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ABSTRACT: Photolyases and cryptochromes (CRY) are structurally homologous flavoproteins with divergent
functions. While photolyases repair UV-damaged DNA by photoinduced electron transfer from their FAD
cofactor, CRY are involved in varied cellular processes, including light-dependent plant growth, regulation of
mammalian circadian rhythm, and possibly magnetoreception. Despite their importance in Nature and
human health, little is known about how they tune their FAD redox properties to achieve remarkable
functional diversity. In this study, we reveal a kinetic mechanism, exploited by cyclobutane pyrimidine dimer
photolyase (PL), for regulating the stability of its FAD semiquinone (sq). We find that the sq in CRY-DASH
(Synechocystis) is substantially more reactive toward oxidation than in PL (Anacystis nidulans) and, using
deuterium isotope and pH effects, show that rate-limiting proton transfer contributes to the exceptional
kinetic stability of the PL sq. Through mutagenesis, we identify two PL-specific residues in the flavin binding
pocket, Trp392 and Gly389 (Try398 and Asn395 in CRY-DASH, respectively), that ensure this kinetic
stability, possibly through interactions with the adenine moiety of FAD and/or adjusting the polarity of the
binding site. Significantly, these relatively distal residues have a much more profound impact than two amino
acids closer to the FAD. By quantifying sq stability in a series of PL—CRY exchange mutants, our findings
pave the way for investigations aimed at correlating sq stability with function in these proteins. As is being
recognized with other flavoproteins, we expect that kinetic tuning of the rates of electron transfer will play a
function-defining role in photolyases and cryptochromes.
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Kinetic Stability of the Flavin Semiquinone in Photolyase and Cryptochrome-DASH'

Photolyases and cryptochromes (CRY)' are a functionally
diverse family of light-responsive flavoproteins (/, 2). Photo-
lyases are enzymes that repair cyclobutane pyrimidine dimers
(CPD) or 6-4 photoproducts in duplex DNA, by photoinduced
electron transfer (ET) from their flavin adenine dinucleotide
(FAD) cofactor; these reactions require base flipping (3—06).
CRY do not recognize these substrates or catalyze these reac-
tions (7, 8), and their functions and mechanisms of action are ill-
defined. Both plant and type I animal CRY (e.g., insects) are
photoreceptors for synchronizing circadian rhythm (9, 10),
whereas type [T animal CRY (e.g., humans) are light-independent
regulators of the circadian clock, with potential roles in
photoentrainment (/0—12). Insect and avian CRY may also be
photomagnetoreceptors for navigation (13). The functions of the
CRY-DASH subclass (/4—18) remain unclear, despite the fact
that its members are very structurally homologous to CPD
photolyases (PL), and both lack C-terminal extensions found
in other CRY (14, 19—21). The acronym highlights the close
evolutionary relationship between CRY-DASH (found in,
e.g., Arabidopsis and Synechocystis) and animal CRY (found in,
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e.g., Homo and Drosophila) (14, 18). CRY-DASH can repair CPD
in single-stranded regions of DNA (8, 27), and compromised base
flipping may account for its lack of physiological repair (21).
However, the redox properties of PL and CRY-DASH are very
different; CRY-DASH lacks the exceptional stability of the blue
neutral semiquinone (sq) of Escherichia coli (22) and Anacystis
nidulans (23) PL is absent in CRY-DASH in vitro (14—18).
Protein-specific redox tuning is expected to be significant to the
physiological functions of CRY-DASH and CRY generally (24).

The functional significance of sq stabilization by PL relates to
its mechanism for DNA repair. Repair is initiated by a single ET
from the fully reduced, anionic hydroquinone (hq), and the FAD
cycles between sq and hq during catalysis (1, 25). Thermody-
namic stabilization of the hq is likely important. Recently
reported values for the sq/hq potential (E;) of approximately
—50 to 16 mV, the same within error for E. coli and A. nidulans
PL, are more positive than that of free flavin (E; =
—101 mV) (26) and become larger by ~65—75 mV when bound
to substrate DNA (27, 28). Sq stabilization is even more
impressive. In both E. coli and A. nidulans PL, the sq resists
oxidation by O, and strong chemical oxidants (22, 29), as well as
electrochemical potentials as high as 400 mV (28). Partial aerobic
oxidation to the fully oxidized FAD (o0x) occurs over days to
months (30), depending on the temperature and solvent, while
even excess potassium ferricyanide requires ~3 days to achieve
full oxidation (31). A stabilized sq that resists return ET with the
geminate CPD radical anion may contribute to the near-unity
quantum efficiency of PL (32). More generally, as in several other
flavoproteins (33—41), sq stability may be used to adjust the
degree of single and double ET (38). For single ET, a stabilized sq
inhibits either complete oxidation, e.g., in flavodoxins (33—35)
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FIGURE 1: Overlay of crystal structures of 4. nidulans PL (PDB entry
1qnf) (44) and Synechocystis sp. PCC6803 CRY-DASH (PDB entry
Inp7, underlined residues) (/4) highlighting distinct residues in the
FAD binding pocket, the conserved N5-proximal Asn, and structu-
rally conserved water molecules common to both proteins (black),
unique to PL (gray), or unique to CRY-DASH (magenta).

and some reductases (36—38), or complete reduction, e.g., in
Bacillus megaterium P450 BM3 reductase (39) or Methylophilus
methylotrophus electron transfer flavoprotein (40, 41), thereby
preventing futile entry into dead-end redox states. Studies of each
of these classes of flavoproteins have revealed a significant kinetic
origin for sq stability derived from coupling of one of the two redox
reactions to a proton transfer, along with associated changes in
protein conformation to adjust the H-bonding pattern at the
isoalloxazine N5(H) group (33—41). Just as the protein environ-
ment tunes the thermodynamic stability of its flavin redox states for
function, so too does it control the rates of their ET reactions
(42, 43). Here, we show that the sq is kinetically stabilized in PL,
through proton-coupled electron transfer, and we identify residues
key to this stabilization, and its loss in CRY-DASH.

Ten of the residues closest to the FAD isoalloxazine are
conserved between PL and CRY-DASH (/4, 44). This includes
Asn386/392 (Figure 1), which likely uses its side-chain carbonyl
to accept a H-bond from the N5(H) group of the neutral sq
radical. In E. coli PL, substitution of this Asn for Ser abolishes sq
stability in vitro together with catalytic activity in vitro and in
cells (32). It is not known whether this Asn stabilizes the sq
kinetically and/or thermodynamically. Moreover, in CRY-
DASH, the similarly conserved Asn does not confer sq stability;
other residues must define the impact of the NS-proximal Asn.
We have targeted four conserved residues in the vicinity of the
FAD cofactor in PL that are distinct in CRY-DASH (Figure 1).
PL Ala385, which is also within H-bonding distance of the
isoalloxazine N5 atom (~4 A), is replaced with Ser391 in
CRY-DASH. PL Gly389 is ~7—9 A from the isoalloxazine N5
atom and adenine, while in CRY-DASH, the corresponding
Asn395 is positioned to H-bond with N1 and the exocyclic amine
of adenine. PL Met353 and Trp392 are even more distal from the
isoalloxazine N5 atom (distances of ~9 and 13 A, respectively).
Met353 has been proposed to mediate electron tunneling from
FAD to DNA, and all proteins shown to catalyze CPD repair in
duplex DNA have this Met; proteins lacking this activity have a
different residue, e.g., GIn359 in CRY-DASH (45). PL Trp392,
which stacks side on with bound CPD (5), is replaced with Tyr398
in CRY-DASH. Different orientations of these Tyr and Trp
residues, with their rings flipped ~180°, have been seen in CRY-
DASH (14, 19—21), and recently 6-4-PL (6, 24), in unbound and
bound forms.
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In this study, we report large kinetic isotope and pH effects on
the rate constants for FAD sq oxidation which reveal that proton
transfer is rate-limiting in CRY-DASH, and especially PL. Two
PL-specific resides, Trp392 and Gly389, independently ensure a
high kinetic barrier to sq reactivity in PL. These residues have a
much greater impact on sq reactivity than the more FAD-
proximal Met353 or Ser395, and we propose models for their
tuning of redox kinetics involving interactions with the adenine
moiety of FAD and/or adjustment of the polarity of the binding
site. These first insights into such a mechanism of redox regula-
tion in PL and CRY are expected to advance recently proposed
correlations between sq stability and function (24, 32), unraveling
of the biological roles of CRY, and understanding of flavoprotein
redox tuning, generally.

MATERIALS AND METHODS

Protein Expression, Purification, and Characterization.
Coding DNA for the PL and CRY-DASH mutants was gener-
ated by site-directed mutagenesis and sequences prior to protein
preparation. A. nidulans photolyase and Synechocystis sp. PCC
6803 cryptochrome were prepared as previously described (75,
23); analogous procedures were used for the mutants. Briefly,
PL proteins (in pET3a vectors) were overexpressed in
E. coli BL21(DE3)pLysS cells grown in 8 x 1 L batches at
37 °C. Protein expression was induced by addition of 600 uM IPTG
at an ODggy of ~0.9 (after ~3—4 h), and cell growth was
continued for 2 h at 37 °C. Cells were harvested by centrifugation
(5000 rpm) at 4 °C for 10 min, and the resulting pellet was washed
and resuspended in 3 x 20 mL of column buffer [10 mM
KH,PO,4/K,HPO, and 100 mM NaCl (pH 7.0)], flash-frozen,
and allowed to thaw overnight on ice. The cell-free extract was
prepared by sonication followed by centrifugation (16000 rpm)
for 1 h at 4 °C. The filtered cell-free extract was loaded onto a
5mL heparin column, washed with 5 column volumes of column
buffer to remove unbound protein impurities, and then washed
with a salt gradient (from 100 to 900 mM NaCl in column buffer).
All PL proteins eluted at salt concentrations of 450—650 mM
NaCl, as monitored by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) and UV—vis spectroscopy.
Elutions containing PL were pooled, exchanged into column
buffer, reapplied to a heparin column, and eluted as described
previously. The PL elutions were pooled and exchanged into
DEAE-Sepharose column buffer [10 mM KH,PO,/K,HPO,,
40 mM NaCl, and 5 mM fS-mercaptoethanol (pH 7.0)] and then
applied to a DEAE-Sepharose column. PL was eluted with a salt
gradient (from 80 to 200 mM NaCl) and assayed for purity by
SDS—PAGE (Figure S1 of the Supporting Information). Pure
fractions were combined, exchanged into storage buffer [10 mM
KH,PO,4/K,HPO,, 350 mM NaCl, and 10% glycerol (pH 7)],
aliquoted, flash-frozen, and stored at —80 °C. The typical yield of
pure PL and mutants was 2 mg/L.

GST-tagged CRY-DASH and its mutant (in pGEX vectors)
were overexpressed in £. coli IM109 grown in 24 x 1 L batches at
37 °C. Protein expression was induced at an ODgqg of ~0.9 (after
~3—4 h), by addition of 400 uM IPTG, and growth was
continued overnight at 37 °C. Cells were harvested by centrifuga-
tion (5000 rpm) at 4 °C for 10 min, and the resulting pellet was
washed and resuspended in 6 x 30 mL of column buffer [10 mM
KH,PO,/K,HPO,, 140 mM NaCl, SmM DTT, and 5% glycerol
(pH 7.4)], flash-frozen in liquid nitrogen, and allowed to thaw
overnight on ice. The cell-free extract was prepared by sonication,
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followed by centrifugation (16000 rpm) for 1 h at 4 °C, and
filtration. The cell-free extract was applied to a 5 mL GST
column and subsequently washed with 5 column volumes of
column buffer, followed by elution using 10 mM glutathione in
column buffer. The presence and purity of GST-CRY in the
elutions were probed by UV—vis spectroscopy and SDS—PAGE.
These consistently contain fusion protein (~83 kDa), together
with a coeluting impurity (~60 kDa), as previously observed
(Figure S2 of the Supporting Information) (/5). The elutions
were concentrated to a final volume of 2 mL (Centricon-10) and
subjected to thrombin digestion (2 units/mg) at ambient tem-
perature for 2—3 h. Complete cleavage of GST was confirmed by
SDS—PAGE (Figure S2 of the Supporting Information). The
resulting mixture was then applied to a 5 mL heparin column.
Washing with 5 column volumes of column buffer elutes GST
and the other protein impurity. A salt gradient (from 150 to 600
mM NacCl in column buffer) was then used to elute pure CRY-
DASH. Elutions containing pure CRY-DASH (350—460 mM
NaCl), as determined by UV—vis spectroscopy and SDS—PAGE
(Figure S2 of the Supporting Information), were pooled, con-
centrated in storage buffer [10 mM KH,PO,/K,HPO,, 350 mM
NaCl, and 10% glycerol (pH 7)], aliquoted, flash-frozen, and
stored at —80 °C. The typical yield of pure CRY-DASH is
1 mg/L. Expression yields and the solubility of Y398W-CRY-DASH
were significantly lower.

In these preparations, 4. nidulans PL contains FAD only, since
E. coli does not synthesize its antenna cofactor, §8-hydroxy-
7-deazaflavin (8-HDF); Synechocystis CRY-DASH contains
both FAD and its antenna cofactor, 5,10-methenyltetrahydro-
folate (MTHF). The protein concentration and cofactor stoichi-
ometry were determined as follows. (1) Absorption spectra of the
fully oxidized holoproteins were taken to estimate the total
protein concentration from A»gy. The €54 includes contributions
from the protein (Trp and Tyr), oxidized FAD, and MTHF
(CRY-DASH). For PL, A385S-PL, and M353Q-PL, full oxida-
tion was achieved by incubating the protein at 4 °C with 10 mM
potassium ferricyanide for a period of 3 days; excess ferricyanide
was removed by exchange into storage buffer (Centricon-10). (2)
The proteins were heat-denatured (100 °C for 5 min in storage
buffer); precipitated protein was removed by centrifugation, and
the absorption spectra of the released FAD were collected (this
process destroys absorption by MTHF in CRY-DASH). This
provides an accurate measure of the total concentration of FAD
using its known ¢ value in solution. (3) The concentration of
MTHEF cofactor in CRY-DASH was estimated from its protein-
bound absorption at 380 nm, after correction for absorption
at that wavelength by FAD. The following extinction coefficients
were used: for FAD, euo = 11300 M~' em™" (16), &350 =
10274 M~ em™", and &5 = 21200 M~" ecm ™" (46); for MTHF,
£330 = 25900 M~ em™" (47) and ex59 = 16000 M~ cm ™! (46);
for PL apoprotein, e,50 = 119860 M~ cm ™" (18 Trp residues and
14 Tyr residues); for PLox, €550 = 141060 M~ ' cm™"; for CRY-
DASH apoprotein, ey = 120320 M~ em™" (17 Trp residues
and 18 Tyr residues); for CRYox, &5 = 157520 M~ " em ™,

Oxidized PL, with a stoichiometric complement of its FAD
cofactor, should have an absorbance ratio, 4»gy/A449, of ~13.
For both wild-type and mutant PL (Figure S3 of the Supporting
Information), we consistently find Ayg0/A449 = 12— 14, indicating
near-quantitative preparation of the holoproteins. Oxidized
CRY-DASH, if both the MTHF and FAD cofactors are
stoichiometric, should have an A,gq: A3g: 4449 absorbance ratio
of ~14:4:1. With wild-type CRY-DASH, we usually observe
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substoichiometric concentrations of each cofactor, typically
70—80% for both FAD and MTHF. Although we generated
relatively little soluble Y398W-CRY-DASH to characterize
extensively, it appears to contain a somewhat lower concentra-
tion of cofactors (50—60%) than the wild type (Figure S3 of the
Supporting Information).

Sample Preparation. Proteins (20—30 uM) in 600 uL of PBS
[12mM KH,PO4/K,HPO, and 350 mM NaCl (pH 7)] containing
10% glycerol and 10 mM EDTA (for photoreduction) were
contained in a custom-built quartz anaerobic cuvette (1 cm path
length) equipped with an indicator side arm filled with ~600 uL.
of 3 mM methyl viologen, 3 mM EDTA, and 40 uM FAD in
PBS. The cuvette was made anaerobic by four cycles of evacua-
tion/flushing with ultrapure argon; the cell was then sealed. The
solution in the side arm was photoreduced (deep blue) with white
light prior to each experiment. The indicator solution serves to
soak up extraneous oxygen and provides a sensitive measure of its
presence in the cell. Experiments at pH 5.4 were conducted in
citrate buffer with 350 mM NaCl. We note that the citrate buffer at
pH 7 causes a small decrease in sq reactivity relative to our
phosphate buffer at the same pH. Samples for kinetic isotope
experiments were prepared by repeated buffer exchange of oxidized
proteins (48) into D,O-PBS (four times with 15-fold excess
deuterated buffer) and incubation at 4 °C in the dark overnight.

Oxidation Experiments and Kinetic Analysis. Absorption
spectra were recorded at 10 £ 0.5 °C on a Varian Cary 100
spectrophotometer equipped with a temperature-controlled mul-
ticell holder. Spectra were scanned from 800 to 200 nm with a |
nm step size, a 1 s integration time, and a 1 nm spectral
bandwidth. Anaerobic protein samples, in the presence of EDTA
as an electron donor, were photoreduced by irradiation with
white light (300 W, ~10 ¢cm) for 20—40 min in an ice—water bath,
until they were fully reduced (49, 50). Absorption spectra were
recorded during the reduction to monitor the changes in FAD
redox state (Figure S4 of the Supporting Information). Fully
reduced, anaerobic samples were made aerobic by releasing the
seal of the sample cell and allowed to react with O, at 10 °C for
~2-3 days. Time-dependent absorption spectra (~130) were
recorded, using the Varian software scanning kinetics program,
to monitor the decay of hq, the formation of ox, and the growth
and decay of sq.

The changes in the concentration of each of the three species
were analyzed according to the mechanism presented in Scheme
1, namely A to B to C kinetics, with a parallel A to C pathway.
Assuming that each step is irreversible and proceeds with pseudo-
first-order kinetics, the analytical expressions for the time-
dependent concentrations of A (hq), B (sq), and C (ox) are given
by eqs 1-3

[hq], = [hq],e 1R (1)
_ ky ~(ky +ks)t _ o —kat
[sq], = [hq], g k})[e e ] (2)
k]kz k3 — (k1 +h3)t
ox], = [hqlo{(,q+ T k3}u —e~lhth
[hq]okl kot
Ttk )

where [hq], is the initial concentration of hq. Multivariable
analysis involving simultaneous fitting of the experimental data
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Scheme 1: Oxidation Pathways for FAD hq and sq“
X Iﬁ

FADH
y

\%Ho2
O, I
CH3I>: _ Y \kj CH3 N /NYO
CHs N Ny iy CHS/\ i :N/ Noy
H o) B BH o)

FADH® FAD
(sq) (ox)

“R represents ribitol diphosphoadenosine.

at two wavelengths, 580 and 445 nm, to eqs 1—3 was performed
(Microsoft Excel with Solver Program). These wavelengths were
chosen since the sq is the only species to absorb at 580 nm, while
ox absorbs strongly at 445 nm (at no wavelength is absorption of
the hq dominant). The fitting algorithm evaluates the time-
dependent concentrations, [hq],, [sq],, and [0X];, according to
eqs 1—3, varying the three rate constants iteratively, to reach the
best match with the experimental data. Specifically, the fit
criterion was set to minimize the sum of the squared standard
deviations between the model and the data at both 445 and 580
nm (3%). The y* values for these simultaneous analyses typically
fell in the range of 10°—10"*.

The calculated [hq];, [sq],, and [ox]; values are multiplied by
their extinction coefficients at each wavelength for comparison
with the input experimental data (absorbance vs time at 580 and
445 nm). We evaluated the extinction coefficients experimentally
in our proteins (Figure S5 of the Supporting Information) by
recording absorption spectra in the fully reduced, fully oxidized,
or fully sq (PL only) state and then denaturing the protein to
release the FAD and accurately measure its concentration
(erap = 11300 M~ ' em ™! at 440 nm). Within experimental error
(=210%), where measurable, these values do not vary significantly
among the different proteins. Consequently, we have fixed the
extinction coefficients to the following Values in our kinetic
analysis: at 580 nm, &gq = 5000 M! ;at 445 nm, gy =
11500M ™ em™, g = 3670M ™" em™', and eng = 1750M 'em ™"
These values are w1th1n the range expected for flavins and
flavoproteins. Small changes in € values (e.g., 10—20%) generally
do not notably change the shape of the kinetic profile or output
rate constants. Significant changes in € values generally prevent
reasonable convergence between the model and data. The kinetic
analysis according to eqs 1—3 also requires a value for [hq],. This
may be evaluated from the absorbance of the fully reduced
protein at the start of an oxidation experiment (e,q = 6000 M™!
em™! at 360 nm), from the absorbance of the sq at peak
formation (when produced approximately quantitatively), and/
or from denaturing the protein and releasing the FAD at the end
of the experiment. These generally give consistent measures of
total FAD concentration (within 1—2 uM for typical experiments
with 20—30 uM total FAD). Experiments with Y392W-CRY
were conducted at a lower concentration (1—2 uM) as we were
unable to express reasonable yields of the soluble protein.
Moreover, no sq was detected at this concentration. Conse-
quently, quantitative kinetic analysis was not feasible.
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FIGURE 2: UV—vis absorption spectra of PL, PL mutants, and
CRY-DASH in aqueous aerated buffer (pH 7) following complete
purification. The concentration of each holoprotein was ~35 uM.

RESULTS

Targeted PL Mutants Exhibit a Range of sq Stabilities.
Following overexpression in E. coli, isolation, and purification,
all proteins contain near-stoichiometric amounts of noncova-
lently bound FAD [~100% except CRY-DASH (Figure S3 of
the Supporting Information)]. The absorption spectra confirm a
folate cofactor (MTHF) is also bound to CRY-DASH, as
expected (/19—21). Our PL preparations contain only FAD since
A. nidulans PL uses 8-HDF as an antenna cofactor, and this is not
synthesized by E. coli. Upon isolation of the PL proteins under
aerobic conditions, the FAD hq, which presumably predomi-
nates in the cell (1, 25), oxidizes only partially, and most of the
FAD isin the sq form. This contrasts with free FAD where the hq
is fully oxidized upon exposure to O, due to diffusion-controlled
disproportionation of the sq, and rapid reaction of both hq and
sq with O, (42). However, with exposure to air during complete
purification (3 days), the PL proteins oxidize to different extents,
as revealed by their colors. Colorless hq has a weak but defining
UV band at 360 nm; blue sq is the only species absorbing between
500 and 700 nm, and yellow ox dominates absorption between
350 and 500 nm, with characteristic fine structure in protein-
bound form (Figure S5 of the Supporting Information). Wild-
type PL, A385S-PL, and M353Q-PL are blue after purification,
while G389N-PL and W392Y-PL are yellow-green; significantly
less sq is evident in their absorption spectra (Figure 2). CRY-
DASH is yellow following isolation from the cell, and little sq is
detected spectroscopically during or after purification.

Oxidation Reactions Reveal Kinetic Stabilization of the
sq in PL That Is Modulated through Single-Site Mutation
to Specific CRY-DASH Homologues. The rate constants
and mechanisms for reaction of the FAD hq with molecular
oxygen (Scheme 1) provide quantitative measures of the kinetic
stability of the hq and sq toward oxidation (34, 38). The initial
step, both in solution and while protein-bound, is transfer of a
single electron from the FAD hq to O,, generating the caged
sq/superoxide radical pair (34, 42, 43). The geminal superoxide
may accept a second electron and a proton from the flavin N5
atom, either directly, or mediated through the formation of a
C4(a)-(hydro)peroxide intermediate; following protonation of
the resultant hydroperoxide anion, this pathway yields the two-
electron transfer products, fully oxidized FAD and hydrogen
peroxide (pathway III, Scheme 1). Such reactivity with molecular
oxygen is characteristic of free flavin and flavoprotein oxi-
dases (42). Alternatively, dissociation of the radical pair yields
the neutral sq and superoxide (pathway I), as observed for
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Ficure 3: Oxidation of FAD hq in wild-type and mutant PL and CRY-DASH. Shown are time-dependent UV —vis absorption spectra for the
first ~100—450 min following introduction of O, into fully reduced (A) PL, (B) A385S-PL, (C) M353Q-PL, (D) G389N-PL, (E) W392Y-PL, and
(F) CRY-DASH. During this first phase of the oxidation reaction, the hq is consumed and accumulation of sq occurs. In PL and its mutants, hq
oxidizes cleanly to the sq, while in CRY, significantly less sq builds up and concomitant ox formation is seen. Spectra are reported on the same
scales. The strong absorbance between 320 and 420 nm in CRY-DASH is due to MTHF. Proteins were at a concentration of ~30 «M in phosphate

buffer (pH 7).

electron transferases (42). The sq is itself susceptible to a second
oxidation by single electron transfer to another molecule of O,
(pathway II). Reaction of the sq requires both electron loss and
deprotonation at N5 to complete the conversion to FAD ox.
The FAD hq, prepared by photochemical reduction of anae-
robic samples of PL and CRY-DASH (Figure S4 of the
Supporting Information), reacts with saturating concentrations
of O, over a period of several hundred minutes. During this time,
the hq is consumed and the sq grows in to reach a peak near
quantitative formation in each of the PL proteins (Figure 3).
This, together with several isosbestic points (420, 380, and 320
nm), suggests complete conversion of hq to sq through single ET
to O,, with production of transient superoxide (pathway I); direct
two-electron oxidation of the hq (pathway I1I) does not appear to
be competitive with sq formation in these proteins. The resultant
sq is subsequently converted cleanly to fully oxidized FAD

(Figure 4), and the expected isosbestic points (Figure S5 of the
Supporting Information) are seen near 490 and 340 nm. Oxida-
tion of the sq is also mediated by ET to O,, but deprotonation of
the isoalloxazine N5(H) atom is required to generate ox (pathway
1), and the sq is much less reactive than the hq. Moreover, sq
reactivity varies significantly among the PL proteins. A reaction
time of ~2 or 3 days is required for complete conversion of sq to
ox in W392Y-PL or G389IN-PL, respectively. Importantly,
spectra of anaerobic protein samples are unchanged over these
times under similar conditions (Figure S6 of the Supporting
Information), and FAD remains protein-bound throughout all
experiments (Figure S3 of the Supporting Information). With
wild-type PL, as well as its M353Q and A385S mutants, partial
formation of ox is evident after 2 days, but most of the sq remains
unreacted. In these proteins, some sq persists for weeks at 4 °C
(Figure S7 of the Supporting Information). We note that the slow
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Ficure 4: Different degrees of FAD sq oxidation in wild-type and mutant PL and CRY-DASH. Shown are time-dependent UV —vis absorption
spectra profiling the reaction of O, with FAD sq in PL proteins (A—E as in Figure 3) and with FAD hq/sq in CRY-DASH (F). Each starting
spectrum is at the time of peak sq formation (maximum absorption between 500 and 700 nm; for earlier time spectra of sq formation, see Figure 3).
This closely matches the spectrum of pure sq in all PL proteins, and with time, the sq absorbance decreases and absorption bands characteristic of
FAD ox grow in between 350 and 500 nm. A similar growth is seen in CRY-DASH; however, FAD ox dominates the spectra from the beginning.
Spectra are reported on the same scales. The strong absorbance between 320 and 420 nm in CRY-DASH is due to MTHEF. Proteins were at a

concentration of ~30 M in phosphate buffer (pH 7).

kinetics of sq decay and formation of fully oxidized FAD (ox) in
wild-type PL and its M353Q and A385S mutants may contain
some contribution from sq disproportionation.

The sq is the most reactive in CRY-DASH. This is clearly
evident from the data presented in Figures 3 and 4. While the sq
reaches its maximum detected concentration after reaction of the
hq with O, for a similar time in all proteins (7, ~ 200—500 min),
only in CRY-DASH does the fully oxidized FAD form con-
comitantly, and the peak sq is no more than ~15% of the total
FAD concentration. These results indicate that k» is significantly
fasterin CRY-DASH (i.e., k» > ki) thanin the PL proteins, and/
or an alternative channel for direct two-electron oxidation (17) of
the hq is competitive (pathway 111, Scheme 1).

The oxidation kinetics were quantitatively analyzed according
to the mechanisms outlined in Scheme 1, by simultaneous fitting

of the experimental data at 580 and 445 nm to eqs 1—3 (Materials
and Methods). The kinetic model closely reproduces the experi-
mental data at both wavelengths (Figure 5). For the PL proteins,
this analysis confirms that a simplified kinetic model is sufficient
to describe the experimental data, due to the significant separa-
tion between the rate constants (k; > k, > ks). In the multi-
variable analysis, the k3 term consistently converges to zero, as
direct two-electron oxidation is not competitive with sq forma-
tion. The predicted values of k; and k, closely match those
from analysis of changes in sq concentration monitored at
580 nm alone, according to eq 2, where k| + k3 ~ k. Moreover,
since ki is at least ~10-fold larger than k, for all of the PL
proteins, the pre-exponential term in eq 2 approaches unity, and
analysis of the 580 nm kinetics with a simple first-order growth
plus decay gives the same rate constants within experimental



Article
0.12— A)

0.10;

0.081- ¢

g

Absorbance ———>

)
0.02-
s

oy s

0.00 1

L
1500 2000
Time (min) ——>

1
1000

0.25

C) W392Y-PL
o DDDDDDDDDDDDDD

020 445 nm
W 0.15
8
c
©
£
$ 0.10
<

0.05-f

oo 580 nm
opolb T eooTrTTTYTTTY |
0 500 1000 1500 2000 2500 3000

Time (min) ———>

Absorbance ——>

Biochemistry, Vol. 48, No. 48, 2009 11405

[ B)PL

1 L

0.00 1
0 500 1000 1500 2000 2500 3000
Time (min) ———>
9301 p)cRY
0.00 Il 1 L 1 | | 1 1 J
0 200 400 600 800 1000 1200 1400 1600
Time (min) ——>

FIGURE 5: Distinct oxidation kinetics in wild-type and mutant PL, and CRY-DASH. (A) Growth and decay of the FAD sq monitored at 580 nm
following introduction of O, into each anaerobic protein sample. For the PL proteins, lines are fits of the experimental data to eq 2 in the limit of k;
> ks (i.e., A to B to C kinetics with no parallel A to C pathway). The absorbance values have been adjusted to account for small differences in
concentration of each protein sample (20—30 M), such that the yield of sq may be directly compared. (B—D) Comparison of the change in
absorbance at 580 nm (sq absorbance only) and 445 nm (absorbance by all three species, with ox dominant) as a function of oxidation time in wild-
type PL, where the sq is highly stabilized (B), W392Y-PL, where the sq is much more reactive (C), and in CRY-DASH, where k| < k; (D, 580 nm
data multiplied by 10). The lines in each plot are the result of simultaneous fitting of the data (O and O) to eqs 1—3; in no case does this analysis
yield a non-zero ks term (y” values of 7.7 x 1073, 3.1 x 1073 and 3.1 x 10~* for PL, W392Y-PL, and CRY-DASH, respectively).

error (Table 1, Figure 5, and Figure S8 of the Supporting
Information).

That multivariable analysis converges to the same rate con-
stants as simpler models for the PL proteins is significant, as it
lends confidence to the application of eqs 1—3 for modeling the
oxidation kinetics in CRY-DASH. Here, given the low yield of
sq, simultaneous fitting of the 580 and 445 nm data is required to
establish the role of the two-electron pathway, and the relative
magnitude of k; and k,. Significantly, as in the PL proteins,
pathway I11 is not required to model the kinetic data. The k3 term
also converges to zero in multivariable analysis of CRY-DASH
oxidation, and the data at both wavelengths are described well by
ki and k, alone (Figure 5 and Table 1). All attempts to force
inclusion of a k3 term were deleterious to the quality of the fit; a
direct oxidation pathway does not match the observed lag, and
slow buildup of ox. Instead, the low sq yield is ascribed to its
slower formation, and especially its rapid reaction via pathway II.
Multivariable analysis of the oxidation kinetics establishes that in
CRY-DASH, unlike the PL proteins, k» > k; (Table 1).

The kinetic stability of the sq, k;/k,, varies as follows: A385S-
PL > PL ~ M353Q-PL > G38IN-PL > W392Y-PL > CRY-
DASH (Table 1). For the PL proteins, hq oxidation is at least
10—100-fold faster than sq oxidation. This reactivity ratio may be
even higher for the very persistent sq in PL, A385S-PL, and
M353Q-PL. Continuous monitoring of the very slow sq oxida-
tion in these proteins is not feasible. The sq concentration

measured after long reaction times (up to 30 days) suggests that
the rate constants for sq oxidation may be considerably smaller
than those estimated from fitting <25% of their decay recorded
over 2 days (Figure S7 of the Supporting Information). The k,
values presented in Table 1 for PL, A385S-PL, and M353Q-PL
are upper limits. The significant variation in the k; /k, ratio in the
PL proteins is dominated almost exclusively by differences in sq
oxidation, since the rate constant for hq oxidation is similar in all
proteins [W392Y-PL is slightly faster within experimental error
(Table 1)]. While substitution of Met353 for Gln has little impact
on sq stability, replacing Ala385 with Ser further enhances the sq
stability of wild-type PL. In contrast, the kinetic stability of the sq
is significantly reduced in W392Y-PL and G389N-PL, since their
k- values are at least 10-fold faster than that of the wild type. The
sq oxidation rates in these two proteins, especially W392Y-PL,
more closely resemble that in CRY-DASH than that in wild-type
PL; however, the overall kinetic stability of the sq in CRY-DASH
is further diminished by a larger kinetic barrier to sq formation.
In CRY-DASH, sq formation is slower than its decay.

sq Oxidation is Rate-Limited by Proton Transfer in PL
and CRY-DASH. The lack of competitive two-electron oxida-
tion of the hq in the PL proteins and CRY-DASH may not be
surprising, given that complete oxidation also requires proton
transfer, while conversion of hq to sq does not. The significance
of proton transfer to sq kinetic stability in the PL proteins was
revealed by the large deuterium isotope effect for its oxidation.
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Table 1: Oxidation Kinetics of FAD hq and sq in Wild-Type and Mutant
PL and CRY-DASH“

protein k(X108 ey (x107°s7YY ki ks
PL 1242 <0.4¢ >30
A385S-PL 13+2 <0.2¢ >65
M353Q-PL 1444 <0.4° >30
G389N-PL 20+ 3 12+0.1 17
W392Y-PL 2744 2.6+ 0.4 9
W392Y-PL (pH 5.4)¢ 2745 <0.5¢ > 68
PL (D,0) 1142 <0.1 >110
W392Y-PL (D,0)" 13+5 <0.6 >20
CRY-DASH 4+1 1942 0.2

“Averages and standard errors of three or four experiments. “For PL
and PL mutants, the rate constants are derived from fitting the sq
absorbance (580 nm) vs time to a first-order growth (k;) plus decay (k).
This analysis yields the same values, within experimental error, as fitting the
580 nm data to an A to B to C kinetic scheme, or simultaneous fitting of the
580 and 445 nm data to this scheme with inclusion of a parallel A to C
pathway (eqs 1—3). For CRY-DASH, the rate constants are those obtained
from simultaneous fitting of the 580 and 445 nm data to eqs 1—3. “Upper
limit from fitting partial decay: 0.40 £ 0.04 for PL, 0.18 % 0.02 for A385S-
PL, 0.38 £ 0.04 for M353Q-PL, and 0.48 + 0.08 for W392Y-PL. "Average
of two replicates.

In aqueous buffer at neutral pH, decay of the sq in W392Y-PL is
complete within 2700 min (Figure 6). Replacement of the
exchangeable protons, including the N5(H) group of FAD, with
deuterium (48) decreases the rate constant for sq oxidation by
~4-fold [k, (Table 1)], and more than ~60% of the sq persists
after the same reaction time (Figure 6). The same experiment with
the very unreactive sq in wild-type PL likewise decreases its rate
constant for oxidation by a factor of ~4 (Figure 6 and Table 1).
In both proteins, the rate constant for hq to sq conversion (k) is
not significantly affected by deuterium exchange. These large
kinetic isotope effects, near the maximum for N—H bond
cleavage, given secondary solvent isotope effects, indicate that
sq—ox interconversion involves proton-coupled ET. Results at
lower pH are consistent with this conclusion. In a more acidic
environment, the sq lifetime increases by ~5-fold (Figure 6 and
Table 1). With CRY-DASH, deuterium exchange or reduction in
pH nearly doubles the low yield of sq (Figure S9 of the
Supporting Information). The ~2-fold increase in sq lifetime
indicates that proton transfer is also rate-limiting with respect to
sq oxidation in CRY-DASH, although to a lesser extent than in
the PL proteins.

sq Kinetic Reactivity Impedes Equilibrium Measure-
ments of Redox Potentials. Rate-limiting proton transfer in
sq—ox interconversion also plays a role in electrochemical
measurements of the redox potentials of these proteins. Investi-
gations of E. coli and A. nidulans PL found that E, could not be
measured, either due to instability of ox (27) or due to a lack of sq
oxidation at potentials of up to 400 mV (28). However, with
sufficient time, PL from both organisms may be oxidized at lower
potentials, and the oxidized proteins are stable (Figure S3 of the
Supporting Information) (30, 31). We suspect that evaluation of
E> may be limited not so much by its high positive value as by a
kinetic barrier that prevents complete oxidation (36, 37, 40, 41).
In standard redox titrations with wild-type A. nidulans PL, we
measure the same E; value as previously reported (28). However,
we also observe partial oxidation of the sq, given extended
equilibration times [5—10 h (Figure S10 of the Supporting
Information)], analogous to partial reduction observed in redox
titrations of electron transfer flavoprotein (4/). As in this
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FIGURE 6: Evidence that oxidation of PL-bound sq proceeds by
proton-coupled ET. Shown are the spectra ~2700 min after exposure
of fully reduced PL (A) or W392Y-PL (B) to O, in acidic solution
(H,O pH 5.4), a neutral solution (H,O pH 7), or at pH 7 following
replacement of exchangeable protons with deuterium (D,O, pH 7). Ina
neutral aqueous solution, W392Y-PL is completely oxidized during this
time, while in H,O at pH 5.4 or D,O at pH 7, considerable absorbance
by the sq at wavelengths of =500 nm remains. Similarly, the oxidation
kinetics of the slowly decaying sq in wild-type PL are further reduced by
deuterium exchange. The kinetics at 580 nm (insets) highlight the
significant decrease in sq reactivity at lower pH, or following deuterium
exchange. The protein concentration was ~25 uM.

experiment and others (36, 37, 40, 41), equilibration becomes
increasingly slow, inhibiting measurements of potentials.
Furthermore, in contrast to oxidative titrations with both PL
and W392Y-PL, where sq is clearly observed, sq is not detected in
reductive titrations beginning with either fully oxidized protein
(Figures S11 and S12 of the Supporting Information).

That the sq monitored during oxidative titrations may be a
kinetic product is also suggested by the very slow disproportio-
nation (> 160 h) of the PL sq under anaerobic conditions (Figure
S13 of the Supporting Information). While disproportionation is
greatly accelerated in W392Y-PL (~20 h), both proteins equili-
brate too slowly for stepwise spectroelectrochemical titrations to
evaluate their redox potentials. For CRY-DASH, it is instead the
kinetic instability of its sq that limits its accumulation (we find no
more than ~15% in redox titrations), and measurement of E;
and E,. Thus, while the redox potentials of the FAD cofactor
likely also differ among these proteins, the intrinsic kinetic
reactivity of their sq presents a major obstacle to thermodynamic
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characterization. The importance of regulating redox kinetics in
other flavoproteins is increasingly being recognized (34—37, 40,
41), and here we have focused on identifying residues that
regulate the rates of proton-coupled ET in PL and CRY-DASH.
We suspect that the kinetic stability of the sq may play a function-
defining role in PL and CRY.

DISCUSSION

CRY and PL use a common flavin adenine dinucleotide
(FAD) cofactor and homologous protein scaffold to accomplish
numerous, seemingly dissimilar functions. PL are light-driven,
DNA repair enzymes, found in a variety of bacteria and
eukaryotes, although absent in most mammals (/). CRY are
widely distributed in all kingdoms of life and involved in
numerous fundamental biological processes (/, 2, 8—14). Like
PL, many of their activities require light. For instance, plant and
type I animal CRY (e.g., insects) are photoreceptors for syn-
chronizing circadian rhythm, for regulating plant growth and
development (9, 10), and possibly for insect and avian geomag-
netic navigation (/3). A light-responsive role for type 2 animal
CRY (e.g., humans) has yet to be found; however, these proteins
also participate in the circadian clock as light-independent
transcriptional repressors (11, 12). Also like PL, photoinduced
(or ground state) ET mediated by FAD may play a role in the
many functions of CRY (/7). Differences in redox properties
among various CRY and PL have become apparent over the past
few years (28, 51—54), and a recent study proposes that regula-
tion of sq stability is generally essential, with local tuning of the
FAD environment acting to achieve functional diversity (24).
While this is clearly a critical correlation to establish, little is
known regarding the regulation of redox properties in either
CRY or PL.

We have focused on comparative studies of PL and the CRY-
DASH subclass to begin understanding redox tuning in this
family of proteins. CRY-DASH is structurally very homologous
to PL (5, 14, 19—21, 44), both in global protein architecture
(including its lack of a species-specific C-terminal extension) and
in conservation of FAD-binding residues. It also shares some
functional remnants of PL. While all CRY have lost the ability to
function as PL in the cell, CRY-DASH does catalyze repair of
CPD within single-stranded regions of DNA (8, 2I). These
features, coupled with the fact that it is found in all kingdoms
of life and is evolutionarily close to animal CRY (74, 18), suggest
that studies of CRY-DASH may be key to revealing molecular
origins of evolution in PL and CRY. Our results establish that sq
oxidation in PL and CRY-DASH is rate-limited by proton
transfer. Through mutagenesis, we identify two residues, rela-
tively distal from the FAD, that are essential to sq kinetic stability
in PL, and gain first insights into the origin of enhanced sq
reactivity in CRY-DASH. The conservation pattern of these
residues throughout the PL and CRY family indicates that they
are functional keystones. In the discussion to follow, we first
consider alternative explanations for the distinct sq reactivity in
PL, its mutants, and CRY-DASH and then propose two
mechanisms by which the residues at positions 389 and 392
(PL numbering) may tune the rate constants for PCET.

Intraprotein versus Solution Oxidation Mechanisms. The
variation in oxidation rate constants observed here among PL, its
site-specific mutant, and CRY-DASH is not unexpected. Flavo-
proteins can dramatically tune the kinetics of their reactions with
molecular oxygen, at least over a range of 10° (42, 43). These
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reactions are ascribed to direct collision of O, with the protein-
bound flavin hq or sq. Flavin accessibility is not thought to play a
significant role in kinetic tuning since O, can readily enter flavin
binding sites either directly or by diffusing through the fluctuat-
ing protein matrix (43). In contrast, in many flavoproteins,
including PL and CRY, dissociation of the flavin tends to be
quite restricted thermodynamically and kinetically, and the
cofactor is often tightly buried within the protein. Consequently,
flavin oxidation mechanisms involving dissociation of a non-
covalent cofactor, reaction with O, in solution, followed by
rebinding, are generally not considered. Such a rationale may be
offered in support of an intraprotein oxidation mechanism for
the proteins investigated here. Dissociation of FAD from these
proteins is very difficult because the cofactor is integral to the
protein fold and stability. The conditions required for apoprotein
generation, e.g., dialysis for >30 days at pH ~4 and against
100 mM KCI for A. nidulans PL (29), attest to the very tight
binding of the cofactor. Thus, k. is expected to be very slow, and
not competitive with oxidation in the active site. This expectation
is borne out by high-resolution structural data that reveal a flavin
unable to exit without (partial) protein unfolding; however, an
access channel to the FAD large enough for O, and water to
easily penetrate exists. It is further corroborated by recent
measurements of kog of ~8 x 107> and <3 x 107> s~ for
dissociation of FAD ox (Kp ~ 1 uM) and hq (Kp ~ 8 nM),
respectively, from E. coli PL (55). We expect that the sq
dissociation rate constant may be even slower.

We can more directly address the possibility of a dissociation—
oxidation—rebinding mechanism with our current experimental
data. If such a mechanism were operative, dissociation
(or possibly rebinding) would be rate-limiting, since oxidation
in solution occurs with a rate constant of 10* M ™" s~' (42). The
oxidation kinetics we report would thus correspond to these
binding kinetics. In this case, one would expect at most a small
(no more than ~8%) binding isotope effect on the kinetics (56).
Instead, we observe large kinetic isotope effects for sq oxidation,
on the order of ~4-fold for both the wild type and W392Y-PL.
These are consistent with N—H(D) bond cleavage in the rate-
determining step, and oxidation within the protein as the
dominant mechanism. Intraprotein oxidation is also not surpris-
ing given the anticipated redox potential of the FAD sq/ox couple
(E,) within wild-type PL. This potential may be predicted using
thermodynamic cycles that relate differences in binding affinity of
each of the redox states to differences in their free and protein-
bound redox potentials (eq 4),

AGhg —AGoy, = AAG = —F(Ey —E,"™ + E; —E,"RFF)  (4)

where Fis Faraday’s constant (57). Using the known potentials of

the two redox couples for free FAD, —101 and —313 mV for E,

and E,, respectively (26), and the recently reported E; value for

wild-type PL of —50 mV (28) yields the following expression for E»:
_ AAG +38.39 keal mol ™'

Ex (volts) = —23.06 kcal mol "' V! ©)

Atambient temperature (293 K), AAG may be evaluated according
toeq 6

0X

K
AAG = —0.58 x In <K—“‘*> (6)

where Ky and K, represent the hq and sq association constants,
respectively. For PL, the hq binding affinity is expected to be



11408  Biochemistry, Vol. 48, No. 48, 2009

significantly higher than that of ox (58). Recent measurements
reporting dissociation constants of ~8 nM and ~1 uM for hq and
ox of E. coli PL, respectively (55), indicate that binding of hq is at
least 125-fold stronger. Using these relative binding affinities, eqs 5
and 6 predict £, ~ —242 mV in wild-type PL. If Kyq ~ 1000Ky,
then E, ~ —190 mV. Even if Kyq is as much as 10000K,,, the
predicted E, of approximately —130 mV is still quite small. With
these potentials, oxidation of the sq by O, [E = —150 mV (59)]
is thermodynamically favored and/or feasible in the protein
active site.

Structural Influences. As is the case with any mutagenesis
study that aims to investigate protein structure—function rela-
tionships, it is possible that a mutation may impact protein fold.
For instance, destabilization of the native PL fold in favor of an
alternative structure that alters the FAD binding pocket could
contribute to the reduced sq stability in W392Y-PL or G389N-
PL. The evidence against this as the dominant effect is first the
fact that the absorption spectra of FAD bound to each of the four
mutants are identical to that of wild-type PL. Relatively subtle
differences in binding site microenvironment and polarity may be
expected to shift the position of the FAD absorption bands (29).
Second, the mutant proteins exhibit stability in solution that is
comparable to that of wild-type PL, as gauged by overexpression
yields, solubility, and especially the maintenance of structural
integrity and cofactor binding through multiple cycles of oxida-
tion and reduction lasting at least several days. If the mutations
are changing the protein fold, the non-native structures provide
comparable FAD binding interactions and overall stability.

A difference between the CRY-DASH and PL proteins
investigated here is the presence or absence, respectively, of an
MTHEF cofactor. Although the second cofactor is not function-
ally essential and is >15 A from the FAD in PL and CRY-
DASH, one may question whether the presence of MTHF
destabilizes the sq in CRY-DASH. However, CRY-DASH
lacking an MTHF cofactor does not exhibit enhanced sq
stability. The E149A mutant A. thaliana CRY-DASH does not
bind MTHF (19). Absorption spectra of this protein following
purification under aerobic conditions indicate that it contains its
FAD cofactor in nearly fully oxidized form. In addition, the
photoreduction kinetics of CRY-DASH with and without its
MTHEF antenna are identical, and both proceed with no accu-
mulation of sq (/9). Similarly, the presence of the MTHF
cofactor does not cause loss of sq stability in PL. A large body
of literature attests to the stability of the sq in E. coli PL (which
contains MTHF) and suggests that, when subject to the same
conditions, sq stability is comparable in E. coli and A. nidulans
PL. Furthermore, the redox potential of their hq/sq couple is the
same within experimental error (28), and both sq display a kinetic
barrier to oxidation; no oxidation is observed upon application of
potentials as high as 400 mV (28), or addition of a 10-fold of
excess potassium ferricyanide (22). Together, these observations
suggest that the MTHF cofactor has relatively little impact on the
sq stability and FAD redox properties in PL and CRY-DASH.

Mechanisms for Tuning Kinetics of Proton-Coupled
Electron Transfer in PL and CRY-DASH. The proton
acceptor or donor in FAD redox cycling in PL and CRY-DASH
has not yet been identified, and there is no obvious base or acid in
the vicinity of the FAD (14, 44). The N5-proximal Asn [PL,
Asn386 (Figure 1)] is replaced with Asp or Cys in plant CRY
(e.g., A. thaliana CRY1) or type I animal CRY (e.g., Drosophila
melanogaster), respectively. Since the sq in the former exists as a
protonated, neutral radical, while it is an unprotonated radical
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anion in the latter, the Asp was initially proposed to directly
participate in proton transfer during sq—ox interconversion in
plant CRY (57). However, in the Cys-Asp mutant D. melanogaster
CRY, the sq remains unprotonated, and proton transfer was
proposed to be conducted by a bound water molecule(s) (54).
Interestingly, the Cys-Asn mutant yielded a protonated, neutral
sq that was quite stable toward reaction with O, (54). Thus, while
the N5-proximal residue may not act in proton transfer, an Asn
at this position clearly stabilizes the neutral sq in type 1 animal
CRY as well as PL, perhaps through formation of a hydrogen
bond with the protonated NS(H) group using its side-chain
carbonyl (32). This key residue is likewise found in type 2 animal
CRY (e.g., human CRY1 and CRY2), and attenuated transcrip-
tional repression by Asn-Cys/Asp mutants suggests a functional
role for this Asn in mammalian circadian rhythm (24). As type |
animal CRY have a Cys at this position, a stable neutral radical
may not be required for their function. Similarly, kinetic desta-
bilization of the sq in CRY-DASH is likely significant
with respect to its functional divergence from PL, but it has
evolved through mutation at other sites, while conserving the
NS-proximal Asn. An analogous strategy may be exploited by
6-4-PL, since this Asn is also conserved, but the sq stability of PL
is not. Purified samples of 6-4-PL contain mostly oxidized FAD,
and the sq radical generated by photoreduction has been reported
to fully reoxidize within minutes of exposure to O, (48, 60).

While sq formation is ~3-fold slower in CRY-DASH than in
A. nidulans PL, sq oxidation, which requires rate-limiting depro-
tonation, is >20 times faster in CRY-DASH (Table 1). sq
oxidation may be accelerated with an increase in the rate of
electron or proton transfer, as well as conformational rearrange-
ment that swaps H-bond acceptor for donor, upon deprotona-
tion at the FAD N5(H) group. The rate of ET is governed, in
part, by electron density distribution in the sq, which in PL is
localized mainly on the central and pyrimidine rings of the
isoalloxazine (61). However, the unusual U-shaped conforma-
tion of the FAD cofactor in these proteins affords intramolecular
stacking and possible delocalization onto adenine. In structures
of CRY-DASH, the side chain of Asn395 forms a hydrogen bond
with N1 and the exocyclic amine of adenine (14, 19-21).
Interestingly, this Asn is conserved in 6-4-PL, and the same
hydrogen bonding pattern with adenine was recently reported
(6, 24). With Gly389 at this position, these interactions are not
possible in PL; instead, two conserved water molecules appar-
ently fill the gap (Figure 1). The Asn—adenine interaction may
contribute to enhanced kinetic reactivity of the sq in CRY-
DASH, G38IN-PL, and 6-4-PL (48, 60) by, for example,
decreasing the degree of electron delocalization onto adenine.
Type | animal CRY also have an Asn at this position, while in
plant CRY, it is a Gly-like PL. The identity of this residue may
play a function-defining role by regulating FAD redox properties
mediated through its adenine moiety.

The polarity of the FAD binding site is also higher in CRY-
DASH, due to more bound waters, and replacement of PL
Trp392, Gly389, Ala385, and Met353 with residues of higher
polarity (Figure 1) (/4, 19—21). This may accelerate water-
mediated proton transfer and contribute to the increased rate
constants for sq oxidation in G389N-PL, as well as in W392Y-
PL. The Trp is highly conserved in most PL and animal CRY,
while it is a Tyr in CRY-DASH and plant CRY. In PL, this Trp
stacks with the CPD (5) and is functionally essential. The ~100-
fold loss of catalytic activity of the W392F mutant has been
attributed to weakened substrate binding (62). However, in
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6-4-PL, the corresponding Trp-Ala mutant exhibited substrate
binding comparable to that of the wild type, but significantly
diminished catalytic activity (63). In addition, Saccharomyces
cerevisae PL, which is unusual in having a Phe at this position, is
the only PL known to resist oxidation to the sq when isolated
from cells (64). Although it is relatively distal from the FAD, we
predict that this residue may also be a functional keystone in PL
and CRY, through its impact of FAD redox properties. The data
presented here show that replacement of Trp in PL with the more
polar Tyr increases sq reactivity such that it approaches that of
CRY-DASH. The residue at this position has a greater impact on
sq reactivity than more FAD-proximal PL Met353 and Ala383,
where mutation to CRY-DASH homologues had little, or an
opposite effect, on reactivity. In the context of CRY-DASH,
mutation of Tyr398 to Trp does not enhance sq stability. If
anything, this mutation increases sq reactivity, by further redu-
cing the k/k, ratio, or shifting the balance to direct two-electron
oxidation of the hq (Scheme 1), since no sq is detected during
oxidation of Y398W-CRY (Figure S14 of the Supporting
Information). As with the N5-proximal Asn in PL and CRY,
and as seen in other flavoproteins (4/), the impact of conserved
residues on redox reactivity may differ within homologous
proteins, especially when proton transfer and/or conformational
motion also contributes to the rates of ET. While subtle, local
structural changes at keystone residues may regulate FAD redox
or protonation state and function in PL and CRY (24), these
changes must involve correlated interactions at multiple sites
and/or with bound water.

Functional Significance of sq Stability in PL and CRY.
In E. coli PL, mutation of strictly conserved Asn386 has been
shown to destabilize the sq and also deactivate CPD repair (32).
However, at least in the context of single-stranded substrates,
CRY-DASH is as active as PL (8, 21), despite its highly
destabilized sq. The functional requirement of PL for a stabilized
sq may be more definitively explored with the mutants char-
acterized here, which destabilize or stabilize the sq; M353Q-PL
may provide an interesting test, since Met353 has been proposed
to be function-defining in PL (43), yet its mutation does not alter
sq stability. Like the evolutionary split in redox regulation in
P450 reductases (36), the impressive functional diversity of CRY
may be rooted in the control of FAD redox properties, especially
sq stability (24). Understanding how diverse sq reactivity is
achieved, and how it correlates to function, is central to resolving
the biological roles of CRY.
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(Figures S1 and S2); UV—vis absorption spectra for evaluating
cofactor stoichiometry (Figure S3), monitoring protein photo-
reduction (Figure S4), presenting the extinction coefficients of the
three FAD redox states in PL (Figure S5), monitoring the
stability of anaerobic reduced proteins (Figure S6), and following
long-term oxidation of PL (Figure S7); comparative analysis of
oxidation reactions in A385S-PL and W392Y-PL with A to B to

Biochemistry, Vol. 48, No. 48, 2009 11409

C kinetics versus a double first-order exponential expression
(Figure S8); spectroscopic and kinetic evidence for proton-
coupled electron transfer in CRY-DASH (Figure S9); spectro-
electrochemical data for PL and W392Y-PL (Figures S10—12);
UV—vis absorption spectra monitoring disproportionation of
PL and W392Y-PL (Figure S13); and UV—vis absorption
spectra monitoring oxidation of Y398§W-CRY-DASH (Figure
S14). This material is available free of charge via the Internet at
http://pubs.acs.org.
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