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Cryptochromes (CRY) and photolyases (PL) use a common flavin adenine dinucleotide cofactor and homol-
ogous protein scaffold to accomplish numerous, seemingly dissimilar functions. PL repairs UV-damaged
DNA in a mechanism requiring light and DNA base flipping. CRY cannot repair DNA, and instead function
in core biological processes including plant photomorphogenesis, circadian rhythm, and magnetoreception.

Keywords: One subclass, CRY-DASH, does catalyze repair of single-stranded DNA; compromised base flipping may
Cryptochrome deactivate its tight binding to duplex DNA substrates. We recently demonstrated that the a “recognition
Ezgggxifgn loop loop” involved in DNA binding by both PL and CRY-DASH is among the most flexible regions in the two pro-
DNA repair teins, and exhibits especially heightened dynamics in CRY-DASH. Here, we establish that these distinct

dynamics are encoded by the loop sequences: we quantify the flexibility of the isolated loop peptides
through the kinetics and activation parameters for their folding. Mirroring the dynamics within the pro-
teins, the CRY-DASH recognition loop peptide folds 2.5-fold faster than its counterpart in PL, predominantly
due to alower enthalpy of activation. We propose that these distinct dynamics are functionally significant in
DNA recognition. Binding duplex DNA in the catalytically-active base-flipped conformation imposes signif-
icant order on the recognition loop, and a corresponding entropic penalty. This may be surmounted by the
more preorganized PL recognition loop, but may impose too large a barrier for the more dynamic loop in
CRY-DASH. These results suggest that evolution of protein dynamics, through local sequence tuning in
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the recognition loop, may be an important mechanism for functional diversification in PL and CRY.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Cryptochromes (CRY) and photolyases (PL) are a widely distrib-
uted family of flavoproteins that have evolved to perform diverse
cellular tasks using highly homologous amino acid sequences and
tertiary structures [1,2]. Light is used in catalysis by PL, for repair
of cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts
in duplex DNA, and by CRY to regulate, e.g., plant growth and
development, circadian rhythm [3,4], and magnetoreception [5].
In mammals, CRY also act as light-independent transcriptional
repressors in the circadian clock [3,4,6,7]. Likely common to these
diverse functions are photoinduced (or ground state) electron
transfer reactions mediated by the flavin adenine dinucleotide
(FAD) cofactor. Catalysis by PL exploits the FAD hydroquinone/
semiquinone redox couple to repair DNA with very high quantum
efficiency [1]. Local tuning of FAD redox properties, in particular
semiquinone stability, has recently been proposed as a central
mechanism for evolution of function among CRY and PL [8].

Interaction with DNA/RNA is also expected to underlie the
activity of these proteins. Catalysis by PL requires “flipping” of
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the damaged dinucleotide from the double helix in order to tightly
bind and precisely position it for ultrafast electron transfer from its
FAD cofactor [1,9,10]. Like other DNA base flipping enzymes, in-
duced-fit binding involving reorganization of flexible loops is ex-
pected to be significant to the action of PL [11,12]. Such a
“recognition loop” may be identified in PL between residues
W392-P408 (Fig. 1). Structures of free and bound CPD-PL reveal
loop displacement of up to 10 A to coordinate flipping of the dam-
aged bases from the duplex, to occupy the ~10 x 10 A hole left by
the occluded DNA lesion, and to interact with the complementary
strand (e.g., P402 and L403 with the CPD-complementary ade-
nines) [9,13]. Movement and restructuring of this loop may con-
tribute significantly to the barrier for DNA base flipping. Tuning
of the loop dynamics may then also be an important mechanism
of functional diversification in PL and CRY, in this case for regulat-
ing substrate specificity. While CRY have lost the ability to function
as PL in the cell, if the barrier for base flipping is reduced, as for
CPD in single stranded (ss) DNA, one subclass of CRY is capable
of catalyzing repair with an efficiency similar to PL [14,15]. The
CRY-DASH subclass [16-19], which shares this functional remnant
of PL, is structurally very homologous to PL [13,15,16] both in glo-
bal protein architecture (including its lack of a variable C-terminal
extension seen in other CRY), and in FAD-binding residues. Since it
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Fig. 1. (A) Sequence alignment of the recognition loop and its homologs in represen-
tative CPD-PL, CRY-DASH, plant CRY, type 1 and 2 animal CRY, and 6-4 PL; An: A.
nidulans, Ec: E. coli, Syn: Synechocystis sp. PCC 6803, At: A. thaliana, Vc: V. cholerae, X1: X.
laevis, Dm: D. melanogaster, Hs: H. sapiens. Colors highlight unique residues conserved
in CPD-PL (green), residues common to CPD-PL and CRY-DASH (blue), conserved in
CRY-DASH (orange), and residues shared by animal CRY and 6-4 PL (pink and purple).
Also shown are the sequences of PRLP, PRLP’, and CRLP’, where X = DBO-Asn. (B)
Structure of the DBO-labeled peptides, where the variable R corresponds to the
sequence of PRLP’ or CRLP’, and schematic of the folding experiment.

is found in all kingdoms of life, and is evolutionarily close to animal
CRY [16,18], studies of CRY-DASH may shed light on the molecular
origins of evolution in PL and CRY.

Using limited proteolysis, we recently revealed that the homol-
ogous ‘“recognition loop” in CRY-DASH (Y398-1414, Synechocystis
sp. PCC 6803, Fig. 1) is significantly more flexible than that in PL
(Anacystis nidulans CPD-PL) [20]. We proposed that the heightened
conformational dynamics in CRY-DASH may contribute to its com-
promised base flipping. These distinct dynamics may be rooted in
conserved, local sequence variation within the recognition loops
(Fig. 1), and/or be largely controlled by the protein environment.
Here, to directly correlate amino acid sequence with the local tun-
ing of recognition loop dynamics in PL and CRY-DASH, we quanti-
tatively evaluated the folding kinetics of the isolated loop peptides
(Fig. 1). These kinetics provide a direct gauge of conformational
flexibility [21-25], without the influence of the protein scaffold.
Our results establish that the CRY-DASH loop is intrinsically more
flexible than that of PL; the CRY-DASH loop folds twice as fast, pre-
dominantly due to a lower enthalpic barrier than PL. We suggest
that recognition loop sequence plays an important role in func-
tional diversification within these proteins, and propose models
for how loop flexibility impacts damaged DNA recognition.

Materials and methods

Peptide samples. All peptides were synthesized commercially
(Biosyntan, Germany) following literature procedures [18].

Sequences were confirmed by MALDI-TOF mass spectrometry,
and purity (>95%) was established by HPLC. Peptide samples (typ-
ically ~65 ptM) were prepared in aerated phosphate buffer (10 mM
KH,PO4/K,HPO4, 150 mM NaCl, pH 7.5), or 8 M urea, and concen-
trations verified by UV-vis spectroscopy (&;gg=5500M™!

for single Trp peptides).

Fluorescence spectroscopy. Fluorescence data was acquired using a
Horiba-JobinYvon Fluorolog 3 spectrometer equipped with double
excitation and emission monochromators, a cooled photomultiplier
detector (IBH), and electronics for time-correlated single photon
counting (TCSPC). A 450 W xenon-arc lamp was used as a light-
source for steady-state experiments. Emission spectra were acquired
by exciting Trp at 295 nm (<2 nm bandpass), or DBO at 430 nm
(<8 nm bandpass), and corrected for the instrument response and
buffer scattering. For TCSPC experiments on DBO, the excitation
source was a 375 nm laser diode (~70 ps FWHM) operating at
100 kHz repetition rate (forward mode, 500 ns/1 ps/2 ps total time
binned into 2048 channels). Emission was passed through a double
monochromator with a 10-15 nm bandpass centered at 430 nm.
Fluorescence decays were collected until at least 10,000 counts accu-
mulated in the peak channel. Sample temperature was maintained
(£0.1 °C) using a Peltier-controlled thermostated sample holder.

Most DBO* intensity versus time profiles were fit to a single
exponential decay (with or without reconvolution with the instru-
ment response function yielded the same lifetimes). Under native
conditions, the decays of DBO in PRLP' and CRLP’ were better mod-
eled by a double first-order exponential expression to yield a ma-
jor, faster decaying component (85-90%), and a minor, slower
decay component. Since this minor component was detected only
for the Trp-terminated peptides, and was eliminated by denatur-
ant, it is not likely a fluorescence artifact or impurity. The reported
rate constants under native conditions are the amplitude-weighted
averages of the two components.

Results and discussion
Experimental design

End-to-end contact formation (folding) is a direct gauge of pep-
tide flexibility [21-25]. Such peptide folding dynamics are readily
probed by time-resolved fluorescence for peptides possessing Trp
and 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO) at opposite termini
(Fig. 1) [26-32]. Since the absorption and emission of DBO and
Trp are well separated, each may be selectively excited: quenching
of Trp* by FRET to DBO provides information on donor-acceptor
distances in the 5-20 A regime [30], while diffusion-controlled
quenching of the long-lived DBO* (t ~ 325 ns in water) upon con-
tact with Trp reports on folding rate constants in the 105-107 s~!
range expected for short peptides (~5-15-mers) [26-32]. These
rate constants may be directly evaluated from the quenching
kinetics, Eq. (1), where 7 and 7, are the DBO* fluorescence lifetimes
in a peptide with and without a terminal Trp, respectively [26-32].

kq:l/T*]/TOkaold (1)

Aside from weak, activated quenching by Cys, Met, and Tyr, DBO* is
unreactive towards other amino acids [27].

Here, we probe folding of PL (A. nidulans) and CRY-DASH (Syn-
echocystis sp. PCC 6803) recognition loop peptides, PRLP and CRLP,
respectively. In our peptides (Fig. 1), the loop N-terminal W/Y has
been removed, and the adjacent residue replaced by a DBO-modi-
fied Asn. The C-terminal residue is either the loop-intrinsic Phe in
PRLP, which is the quencher-free peptide used for evaluation of 7,,
or Trp, for measurement of 7 in PRLP’ and CRLP'. Conservative
replacement of a loop Met by Leu in PRLP/PRLP’, and a loop Tyr
by Phe in CRLP', ensure that the terminal Trp is the only quencher
in each peptide sequence.
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Folding kinetics of the recognition loop peptides

The fluorescence decay of DBO* in PRLP, which lacks a Trp
quencher, is single exponential with a lifetime of 241 + 5 ns in aer-
ated phosphate buffer (pH 7.5) at 20 °C (Fig. 2A). This is somewhat
shorter than the lifetime of free DBO* measured under the same
conditions (323 + 5 ns), but within the range (360-227 ns) found
for DBO* conjugated to peptides lacking Trp, or the other weak
quenchers (Tyr, Met, Cys) [32]. The shorter DBO* lifetime within
control peptides is not likely due to amino acid quenching, since
the second-order rate constants for reaction of DBO* with Phe
and His are 6-8 x 10°M~'s~!, and those of the other 14 amino
acids are <10 M1 s (cf. 2 x 10° M~ s~ for Trp) [27]. It may in-
stead be related to the nature of the covalent attachment, or envi-
ronment at the N/C-terminus where the DBO is coupled. As
expected, PRLP’ and CRLP' have significantly shorter lifetimes of
92 + 3 and 47 + 2 ns, respectively, that are 75-90% quenched rela-
tive to DBO*, and 65-80% less than PRLP (Fig. 2A). Intermolecular
quenching is not anticipated at our peptide concentrations [27-
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Fig. 2. Fluorescence decays (Jex =372 nm, Zem =430 nm) of DBO-labeled recogni-
tion loop peptides (~65 M) in aerated phosphate buffer, pH 7.5 (A), or in 8 M urea
(B) at 20 °C. The insets show the decays on a semi-logarithmic scale, where the solid
line is the fit of experimental data to a single or double first-order exponential
decay (see text). Only 10-20% of data is shown in order to visualize the fit lines.

32]. Moreover, we find the lifetime of DBO* to be independent of
peptide concentration (50-100 uM), and have ruled out an inter-
molecular quenching mechanism in experiments with mixed sam-
ples of PRLP and unlabeled PRLP'. Quenching of DBO* in PRLP’ and
CRLP is intramolecular, due to folding and contact with the C-ter-
minal Trp. Significantly, folding kinetics evaluated from Eq. (1) re-
veal that CRLP' (kfq=17.2 x 10°s7!) folds 2.5-fold faster than
PRLP' (kfo1a = 6.8 x 10°s~1). The standard deviations on these kgq
values are <10%.

As is evident in Fig. 2A, unlike PRLP, the decay kinetics of PRLP’
and CRLP' are not completely monoexponential. The reported life-
times are the amplitude-weighted averages from fits of the exper-
imental data to a double first-order exponential decay. The data is
well fit to this expression (Fig. 2A, inset), yielding lifetimes
Tr=85ns (90%)/ts =303 ns (10%) for PRLP’ and 7r=44ns (85%)/
Ts =110 ns (15%) for CRLP’ at 20 °C. Multiexponential peptide fold-
ing kinetics have been ascribed to incomplete conformational aver-
aging [24,31]: intrachain interactions have been detected even for
highly flexible, “unstructured” peptides lacking hydrophobic
groups [25]. Only if these conformers interconvert rapidly, relative
to the folding timescale, and the equilibrium population of folded
conformers is small, are single exponential folding kinetics ex-
pected [21,22,27-29].

To address this possible explanation for the double exponential
decay of DBO* in PRLP' and CRLP’, we first evaluated their average
end-to-end distances from the efficiency of FRET between Trp* and
DBO [30]. FRET quenching of Trp* is clearly evident by the en-
hanced Trp emission in non-DBO-labeled peptides (Fig. S1), and
sensitized emission of DBO, seen as a long lifetime component at
430 nm following selective excitation of Trp at 295 nm (Fig. S2).
The FRET efficiencies evaluated from steady-state or time-resolved
measurements are comparable (+5%), and both are higher for CRLP’
(E=0.4) than PRLP’ (E = 0.1). Given an R, of 10 A for the Trp*/DBO
pair [30], we calculate an average end-to-end distance of ~11 and
15 A for CRLP’ and PRLP, respectively (cf. ~25 A estimated for the
fully extended peptide).

These FRET efficiencies suggest differences in the ensemble-
averaged distribution of structures in CRLP’ and PRLP'. Conse-
quently, we examined the peptides under denaturing conditions.
The decay of DBO* in each of the three peptides is monoexponen-
tial in 8 M urea; the minor decay component detected for CRLP’
and PRLP’ under native conditions may indeed reflect population
of more than one structure in slow exchange. The DBO* fluores-
cence lifetimes of PRLP, PRLP’, and CRLP' increase to 304, 188,
and 122 (#2)ns, respectively, under denaturing conditions at
20 °C. This is expected for PRLP, since increased viscosity should
enhance the intrinsic fluorescence lifetime. The increased viscosity
may exert several effects on the folding kinetics. It is expected to
slow end-to-end collision; however, by disrupting intrachain inter-
actions, the denaturant may also increase both peptide flexibility
and end-to-end distance [25]. The net effect, seen here, and with
other peptides [20,25], is slower folding. Importantly, the differ-
ence in kg,q is maintained for the two peptides, even when any
persistent intrachain interactions are lost. In 8 M urea, Kgq = 2.0
and 4.9 x 108s~! for PRLP/, and CRLP, respectively. The close
match in relative reactivity under native and denaturing conditions
confirms that the quenching rate constants report on peptide fold-
ing kinetics and conformational flexibility [20].

The folding kinetics of loop peptides from PL and CRY-DASH are
consistent with those for designed peptides of similar length. For
instance, kgq for the DBO-labeled 16-mer, Trp-(Gly-Ser)s-DBO-
NH, is 2.0 x 107 s~! at 23 °C [27], nearly identical to that of CRLP’
under similar conditions. The 2.5-fold difference in the folding
kinetics between the mixed-sequence PRLP' and CRLP is signifi-
cant: the maximum sequence variation in folding kinetics, seen
for DBO-Xe-Trp homopeptides (excluding polyprolines), is ~1 or-
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der of magnitude: kiq is 39 x 10°s~! for X=Gly, and 2-
4 x 10%s~! for X = Lys/Val/lle [28], and single amino acid substitu-
tions within similar sized peptides alter folding rate constants by
~1.1- to 6-fold [22,29]. The finding that the combination of resi-
dues in CRLP’ is more dynamic than that in PRLP’ is also important:
of the 12 intervening residues in CRLP’ and PRLP’ (Fig. 1), 4 are
matched and conserved between CPD-PL and CRY-DASH. Notably
different are a conserved Gly in CRY-DASH, replaced by Ser in
CPD-PL, and a conserved Pro in CPD-PL, lost in CRY-DASH. Gly
and Pro are expected to exert a large influence on peptide dynam-
ics, and to be important in early stages of folding [24]. Yet, while
PRLP may possesses more rigidifying residues, based on a scale
for individual amino acids [20], the flexibility of these residues
necessarily depends on sequence context [24], and their contribu-
tion to dynamics of natural peptides is not readily predicted. Our
quantification of the folding kinetics indicates that CRLP' is intrin-
sically more flexible than PRLP'. These results provide a rationale,
at the primary sequence level, for the heightened conformational
dynamics of this loop in CRY-DASH, and its more restricted move-
ment in PL (Fig. 3) [20].

Activation parameters for recognition loop folding

To investigate the origin of these distinct conformational
dynamics, we measured the activation parameters for folding un-

2
Time (ns-us)

Fig. 3. Crystal structures (rendered in Pymol using pdb files 1qnf [13] and 1np7
[16]) highlighting the recognition loop in PL (blue) and CRY-DASH (red), and
schematic of the peptide folding results. These results demonstrate that the
heightened loop dynamics observed in CRY-DASH are rooted in differences in loop
sequence.
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Fig. 4. Eyring plots of the temperature-dependent folding rate constants for the
recognition loop peptides under native (N, phosphate buffer pH 7.5), or denaturing
(U, 8 M urea) conditions. Data points are averages of four experiments with
standard deviation shown. Lines are fits to the Erying equation: In(keq/T) = —AH?*/
R(1/T) + In kg/h + AS*/R.

der native and denaturing conditions. While the lifetime of PRLP
increases weakly with decreasing temperature from 55 to 5 °C
[29], that of PRLP’ and CRLP increases significantly, and the ke g
values decrease by ~5-fold (Table S1). The Eyring plots (Fig. 4)
yield apparent activation free enthalpies between ~20 and
23 kI mol~! (Table 1). As in other variable-temperature folding
studies of DBO-peptides [29,31], the activation parameters have
not been corrected for (yet unknown) contributions from changes
in viscosity [24]. The magnitudes of these values, comparable to
previous reports for peptide folding, indicate that both solvent fric-
tion and internal friction contribute to the activation barriers for
folding [24,29,31]. Increased solvent friction in the more viscous
urea may contribute to greater folding barriers under denaturing
conditions [29]. The greater internal friction of PRLP’ is evident
by its higher free energy of activation in both buffer and urea (Ta-
ble 1). The loss in conformational entropy is nearly the same for
folding of CRLP" and PRLP’; the height of the enthalpic barrier dom-
inates the difference in folding kinetics. This matches folding of
(Ser),-X-(Ser), peptides, where X =Gly decreased the enthalpic
barrier, while X = Pro increased it, each with little effect on folding
entropy [24].

Functional implications of recognition loop dynamics

Peptide folding kinetics reveal that the sequence of the CRY-
DASH recognition loop confers enhanced flexibility, relative to its
counterpart in PL, predominantly by lowering the enthalpic barrier
to conformational rearrangement. These sequence-encoded
dynamics are maintained within the proteins, where the loop
dynamics are seen to be enhanced in CRY-DASH (Fig. 3) [20]. The

Table 1
Activation parameters for peptide folding.*
Native Denaturing
AG®  AHF TAS™ AG®  AHF TAS™
CRLP 315 199+01 -116%02 343 213+03 -13.0+04
PRLP' 334 225+04 -109+04 364 233+04 —-131+03

3 Averages and standard errors of four trials in kj mol~"; error on AG* < +0.5.
b Evaluated at 20 °C.
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larger barrier to conformational rearrangement in PL may encode
more preorganization of its recognition loop in the absence of sub-
strate. This may reduce the entropic penalty associated with bind-
ing duplex DNA: in complex with substrate, the loop is ordered by
insertion within the duplex, and interaction with the complemen-
tary strand, in place of the occluded damaged dinucleotide [9]. The
less preorganized recognition loop of CRY-DASH may render this
entropic penalty too high, thereby compromising its ability to bind
double-stranded DNA in the catalytically-competent, base-flipped
conformation. Consistent with this proposal is the fact that CRY-
DASH tightly binds and efficiently repairs CPD in single-stranded
regions of DNA [14,15], where this entropic penalty is expected
to be reduced.

Selective repair of CPD in single-stranded DNA is unique to CRY-
DASH [14]: PL repairs single- and double-stranded DNA substrates
with comparable efficiency, and other subclasses of CRY show no
activity with any CPD-containing DNA. While the latter likely re-
flects some defects in the catalytic chemistry, differences in recog-
nition loop sequence among PL and CRY (Fig. 1) point to an
important role for its tuning of substrate specificity. For instance,
structures of PL and CRY-DASH bound to single- [15] and double-
stranded [9] DNA, respectively, reveal that common loop residues
D399 and R404 (A. nidulans PL numbering) may recognize the
CPD or damaged strand. Neither of these residues are conserved
in plant or animal CRY, or 6-4 PL. Loop residues A394, G399, and
F406 are similarly unique to PL and CRY-DASH. These are more dis-
tal from the CPD, but may play a defining role in loop dynamics. In
combination with other PL-specific loop residues, these may tune
the balance between the flexibility required for DNA base flipping,
and the preorganization needed to minimize entropic barriers. In
CRY-DASH this balance has been tipped, since base flipping is com-
promised, although aspects of CPD recognition remain. The corre-
sponding loops in other CRY show significant homology with
each other, but differ more significantly from CPD-PL. Their func-
tional divergence may involve both loss of both base flipping,
and CPD recognition. In this regard, the homology between recog-
nition loops in animal CRY, especially type 2 animal CRY (e.g., hu-
man), and 6-4 PL is interesting, since 6-4 PL retain base flipping
activity, but for a distinct DNA substrate [10]. Evolution of loop se-
quence likely plays a key role in functional diversification of PL and
CRY, through tuning of substrate recognition.
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