecule is required. For
oxidized and semiquinone flavin, these were available from LD
studies of FMN in single crystals as cited above and were
confirmed here by TDDFT calculations.

Even with this critical information, there are several further
confounding factors. While the transition dipole moment is
indeed a vector, the magnitude of the observed Stark effect
depends on the vector (dot) product of i, with the direction
of the oscillating electric field of the probe light. This, along
with the isotropic orientation of the sample, only allows for the
specification of the direction of charge displacement in terms
of a double cone of vectors at an angle &% (for Az,). While
the planarity of the flavin in both oxidized and semiquinone
forms reduces the ambiguity significantly, there are still four
possible directions of Agig, that are consistent with the data
analysis.

In this study, we have used TDDFT with a large basis set to
help guide our assignments. However, it must be acknowledged
that TDDFT has been shown to incorrectly evaluate charge
transition contributions, albeit most seriously for intermolecular
CT.*® Despite this limitation, the TDDFT/finite field calculations
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of the difference dipole moments for oxidized lumiflavin provide
very good agreement with one set of experimentally derived
Au values and were useful in supporting a unique assignment.
This was independent of the dielectric constant used. However,
the magnitude of the Ajg, depends significantly on the
computational approach and basis set.

Consider a recent multireference configuration interaction
(MRCI) calculation of ground and excited-state oxidized flavin
dipole moments.®” MRCI should be capable of high accuracy,
but the computational results show poor agreement with time-
resolved microwave conductivity and solvatochromism,®® and
Stark spectroscopic values* *’ for the excited-state and dif-
ference dipole moments. A DFT/MRCI study by Neiss et al.®
was in closer agreement with our experimental results for PLox
and the calculations for Lfox, with Agig; = 1 D as compared to
1.8 D, and Atipy &~ 5 D as compared to 4.4 D for this study.
Similar results were obtained for 10-methylisoalloxazine by
Salzmann et al. using the same method.”® A recent TDDFT
study, using the aug-cc-pVDZ basis and B3YLP functional, gave
much the same difference electron density for the Sy—S;
transition in Lfox.”! An SAC-CI study on Lfox gave comparable
ground and excited-state dipole moments®” to our study. Wolf
et al.>* used CIS to obtain Aug; ~ 1 D, in agreement with the
(similar) calculation of Neiss. Unfortunately, none of these
studies report on the directions of the permanent dipole
moments, so the difference dipoles cited therein are the max-
imum possible.

The application of TDDFT to obtain unique assignments of
the Stark spectrum of PLgg is not nearly as unambiguous.
Several other groups have used computational methods to study
the semiquinone, but only in its ground state.”*® These studies
all predict that the ground state will be planar. Our TDDFT
calculations also gave a planar structure.

Again, the inclusion of a PCM dielectric did not appreciably
change the lowest energy transition (this is an important
conclusion as discussed below), but the solvent electric field
has a profound effect on the ordering of the MOs. This, in turn,
changes the nature of the allowed transitions, moving an n—m*
transition too high in energy to be relevant, and lowering the
energy of a m—ur* transition sufficiently to make it the primary
contribution to the absorption spectrum. A definitive determi-
nation of the direction of charge displacement for the (experi-
mental) Dy—D, transition is not available from our analysis.
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Figure 8. FADH' and W382 in the active site of E. coli photolyase (1IDNP),
showing the spatial and electronic structure relationship between the flavin
cofactor and the Trp donor. The orange regions are electron rich, while the
purple regions represent electropositive regions of the molecule.

Finally, it is important to point out that our experimental and
computational difference dipole moments obtained for FADH"
support the analysis of Murphy et al.’’ in which they measured
spectroscopic shifts in PLgg upon binding of a cytidine dimer
substrate molecule. In that study, they assumed that the
difference dipole moment of FADH" for the lowest energy
transition was about the same as that for FADgx. Here, we have
shown that these difference dipoles differ by about 40% (Table
1), justifying their assumption. In turn, the analysis of the
spectral shift in FADH" by Murphy et al. supports our measure-
ment for [Azig|l =~ 4 D for the Dy—D; transition in FADH".

Charge Redistribution in PLgo: Physiological Significance.
We discuss the PLgq results first, as the semiquinone is an
intermediate in DNA repair and is the electron acceptor in the
photoreduction or photoreactivation of photolyase. However,
the significance of our findings bears directly on the blue light
photoreception mechanism of cryptochrome®>® as photoinduced
electron transfer is at work in both PLgq photoreduction and
cryptochrome signaling.

The donor is a nearby tryptophan residue (W382 in E. coli
PL), and the acceptor is *FADH". If we assume Kasha’s Rule
is operative, then excitation of either m,, n = 1—2, will lead
to relaxation to the D, state with the net result that electron
transfer involves this state. The relative orientation of W382 to
the excited (D;) FADH" is therefore critical for efficient electron
transfer. In fact, W382 is just underneath this part of the xylene
ring, which is consistent with the experimental Aziy; having its
positive component pointing in the direction of the xylene
moiety (Figure 6a). Not surprisingly, ground-state DFT calcula-
tions show that the Trp N; atom is electron-rich (data not
shown). A more subtle picture of the differential charge
distribution from the TDDFT results (Figure 7a) shows that both
the xylene and the pyrimidine rings have electropositive patches
in the D, state. The C,0,—N; locus on the pyrimidine moiety is
sterically blocked by the ribityl-adenosine portion of the FAD
(Figure 8), making the placement of a proximal Trp untenable.
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It is conceivable that a Trp residue placed close to the C,=O
of the flavin could be a competitive initial electron donor for
photoreduction, but this polar side of the flavin is preferentially
solvated by polar or charged residues (Ser238, Asp372) or by
the ribose, whose 2'-OH group is within 4 A of the carbonyl.
The other electropositive patch on the Cs,—C; part of the xylene
ring is in a relatively hydrophobic region. The distances between
the Trp N; atom and flavin N5, Cs,, C¢, and C; atoms are
indicated in Figure 8. Based on a 5 = 1.0 A~ for the electronic
coupling term (oe "), the ratio of the electronic coupling
between the Trp N; to the flavin sites above shows that the
relative rate constants decrease by a factor of 3 for transfer to
the flavin N5 and modestly increase by about 30% for the Cq
site, relative to transfer to C;. These are not large differences,
so we believe that electrostatics dominates which electron
transfer pathway®® is most likely, that is, Trp N;—Flavin C;.
Balancing the lowest Coulombic barrier with the shortest
distance for electron transfer is consistent with the C; atom being
the site of photoreduction by Trp382. Therefore, our results
rationalize, and post facto predict, the location of Trp382 with
respect to the flavin ring.

Is the Electronic Structure of FAD in PLox Unique? The
Stark spectrum for oxidized flavin has been published by us
previously. In one set of studies, we explored the two lowest
excited states in FMN, FAD, and N3-methyl-7,8-dimethylisoal-
loxazine, in frozen glasses of glycerol:water,* ethanol, butanol,
and 2-MTHF.*® More recently, we analyzed the Stark spectrum
of FMN in OYEox.*” The 1Az, and £ were identical within
experimental error for these diverse environments. The trend
in the TrAQ, was different for PLox than either the simple flavin
or the OYEpx cases, with the difference mean polarizability
for n = 1 being larger in PLox than n = 2. This difference may
reflect the different local environments of the flavin in each case,
particularly if hydrogen-bonding patterns differ. In this case,
electron density from solvent may be donated or removed from
the flavin ring via the nitrogen and carbonyl oxygen atoms,
respectively. In the simple solvent studies, alcohols and 2-MTHF
were used, all of which can hydrogen bond with the N5 hydrogen
atom of the flavin ring. 2-MTHF, however, is incapable of acting
as a hydrogen-bond donor. However, we cannot, at this time,
make a comparison of the TrAd, values to a flavin in a non-
hydrogen bonding solvent (e.g., toluene). Such a study would
be useful in understanding how hydrogen bonding to flavin
affects its polarizability change upon excitation and might be
particularly valuable in ascertaining the role of hydrogen
bonding in altering the electronic structure (e.g., reduction
potential) of flavins in flavoproteins generally.

The magnitude, if not the direction, of the difference dipole
moments in simple solvents was corroborated by Isoda et al.,
who used Stark spectroscopy to study flavin oriented in
Langmuir—Blodgett (L—B) films.'® Their use of an oriented
sample should provide an unambiguous determination of the
angle between Ay, and the applied field. They found that Agig,
(n =1, 2) were collinear and pointed toward Cg, in contrast to
our findings in this and previous reports. It may be the case
that the protein matrix shifts the direction of Az, as compared
to the L—B film, but our studies on FMN in OYE*" gave Afi,
that were not significantly different from those obtained in
simple solvents. This is further confirmed in this study by the
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28, 1673-6.

TDDFT calculations as a function of dielectric constant. Another
difference between our work and that of Isoda et al. is that no
analysis of polarizability changes was undertaken by Isoda,
despite a non-negligible 7rAd,, obtained in our studies for n
= 1, 2. Finally, Isoda et al. performed their work at room
temperature. It may be that the orientation achieved in the L.B.
film was scrambled due to polling of the flavin molecules under
the influence of the 700 Hz, 7.6 x 10° V/cm applied electric
field. This effect must be taken into account, given the large
ground-state dipole moment of the molecule. The use of frozen
glasses in our studies has the advantage that molecules are
unable to reorient to the external field to any significant degree.

Most recently, however, Weigel et al. have measured the
dynamic solvation shift for the Sy—S; transition of oxidized
riboflavin (RF) in water and DMSO.'?" They estimated that a
dipole moment change in the range of Azipy, = 3—6 D is
necessary to explain the 500—1000 cm™! solvation shift. To
provide for this result, it was necessary to invoke dynamic
mixing of the 'nsr* state into the '7zzr* state, resulting in a larger
Alip; than is expected by steady-state spectroscopy. However,
our results (assuming f = 1.3) show that the dipole moment
change is not more than 2 debye. This suggests that the Sj—S;
transition is more purely 7—* in the Franck—Condon region.

Taken together, our Stark spectroscopy studies seem to
suggest that the electronic interaction between the oxidized flavin
and the solvent (protein) does not produce a measurable
perturbation to the electronic structure of the cofactor, except
where charge transfer from excited states of the flavin as the
acceptor is significant.*’

Charge Redistribution in PLox: Physiological Significance.
The photoreduction of PLpx has not been thought to be a
physiological process, and the mechanism has not been studied
in great detail. However, it has become apparent that the
oxidized form of the cryptochrome protein is photobiologically
significant.>*?%192193 Thys, the charge redistribution that takes
place upon photoexcitation of FADgx in PL can give important
information about Cry. We recount what is known about PLox
photochemistry first to place our results in the proper context.

We start with the flavin chromophore excited-state dynamics.
In 2000, we published time-resolved two color pump—probe
studies of FMN and FAD in water and formamide solvents.'®*
Excitation was performed from 385 to 412 nm to selectively
excite (as much as possible within experimental constraints) the
So—S, and Sy—S; transitions. The single wavelength probe was
tuned from 393 to 650 nm. The cross correlation for these
experiments was about 175 fs. Our results showed that internal
conversion from S,—S; occurred in less than 100 fs. Following
this process, S, vibrational relaxation was observed to take place
in less than 500 fs. A 5 ps component was assigned to quenching
of the singlet excited flavin by adenine (for FAD) or by
exogenous purines.

In 2001, we published the first transient absorption spectrum
of E. coli PLox.®® Excitation was achieved using 200 fs pulses
centered at 400 nm, and a white light continuum was used to
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probe the spectral evolution of *PLox from 410—650 nm. Based
on a truncated time window, a single exponential component
of ca. 30 ps was fitted to the decay of the excited state. However,
a new broadband feature was observed above 550 nm, giving
evidence for a charge transfer (CT) intermediate formed within
picoseconds of excitation of FADox. The CT band persisted
for many nanoseconds. Our conclusion was that the CT donor
involved either the FAD adenine or a nearby aromatic amino
acid residue (probably Trp).

Recently, several new time-resolved studies of PLox have
appeared. In 2005, Gauden et al.'” made femtosecond transient
absorption measurements on AppA, a flavoprotein that senses
blue light. They observed that internal conversion from S,—S;
occurred in 170 fs, followed by vibrational relaxation in about
1.6 ps. We consider these results to corroborate our own,'®
given the difference in solvation between simple solvents and
a protein. Schleicher’s group performed nanosecond transient
absorption spectroscopy of PLox in an external magnetic field
to test whether the PL radical formed by this photoreduction
reaction might be sensitive to magnetic field effects.'°® They
found that PLox undergoes photoreduction to the semiquinone
anion (FAD"") but does not continue to PLgq, confirming our
earlier observation of charge transfer in excited-state PLox.%
Zhong’s group reported a similar finding using femtosecond
spectroscopy with excitation at 400 nm and a single wavelength
710 nm probe beam.'®” They observed two components within
the time window of our earlier experiment, a 1.8 ps component
assigned to *FAD—FAD"™ decay and a 54 ps component
assigned to formation of W382". It has long been known that
both the S¢—S; and the Sy—S, transitions are excited at 400
nm with roughly equal probability.®*'°® Therefore, it is possible
and even likely that the 1.8 ps component represents ultrafast
internal conversion from S,—S; as well as relaxation dynam-
ics,'®" suggesting that the time constant for the FAD"™ process
may be the observed 54 ps component, more in line with our
analysis.

What is the significance of the current study with regard to
the role of tryptophan in PLox photoreduction? If Kasha’s rule
is operative (excited higher states decay rapidly to the lowest
excited state), then our work suggests that the same Trp residues
used to reduce the semiquinone also act as electron donors to
the photoexcited oxidized FAD, because the S; state develops
the same electropositive patch in the vicinity of C; as Dy in
FADH' (compare Figures 4a and 7a). It appears fortuitous that
the oxidized and semiquinone forms have Agi, that point
roughly in the same direction. Had this not been the case, and
if PLox was physiologically relevant, then perhaps a second
set of Trp residues would have been incorporated into PL for
this process to be efficient. However, Eaton et al.°% showed that
both Flpx and FIHg can be considered to have the same orbital
or electronic structure and that only the occupation of these
orbitals differentiates the two oxidation states. Our results
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suggest this to be the case, at least qualitatively if not
quantitatively.

Concluding Remarks

Looking beyond photolyase, the light-driven blue light flavo-
photoreceptors all operate from the excited state, whether singlet
oxidized (e.g., BLUF and LOV domains) or doublet semi-
quinone. In the case of the LOV domains, an excited-state
singlet—triplet intersystem crossing occurs to produce a flavin
C4,—S—Cys covalent adduct that initiates signaling.>**° This
reaction may involve a zwitterionic (charge transfer) state that
could be accessed sensitively using Stark spectroscopy.

The X-ray crystallographic structures of BLUF domains
TePixD,'"” SyPixD,”O AppA,m'”2 and BIrB''"® have been
recently reported. In these proteins, a conserved tyrosine residue
in the vicinity of the flavin replaces the tryptophan found in
photolyases and cryptochromes. Mutagenesis studies showed
that this tyrosine is essential for its function.''* Recent time-
resolved studies by Gauden et al. showed transient intermediates
in the photoreaction of SyPixD are a FAD radical anion (FAD™")
and the subsequently formed neutral radical (FADH").''® They
proposed that the nearby tyrosine is oxidized by the excited-
state singlet state of flavin (FAD*) with subsequent formation
of a Tyr'—FADH’ radical pair. The tyrosine is positioned close
to the flavin xylene ring at about 4 A, suggesting that electron
transfer occurs from tyrosine through the C¢—C; part of the
xylene ring in the flavin. Thus, BLUF proteins appear to share
the same photoreduction pathway as photolyases, but for
different mechanistic ends. In AppA, there is a semiconserved
tryptophan present within 4 A proximal to the flavin O, atom.
Mutagenesis studies by Gauden et al.''> showed that this
particular tryptophan is not a good electron donor to FAD*,
suggesting that the positioning of the aromatic donor residue
relative to the flavin xylene ring is crucial for efficient electron
transfer and catalytic activity.

In conclusion, the tools we have developed will provide
insight into whether charge transfer is involved in a wide
variety of light-driven flavoproteins. For example, future
Stark spectroscopy/computational chemistry studies of cryp-
tochromes may address why they are difficult to reduce
beyond the semiquinone.”®'** This attribute may be con-
nected with the interaction of a conserved asparagine residue
(in both Cry-DASH and PL) that hovers over Ns. Whether
this change in the excited-state electronic structure of the
flavin caused by this interaction can be quantified by Stark
spectroscopy is a challenge we face.
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