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The circadian clock is a biological timekeeper that operates through
transcription—translation feedback loops in mammals. Cryptochrome
1 (CRY1) and Cryptochrome 2 (CRY2) are highly conserved core clock
components having redundant and distinct functions. We recently
identified the CRY1- and CRY2-selective compounds KL101 and
TH301, respectively, which provide useful tools for the exploration
of isoform-selective CRY regulation. However, intrinsic differences in
the compound-binding FAD (flavin adenine dinucleotide) pockets be-
tween CRY1 and CRY2 are not well understood, partly because of
nonoptimal properties of previously reported apo form structures in
this particular region constituted by almost identical sequences. Here,
we show unliganded CRY1 and CRY2 crystal structures with well-
defined electron densities that are largely free of crystal contacts at
the FAD pocket and nearby lid loop. We revealed conformational
isomerism in key residues. In particular, CRY1 W399 and correspond-
ing CRY2 W417 in the FAD pocket had distinct conformations (“out”
for CRY1 and “in” for CRY2) by interacting with the lid loop residues
CRY1 Q407 and CRY2 F424, respectively, resulting in different overall
lid loop structures. Molecular dynamics simulations supported that
these conformations were energetically favorable to each isoform.
Isoform-selective compounds KL101 and TH301 preferred intrinsic
"out” and “in” conformations of the tryptophan residue in CRY1
and CRY2, respectively, while the nonselective compound KLO0O1 fit
to both conformations. Mutations of lid loop residues designed to
perturb their isoform-specific interaction with the tryptophan resulted
in reversed responses of CRY1 and CRY2 to KL101 and TH301. We
propose that these intrinsic structural differences of CRY1 and CRY2
can be targeted for isoform-selective regulation.
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he circadian clock controls daily rhythms of physiological

processes including sleep/wake routines, hormone secretion,
body temperature, and metabolic regulation. This biological clock
operates at molecular and cellular levels throughout the organism
with ~24-h periodicity. The transcription factors CLOCK and
BMALI form a heterodimer that activates transcription of Period
(Perl and Per2) and Cryptochrome (Cryl and Cry2) genes (1). PER
and CRY proteins form complexes in the cytoplasm and together
with other regulatory proteins, translocate to the nucleus (2)
where they close a negative feedback loop by interacting with
CLOCK-BMALI1 and inhibiting their own transcription (3).
Complex formation of CRY1 or CRY2 with the F-box protein
FBXL3 induces proteasomal degradation, while FBXL21 causes
stabilization (4-8). CRY degradation results in the reactivation of
CLOCK-BMALL, enabling the circadian clock to initiate a new
24-h cycle. Although CRY1 and CRY2 have overlapping functions
in clock regulation, there is evidence to suggest that they also have
distinct mechanisms of action in output pathways (9, 10).
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Deletion of Cryl and Cry2 genes results in period shortening
and lengthening in mice, respectively (11). In humans, a CRY1
splice variant that lacks exon 11 has been associated with familial
delayed sleep phase disorder with late-phase sleep/wake times,
leading to lengthening of the clock period (12). A CRY2 A260T
missense mutation results in increased FBXL.3 interaction, and thus
enhanced degradation, which is associated with familial advanced
sleep phase and shortening of the period (13). In addition to
influencing sleep timing, CRYs also regulate metabolic processes
such as hormone-induced gluconeogenesis (14, 15) and brown ad-
ipose tissue differentiation (16). Therefore, small-molecule com-
pounds that can regulate CRY function are highly sought after for
potential therapeutic treatment, in addition to molecular tools to
facilitate understanding of circadian clock mechanisms. Since the
discovery of KL0O1 that stabilizes both CRY1 and CRY2 (17),
multiple derivatives have been developed (18-21) and applied
against diabetes (20, 21) and glioblastoma (22).

Crystal structure determination of the photolyase homology
regions (PHRSs) (SI Appendix, Fig. S14) of CRY1-apo (23),

Significance

CRY1 and CRY2 regulate circadian rhythms, and their dys-
function has been associated with many diseases. Since they
have not only similar but also independent functions, under-
standing of intrinsic differences between these highly similar
proteins is required. Here, we determined CRY 1 and CRY2 static
and dynamic structures that exhibited conformational isomer-
ism in their ligand-binding FAD pockets and neighboring lid
loops, allowing mechanistic insight into structural features
specific to each isoform. Structure-guided mutations supported
important roles of interactions between a key “gatekeeper”
tryptophan residue in the FAD pocket and lid loop residues
in determining the effects of isoform-selective compounds.
Our results provide insight into how near-identical ligand-
binding pockets can intrinsically regulate compound selectiv-
ity through unique interactions with neighboring structural
elements.
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CRY2-apo (24), and CRY2-KL001 complex (25) provided im-
portant insights into structural features of mammalian CRYs and
also paved the way for an array of compound-bound CRY
structures. Isoform-selective targeting of CRY1 and CRY2 has
proven difficult due to very high sequence identity, particularly in
the FAD pocket where KL.0OO1 locates (25) and competes with
the C-terminal tail of FBXL3 (24). On the other hand, by using
phenotypic screening of circadian period modulators, we re-
cently identified compounds KI.101 and KL.201 that are selective
against CRY1, and TH301 that shows preference against CRY2
(16, 26). Although these compounds bind to the FAD pocket in
the PHR, they require the CRY C-terminal tail (CCT) (SI Ap-
pendix, Fig. S1A4) for their selective effects. Unlike the high se-
quence similarity of the PHRs between CRY1 and CRY2, the
CCTs are diverged in their sequences, and swapping of CCT
results in no response to KLL101 and TH301 in both CRY1 and
CRY?2 (16). Because CCT swapping does not reverse compound
responses, it is possible that CCTs work in combination with
PHRs, especially FAD pocket residues that directly interact with
compounds, to determine compound selectivity. In support of
this hypothesis, crystal structures of CRY1(PHR) bound to
KL101 and KL201, and CRY2(PHR) bound to TH301 revealed
conformational differences among conserved residues in their
FAD pockets and lid loops (16, 26, 27) (Table 1 and SI Appendix,
Table S1). However, it was not known whether these differences
were induced by compounds or intrinsic to CRY isoforms be-
cause the conformations of critical residues were ambiguous in
previously reported apo structures of CRY1 and CRY2, due to
poorly defined electron density and/or steric restraints caused by
crystal packing. In order to better understand structural features
underlying CRY isoform selectivity, more precise structures of
the FAD pockets and lid loops in apo CRY1 and CRY?2 isoforms
are required.

In this study, we solved the X-ray crystal structures of the PHR
of mouse CRY1 and CRY2 with well-defined electron density in

the FAD pocket and lid loop. Based on these structures and also
solution dynamics studied through molecular dynamics (MD)
simulations, we identified isoform-specific conformations of
CRY1 W399 and CRY2 W417 in the FAD pocket and their
interactions with CRY1 Q407 and CRY2 F424 in the lid loop,
respectively. Structure-guided mutations supported the role of
interactions between the lid loop and FAD pocket, as well as the
CCT, in the selectivity of KL.101 and TH301. These differential
conformations between CRY1 and CRY2 may provide a ratio-
nale into isoform-selective regulation.

Results

Crystal Structures of Apo CRY1 and CRY2. The FAD pocket, located
in the C-terminal a-helical domain, is composed of 17 residues
that interact with compounds. Nine residues (Q289, W292,
R293, H355, H359, L385, 1392, W399, and L400 in mouse
CRY1) display conformational differences among previously
reported CRY crystal structures (Table 1 and SI Appendix, Table
S1), while the remaining residues are stable and show no or only
small differences. In particular, CRY1 Q289, H355, 1392, W399,
and LA400 (corresponding to CRY2 Q307, H373, V410, W417,
and L418) show large conformational variation between CRY1-
KL101 and CRY2-TH301 and can directly interact with the
compounds (16). In contrast, CRY1 R293 and L385 typically
adopt very similar conformations with corresponding CRY2
R311 and L1403 and are only associated with indirect confor-
mational changes upon the binding of certain compounds, un-
related to isoform selectivity (SI Appendix, Table S1). CRY1
1392 (CRY2 V410) is the only variant residue in the FAD pocket
between CRY1 and CRY2, but CRY1 I392V and CRY2 V4101
mutations do not affect KL101 and TH301 selectivity (16).
CRY1 Q289 (CRY2 Q307) is a particularly flexible residue and
prone to disorder in multiple CRY structures, in which a specific
rotamer often cannot be determined, although it engages in a
compound-induced interaction with TH301 but not KL101.

Table 1. Conformational isomerism of CRY1 and CRY2 FAD-binding pocket residues
W292 (W310) H355 (H373) H359 (H377) W399 (W417) L400(L418)

PDB ID code Protein compound x1 () x1 () x1 () x1 (%) %2 (°) x1 ()
416E CRY2-apo -83 70 -63 -175 -74 -100
416G CRY2-FAD -85 -180 -85 -179 —69 71
4AMLP CRY2-KL0O1 -88 -76 -73 -178 85 177
6KX8 CRY2-TH301 -86 -84 -94 -174 92 -176
7EJ9 CRY2-TH301 -87 -80 =175 180 89 -170
7DON CRY2-apo -86 -83 -52 -164 86 -97
4KOR CRY1-apo -94 —68 —62 168 58 -109
5T5X CRY1-apo —155 -84 -72 174 -73 -62
6KX4 CRY1-apo -155 -87[72] -79 -178 =75 -62
6KX5 CRY1-KL044 -82 -86 -75 176 -70 -100
6KX6 CRY1-KL101 -89 -172 [-105] -72 -167 -60 -63
6KX7 CRY1-TH301 -87 -91 -92 173 82 69
6LUE CRY1-KL201 -88 176 —66 -178 —63 -80
7DLI CRY1-KLOO1 -88 -76 -89 -166 —65 n/a
7DOM CRY1-PG4 -82 170 -90 178 -79 62

Parentheses denote CRY2 residues. Square brackets denote alternative conformers. y-values represent minus (—60°), trans (180°), and plus (+60°). Orange
and yellow indicate a sizeable y-angle change of +30° or more, compared with CRY2-apo (7DON) or CRY1-PG4 (7DOM), due to a direct interaction with the
bound compound (orange) and indirect conformational changes upon compound binding (yellow). Gray signifies a conformation potentially caused by crystal
packing or unexplained density in close proximity to the residue. Cyan denotes atomic coordinates that are not (fully) supported by electron density. Red and
blue characters represent gatekeeper tryptophan “in” and “out” conformations, respectively. n/a indicates that the side chain was truncated at the p-carbon

due to poor electron density.
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Therefore, we paid particular attention to H355, W399, 1.400,
and also neighboring W292 and H359 as candidate residues that
potentially have influence on compound binding. The lid loop,
consisting of residues 405 to 412 in CRY1 (equivalent to 423 to
430 in CRY2), is adjacent to the FAD pocket and can potentially
interact with and regulate residues in the FAD pocket. In most
of the reported CRY structures, lid loop conformations were
affected by crystal packing interactions and/or unreliable coor-
dinates for lid loop residues that have been modeled into poorly
defined or absent electron density, making their comparison
difficult.

We determined the structures of mouse CRY2-apo (Fig. 14)
at a resolution of 2.8 A (Protein Data Bank [PDB] ID code
7DON) and mouse CRY1-PG4 (CRY1 with a bound precipitant/
cryoprotectant tetracthylene glycol [PG4] in the FAD pocket)
(Fig. 24) at 1.95 A (PDB ID code 7DOM) (SI Appendix, Table
S2). Both structures formed canonical photolyase folds consis-
tent with previously determined structures (23, 24, 28, 16),
comprising an N-terminal o/f-domain and a C-terminal a-helical
domain, connected by an extended linker region. Well-defined
electron density was present for the secondary structure ele-
ments that encapsulated the FAD pocket, enabling accurate
model building and structural interpretation of CRY2-apo, al-
though the N terminus of the o/f-domain, parts of the linker
region, and several loops in the a-helical domain exhibited dis-
order, thus influencing Rgee and Ryok values (SI Appendix,
Table S2). The higher-resolution CRY1-PG4 structure had
clearly interpretable overall density with minimal chain breaks
and excellent geometric criteria (SI Appendix, Table S2). Below,
we describe CRY2 and CRY1 structures with a focus on variable
FAD pocket and lid loop residues that have sufficient electron
density to support their conformations.

Structure and Dynamics of the CRY2 FAD Pocket and Lid Loop. A
notable feature of our CRY2-apo structure (7DON) (Fig. 14)
was well-resolved electron density for W417 and the N-terminal
portion of the lid loop (residues 423 to 425) (Fig. 1B). W417
adopted an “in” conformation (&3-carbon orientated down) and
formed a stacking interaction with F424 in the lid loop, which in
turn formed a sulfur—m interaction with C420. This W417-
F424-C420 (n—n—sulfur—x) interaction is unique among CRY
crystal structures and appears to stabilize both the N-terminal
portion of the lid loop and the “in” conformation of W417.
Residues 423 to 427 in the lid loop were free from crystal
packing (SI Appendix, Fig. S1B), suggesting that this conforma-
tion could have formed intrinsically. In contrast, residues 428 to
430 were juxtaposed to a crystallographic symmetry-related
molecule (SI Appendix, Fig. S1B), which likely imposed confor-
mational restraint on the C-terminal part of the lid loop. Among
the other residues in the FAD pocket, H373 and L418 are typ-
ically flexible with varying conformations (Table 1). The electron
density of H373 enabled the side chain to be modeled in the
highest occupancy conformation, despite some flexibility, and we
observed sufficient electron density for the L418 conformation to
be traced to a single rotamer (Fig. 1B). W310 adopted an “up”
position and formed a stacking interaction with Y168 in the a6-
helix, and H377 had good density with a stable rotamer.

In order to provide further insight into intrinsic and dynamic
conformations of these residues, we performed MD simulations.
W417 exhibited a predominant “in” conformation similar to the
crystal structure, with minor “out” and “middle” conformations
during MD simulations (Fig. 1 C, Left and SI Appendix, Fig.
S1C). The lid loop residue F424 predominantly formed a n—aryl
stacking interaction with W417 “in”, like the crystal structure
(Fig. 1 D, Left), while a minor conformation of F424 formed a
T-shaped stacking or hydrophobic interaction with W417 “in”
(Fig. 1 D, Right). The conformation of C420 remained stable
throughout the simulation (Fig. 1 C, Right). The W417-F424-
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C420 interaction in the simulation correlated to a more stable
structure in lid loop residues 423 to 427, compared with the
flexibility observed in residues 428 to 430, reflected by lower
RMSF (root mean square fluctuation) values (Fig. 1E). The in-
teraction energies calculated for W417-F424 and F424-C420
from MD simulation trajectories were —4.02 and —2.87 kcal/mol,
respectively, showing energetically favorable interactions. These
data support a preferential W417 “in” conformation in CRY2-
apo and show that F424 remains in proximity to W417 (SI Ap-
pendix, Fig. S1D). Regarding other FAD pocket residues of in-
terest (Fig. 1F), W310 maintained an “up” conformation similar
to the CRY2-apo crystal structure in a major population of
frames, H373 showed a high level of flexibility, H377 adopted a
reasonably stable conformation similar to the crystal structure,
and [418 displayed some flexibility but with a major confor-
mation close to the crystal structure. Overall, conformations
of these residues in the crystal structure agreed well with the
conformations observed in major populations during MD
simulations.

Structure and Dynamics of the CRY1 FAD Pocket and Lid Loop. In the
CRY1-PG4 (7DOM) crystal structure (Fig. 24), the FAD pocket
residue W399 adopted an “out” conformation (Fig. 2B). In this
configuration, W399 formed N-H aryl and H-bond interactions
with Q407 in the lid loop, which are supported by clearly de-
fined electron density for both W399 and the N-terminal por-
tion of the lid loop (Fig. 2B). Crystal packing was largely absent
in proximity to the lid loop (S Appendix, Fig. S2A4), allowing a
high degree of conformational freedom and potentially pro-
viding a window into an intrinsic lid loop structure. Regarding
other FAD pocket residues corresponding to CRY2 W310,
H373, H377, and L418, CRY1 W292 adopted an “up” confor-
mation, although the bound PG4 molecule in the FAD pocket
could have influenced the orientation of this residue. H355 and
H359 adopted stable conformations with well-resolved electron
density (Fig. 2B) due to a crystal packing-mediated interac-
tion where, together with W399, they engaged in hydrogen
bonds with D203 in a crystallographic symmetry-related mol-
ecule (D203-symmetry) (SI Appendix, Fig. S2B). L400 adopted
a stable conformation orientated toward the center of the FAD
pocket.

In order to characterize the dynamic conformations of these
residues in the absence of PG4 and the symmetry-related mol-
ecule, we performed MD simulations by removing PG4. W399
was found to be very stable in the “out” conformation perhaps
due to an interaction with Q407, which also displayed a stable
conformation in close proximity to W399 throughout the simu-
lation (Fig. 2C). The calculated interaction energy between
W399 and Q407 was —6.76 kcal/mol, showing an energetically
favorable interaction that correlated to the stable conformation
of the lid loop N-terminal region in the simulation with relatively
low RMSF values (Fig. 2D). W292 adopted both “up” and
“down” conformations (Fig. 2E). H355 showed two main con-
formations, one resembling the CRY1-PG4 crystal structure and
the other similar to the alternate conformer in the previously
published CRY1-apo structure 6KX4. H359 and L400 were both
very stable with conformations similar to the CRY1-PG4 crystal
structure. Overall, the conformations of these residues in the
crystal structure correlated to the predominant orientations in
MD simulations, suggesting minimal effect of PG4 on the con-
formations of H355, H359, W399, and L400 in CRY1-PG4 with
the exception of W292. No effect of PG4 or its derivatives on
CRY1(PHR) stabilization in a thermal shift assay supported its
negligible interaction with CRY1 (Fig. 2F). Taken together, we
consider CRY1-PG4 to be representative of an apo structure,
and all comparisons hereafter excluded the consideration
of PG4.
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Fig. 1. Crystal structure and MD of CRY2-apo. (A) Overall structure of CRY2-apo (7DON). FAD pocket residues, the lid loop, and the partially ordered P-loop
are colored blue, green, and yellow, respectively. (B) Electron density of FAD pocket and lid loop residues. 2mFo-DFc electron density (basic electron density
map, blue mesh) was contoured to 1.1 ¢ and is shown for FAD pocket residues (W310, H373, H377, W417, L418) as well as Y168, C420, and F423 (lid loop N
terminus). mFo-DFc omit map electron density (green mesh) was contoured to 2.2 ¢ and is shown for lid loop residues 424 to 430. The density supports
W417-F424 n-aryl stacking and F424-C420 sulfur-r interactions (red oval). (C) x-dihedral angle distributions of residues at the W417-lid loop interface in MD
simulations. Colored dots show the values for the conformations of corresponding residues in the crystal structure. (D) Structural representation of major and
minor F424 conformations of MD simulations in C. (E) Lid loop flexibility during MD simulations. Left shows snapshots of lid loop conformations during MD
simulations. The frames were extracted from the 1.5-us concatenated trajectory at the interval of 20 ns and are colored in the green-gray-blue spectrum
based on the time step in the combined trajectory of three simulations (500 ns each). Right shows the root mean square fluctuation of all residues (yellow and
green bars indicate the positions of the P-loop and lid loop, respectively). The N-terminal region of the lid loop displayed considerably less flexibility than the
C-terminal region (/nset in Right). (F) y-dihedral angle distributions of FAD pocket residues in MD simulations.

Another regulatory feature of CRY proteins is the P-loop  pocket loop (also complete) and the a22-helix in symmetry-
(residues 231 to 247), which has been shown to regulate circa- related molecules (SI Appendix, Fig. S2D). R236 extended in-
dian rhythms via accumulating phosphorylation (29). The P-loop  to the FAD pocket, potentially within interacting distance of
is very flexible and largely disordered in most CRY structures = H354, H355, the PG4 molecule, and D201 in a symmetry-
including CRY2-apo, inhibiting structural insights into potential  related molecule (SI Appendix, Fig. S2 C and D). However,
mechanisms of action. A complete P-loop could be modeled into  during the course of MD simulation, the P-loop showed con-
clearly interpretable electron density in CRY1-PG4 (SI Appen-  siderable flexibility (Fig. 2 D, Lower, yellow region), and R236
dix, Fig. S2C). This was primarily due to multiple crystal exited the FAD pocket (SI Appendix, Fig. S2E), clearly sug-
packing interactions, including contacts with the secondary gesting that the P-loop conformation in CRY1-PG4 and the

40f 11 | PNAS Miller et al.
https:/doi.org/10.1073/pnas.2026191118 Structural differences in the FAD-binding pockets and lid loops of mammalian CRY1 and
CRY2 for isoform-selective regulation


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026191118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026191118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026191118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026191118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026191118/-/DCSupplemental
https://doi.org/10.1073/pnas.2026191118

A B

CRY1-PG4 (7DOM)

C CRY1-PG4 (7D0OM)
m— \\/399 x 2 A - }_id loop
— Q407 X 1 N 7 coformations
“Out” ]
~0.04 v
&)
c
£0.02
o
o
w 0.00 °
o o o o o o
E e d
1 I

Dihedral angle

CRY1-PG4 (7DOM)
— V202 X1 s H359 x1
m—— H355 X1 L400 X1

o “Down” “Up”

3 0.04 ¢ ¢

g

g0.02

L 0.00 4& : Q&
iy Z I I Z Z o Residues
2 8 § 2 8 &
] ]

Dihedral angle CRY1-PG4 (7DOM)
CRY1-apo (6KX4)

1% viv 30uM w292 '
54 ’ . up :
(@]
OE 52 79 _
= : N w399 |
50 W292'(\" “out” .-" -
0 “down” )/
o) O O s 9 -
% 8 w w O g 8 e H3SS
z Lt o ) s 3 )
© - o o < -
o H359

Fig. 2. Crystal structure and MD of CRY1-PG4. (A) Overall structure of CRY1-PG4 (7DOM). FAD pocket residues, the lid loop, and the complete P-loop are
colored blue, green, and yellow, respectively. (B) Electron density of FAD pocket and lid loop residues. 2mFo-DFc electron density (basic electron density map,
blue mesh) was contoured to 1.1 ¢ and is shown for FAD pocket residues (W292, H355, H359, W399, L400) and lid loop residue 405. mFo-DFc omit map
electron density (green mesh) was contoured to 2.7 ¢ and is shown for lid loop residues 406 to 411. The density supports an N-H aryl interaction formed
between W399 “out” and Q407 (red oval). PG4 was present in the crystallization buffer and cryoprotectant solution and located in the FAD pocket of the
crystal structure. (C) x-dihedral angle distributions of residues in the W399-lid loop interface in MD simulations. Colored dots show the values for the
conformations of corresponding residues in the crystal structure. (D) Lid loop flexibility during MD simulations. Upper shows snapshots of lid loop confor-
mations during the MD simulations. The frames were extracted from the 1.5-ps concatenated trajectory at the interval of 20 ns and are colored in the
green—gray-blue spectrum based on the time step in the combined trajectory of three simulations (500 ns each). Lower shows the root mean square fluc-
tuation of all residues (yellow and green bars indicate the positions of the P-loop and lid loop, respectively). The N-terminal region of the lid loop displayed
considerably less flexibility than the C-terminal region (Inset in Lower). (E) x-dihedral angle distributions of FAD pocket residues in MD simulations. (F) No
interaction of PG4 or related molecules ethylene glycol (EG), diethylene glycol (di-EG), triethylene glycol (tri-EG), or polyethylene glycol (PEG) 400 with
CRY1(PHR) in vitro. Denaturing temperatures of recombinant CRY1(PHR) in the presence of various polymers of ethylene glycol or the CRY1-selective
compound KL101 as a positive control are shown. Dimethyl sulfoxide (DMSO) is a solvent of KL101. Compound interaction induced thermal stabilization.
(G) Superposition of CRY1-PG4 (7DOM) with CRY1-apo 5T5X and 6KX4 crystal structures.
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interaction of R236 with FAD pocket residues were an artifact
of crystal packing.

The space group in which a crystal structure is determined can
affect the conformations of residues or structural features, either
through direct interactions or long-range indirect effects. In the
previously published CRYl1-apo structures 5ST5X and 6KX4
(both crystallized in the P1 space group with almost identical
structures), crystal packing of a symmetry-related molecule
constrained the lid loop (SI Appendix, Fig. S3A4), resulting in
well-defined electron density due to the lack of flexibility. In
contrast, CRY1-PG4 (space group P2;2,2,) had far more con-
formational freedom around the lid loop (SI Appendix, Fig. S24),
yet despite these structural differences, CRY1-apo (5T5X and
6KX4) and CRY1-PG4 formed the same W399-Q407 interac-
tion (Fig. 2G). We evaluated this interaction by looking at MD
simulation data of 5T5X (30), which showed that the confor-
mations of W399 and Q407 were stable (SI Appendix, Fig. S3B)
and energetically favorable with an interaction energy of —6.72
kcal/mol. Together, these data suggest that CRY1 preferentially
adopts a W399 “out” conformation and that an interaction with
Q407 in the lid loop could stabilize this orientation.

A notable difference was observed for W292 among the two
CRYl1l-apo and CRY1-PG4 crystal structures (Fig. 2G), which
together with W399, form an upper boundary of the FAD pocket.
The W292 “up” conformation in CRY1-PG4 facilitated a stacking
interaction with Y150 in the «6-helix, which was largely free of
crystal packing restraints (SI Appendix, Fig. S3C). In contrast,
crystal packing in CRY1-apo (6KX4) induced conformational
restraint of the a6-helix (SI Appendix, Fig. S3D). Consequently,
Y150 encroached into a position that could cause a steric clash
with an “up”-orientated W292, thus potentially inducing W292 to
rotate “down”. Accordingly, MD simulations showed that W292
adopted a “down” conformation with greater frequency in CRY1-
apo (5T5X) (SI Appendix, Fig. S3E) than in CRY1-PG4 (Fig. 2E).
However, the difference in the relative population of “up” and
“down” conformations between CRY1-apo (5T5X) and CRY1-
PG4 was small, suggesting that a W292-Y150 interaction could be
transient. H355 adopted a completely different rotamer confor-
mation in the CRY1-PG4 crystal structure, compared with CRY1-
apo 6KX4 and 5T5X (Fig. 2G). Unlike in CRY1-PG4, H355 in
CRYl1-apo (5T5X) was unable to form a hydrogen bond with a
symmetry-related molecule due to different crystal packing (S
Appendix, Fig. S3F). In MD simulations of CRY1-PG4 and
CRY1-apo (5T5X), without the crystal packing effects, the H355
side chain orientations showed similar distributions (Fig. 2E and
SI Appendix, Fig. S3E). The a22-helix in CRY1-PG4 was extended
at the C-terminal region (residues 490 to 495) compared with
CRY1-apo, due to crystal packing-induced stabilization. Because
a22 is adjacent to the lid loop and the C-terminal extension
formed hydrogen bonds with C402 (just prior to the lid loop) and
also the electron-rich sulfur loop (SI Appendix, Fig. S3G), we
evaluated the effect of this region on the conformations of the
FAD pocket residues and Q407 by performing MD simulations of
CRY1-PG4 with truncation after Q489. Truncation of the a22-
extension increased flexibility of the C-terminal end (S Appendix,
Fig. S3H) but did not affect the conformations of the FAD pocket
residues and Q407 (SI Appendix, Fig. S3I). Taken together, the
crystallographic and MD simulation data show that the confor-
mations of the FAD pocket and lid loop residue Q407 in the
CRY1-PG4 crystal structure are energetically favorable and that
overall differences compared with CRY1-apo structures (5T5X
and 6KX4) can be explained by crystal packing interactions.

Nuances of CRY1 and CRY2 FAD Pockets and Lid Loops. Despite the
very high sequence identity among residues in the FAD pockets and
lid loops of CRY1 and CRY2, a number of structural differences
were present between CRY1-PG4 and CRY2-apo (Fig. 34 and SI
Appendix, Fig. S44). Of particular interest was the differential
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orientation of CRY1 W399/CRY2 W417 (designated the gate-
keeper tryptophan due to rotamer interactions with the lid loop):
“out” orientation in CRY1 and “in” orientation in CRY2. This
conformational isomerism correlated to distinct lid loop structures
and interactions, where F424 and Q425 in CRY2 were rotated
~180° around the main chain, relative to F406 and Q407 in CRY1,
and structural differences pervaded until the C-terminal ends of the
lid loops (Fig. 34 and SI Appendix, Fig. S44). Other FAD pocket
residues, CRY1 H355, H359, and L400 (CRY2 H373, H377, and
LA1S8, respectively) also displayed differences in conformation
(Fig. 34 and SI Appendix, Fig. S4A4). Together, we revealed a
striking intrinsic difference in the conformations of the gatekeeper
tryptophan and the lid loop, as well as the differential organization
of several FAD pocket residues, which are specific to CRY
isoforms.

The distinct gatekeeper conformations in CRY1-PG4 and
CRY2-apo were highly conserved in crystal structures with bound
compounds. CRY1 W399 “out” conformation was observed in
complexes with the CRY1-selective compounds KL101 (6KX6)
(Fig. 3B) and KL.201 (6LUE) (SI Appendix, Fig. S4 B, Left). Q407
interacted with the gatekeeper in CRY2-KL201, but in CRY1-
KL101, Q407 was truncated at the p-carbon in chain A and was
not modeled in chain B because of weak lid loop electron density.
We therefore modeled the side chain of Q407 in the CRY1-
KL101 structure into a polder (omit) map, which clearly showed
an interaction between Q407 and the gatekeeper (SI Appendix,
Fig. S4C), similar to CRY1-PG4. Because the rest of the lid loop
residues were disordered in the CRY1-KL101 crystal structure, we
also superposed and inserted KL101 into the CRY1-PG4 struc-
ture (PG4 removed) and performed an MD simulation. W399 in
CRY1-PG4 did not clash with KL101 and maintained an “out”
conformation (SI Appendix, Fig. S4D) throughout the simulation
(Fig. 3 C, Left). The interaction between W399 and Q407 was
found to be stable with an interaction energy of —6.96 kcal/mol.
These data demonstrated that the intrinsic W399-Q407 confor-
mation in CRY1 was amenable to KL101 binding.

A CRY2 W417 “in” conformation was observed in complex
with the CRY2-selective compound TH301 (6KX8) (SI Appen-
dix, Fig. SAE). Compared with CRY2-apo (Fig. 34), the positions
of F424 and Q425 in CRY2-TH301 (6KX8) were inverted, likely
due to a crystal packing effect where Q425 formed an H-bond
with E214 in the neighboring chain of the crystallographic dimer,
leading to its proximity to W417 instead of F424 (SI Appendir,
Fig. S4F). To evaluate the effects of crystal packing on the lid
loop, we determined a CRY2-TH301 structure at 2.60 A (PDB
ID code 7EJ9) (Fig. 3B and SI Appendix, Table S2) in a different
space group to CRY2-TH301 (6KX8) by modifying the crystal-
lization conditions. No crystal packing was present near the lid
loop in the CRY2-TH301 (7EJ9) structure (SI Appendix, Fig.
S5A), and the lid loop was largely disordered. This result sup-
ported that the inverted lid loop in CRY2-TH301 (6KX8) was an
artifact of crystal packing. Well-defined electron density showed
that the gatekeeper in CRY2-TH301 (7EJ9) adopted the same
“in” conformation as CRY2-TH301 (6KX8) and CRY2-apo
(Fig. 3B and SI Appendix, Fig. S5B). Other FAD pocket resi-
dues W310, H373, and L418 in CRY2-TH301 (7EJ9) also adopted
similar conformations to CRY2-TH301 (6KX8), except H377 (SI
Appendix, Fig. SSC and Discussion). Because the proper confor-
mation of F424 was not obtained from CRY2-TH301 crystal
structures (6KX8 and 7EJ9), we conducted superposition and
insertion of TH301 into the CRY2-apo structure, followed by an
MD simulation. W417 maintained an “in” conformation (SI Ap-
pendix, Fig. S4D) for the entire course of the simulation, with no
minor populations of “out” or “middle” conformations (Fig. 3 C,
Right). The interaction between W417 and F424 was found to be
stable with an interaction energy of —4.00 kcal/mol, similar to
CRY2-apo without modeled TH301. Together, these data indi-
cated that the intrinsic W417-F424 conformation in CRY2 was
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Fig. 3. Structural differences between CRY2 and CRY1. (A4) Superposition of CRY2 7DON (gray) and CRY1 7DOM (brown) structures. F424 and Q425 in
CRY2 adopted opposite conformations to the corresponding F406 and Q407 residues in CRY 1 (dashed arrows). The main chains of the CRY1 and CRY2 lid
loops were rotated ~180° relative to each other, resulting in the juxtaposition of different lid loop residues to CRY1 W399 and CRY2 W417, which
adopted distinct “out” and “in” conformations, respectively. (B) Superposition of CRY1-KL101 6KX6 (magenta), CRY1-TH301 6KX7 (blue), and CRY2-
TH301 7EJ9 (blue-white) structures. The CRY 1-selective compound KL101 is accommodated by a W399 “out” conformation, like the CRY1-apo structure,
and TH301 induces a stacking interaction with a CRY1 W399/CRY2 W417 “in” conformation, correlating to the CRY2-apo structure. (C) y-dihedral angle
distributions of the gatekeeper tryptophan W399 and lid loop Q407 in MD simulations of the CRY 1-PG4(removed):KL101 model (Left) and the W417 and
F424 in CRY2-apo:TH301 model (Right). Colored dots show the values of the conformations of corresponding residues in the crystal structures of CRY1-
PG4 and CRY2-apo. (D) Electron density for FAD pocket and lid loop residues in the CRY 1-KL001 complex (7DLI). 2mFo-DFc electron density (basic electron
density map, blue mesh) was contoured to 1.1 ¢ and is shown for FAD pocket residues (W292, H355, H359, W399, L400) and the lid loop residue F405. mFo-
DFc omit map electron density (green mesh) was contoured to 2.7 ¢ and is shown for W399 and lid loop residues 406 and 412. A polder (omit) map (gray
mesh) was produced by omitting KL0O1 in the Phenix Polder Maps utility and is shown for KL001 with a contour level of 3.0 . Disordered lid loop residues
407 to 411 were not modeled in the structure. (E) Superposition of CRY1-KL001 7DLI (green) and CRY2-KL001 4MLP (light orange). The view was rotated
20° around the y axis compared with D. An R-configuration KLO0O1 molecule (black) was modeled into the density of the CRY2-KLOO1 4MLP structure,
refined in Refmac5, and superposed onto the CRY2-KL0O1 structure. The default (S§)-KL001 and refined (R)-KLOO1 structures in CRY2-KL0O0O1 had very
similar positional coordinates for the methansulfonamide moiety but a repositioned hydroxy group. The stereocenter of KL0OO1 is indicated by a
black asterisk.

amenable to TH301 binding and that W417 was more stabilizedin ~CRY1-PG4 (PG4 removed) with W399 modeled “in” and
an “in” conformation by this compound. CRY2-apo with W417 modeled “out”. When CRY1-PG4 W399

We further investigated intrinsic gatekeeper conformations by ~ was started from an artificial “in” position, it remained stable
performing MD simulations starting with opposite orientations:  throughout a 300-ns simulation. The side chain of Q407 flipped
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to interact with W399 “in” (SI Appendix, Fig. S5 D, Top), sug-
gesting that CRY1 W399 can stably adopt an “in” conformation,
while intrinsic W399 “out” is by far the predominant orientation
among CRY1 structures (Table 1). The tolerated W399 “in”
conformation in the simulation correlated to the CRY1-TH301
structure, where W399 adopted an “in” conformation similar to
CRY2 (Fig. 3B), supporting a TH301-induced conformational
change of the gatekeeper through a favorable stacking interac-
tion with the cyclopentyl group of the compound. This TH301-
induced CRY1 gatekeeper “in” conformation caused a lost in-
teraction with Q407, which in combination with crystal packing
(81 Appendix, Fig. SSE), resulted in a different lid loop confor-
mation in CRY1-TH301 to CRY1-PG4 (Fig. 3 A and B).

In contrast, artificially modeled CRY2-apo W417 “out” in-
duced steric clashes with W310 and F423 (SI Appendix, Fig. S5F)
that resulted in W417 rotating to an “in” conformation after ~50
ns of MD simulation, and it remained in that conformation for
the rest of the trajectory (SI Appendix, Fig. S5 D, Middle and
Bottom). In combination with the loss of a stacking interaction
between F424 and W417 “out”, the steric clash between W417
“out” and F423 appeared to affect lid loop conformation be-
cause F424 and Q425 rotated to positions similar to CRY1 F406
and Q407. These data suggest that CRY2 W417 favored an “in”
conformation, and rotation to an “out” conformation was not
tolerated. Superposition of CRY2-apo with KL101 showed that a
large steric clash would occur between CRY2 W417 “in” and the
dimethylphenyl moiety of KL101 (S Appendix, Fig. S5G). Taken
together, intrinsic gatekeeper tryptophan conformations appear
to interfere with compounds having opposite selectivity. The
results also correlated to the high selectivity of KL101 for CRY1
and the moderate selectivity of TH301 for CRY2.

In order to obtain insight into whether conformational dif-
ferences of the gatekeeper could accommodate isoform nonse-
lective compounds, we determined the crystal structure of
CRY1-KLO001 at 2.2 A (PDB ID code 7DLI) (SI Appendix, Ta-
ble S2). The presence of three molecules in each asymmetric unit
resulted in crystal packing differences in proximity to the FAD
pockets and lid loops of the three protein chains. From structural
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comparisons with CRY1-PG4, we determined that chain A of
CRY1-KL001 was the most similar (and potentially, the most
biological) due to the least crystal packing restraints around the
FAD pocket and lid loop. The carbazole moiety stably bound in
the pocket with well-defined electron density, and the hydrox-
ypropyl linker and the methansulfonamide showed a reasonably
good fit to the electron density (Fig. 3D). In contrast, the furan
moiety displayed flexibility and a potentially alternate confor-
mation (SI Appendix, Fig. SSH). In CRY1-KL001, the compound
had an R stereocenter, designated (R)-KLO001, whereas in CRY2-
KLO001 (4MLP), an S stereocenter was built into the model, (S)-
KLO001 (Fig. 3E). Modeling the R form of KL001 into the CRY2-
KLO001 (4MLP) structure and its refinement revealed that the
structure has bound R form and not § form. Because the com-
pound used for crystallization was from a racemic mixture, the
result suggested that (R)-KLO001 was the active form. (R)-KL001
bound to both CRY1 and CRY2 pockets with a slight shift of the
methansulfonamide to avoid a steric clash with CRY2 W417 “in”,
without affecting the original gatekeeper conformation (Fig. 3F).
These data show that KLOO1 can bind to the FAD pockets of
CRY1 and CRY2 with distinct gatekeeper “out” or “in” confor-
mations, likely due to the small and flexible functional groups.
To further assess isoform-specific orientations of FAD pocket
residues, we extended structural comparisons with other CRY
PDB entries, except protein complexes. We found that the majority
of mammalian CRY crystal structures exhibited CRY1 W399 “out”
and CRY2 W417 “in” conformations (Table 1). Also, a trend
emerged for a conformation of CRY1 H355 in CRY1-selective
compound structures (Discussion). CRY1 1400 (CRY2 LA1S)
showed a range of conformations and appears to function in af-
finity rather than selectivity. A W417 “in” conformation limits the
range of motion of L418 in CRY2, due to steric overlap between
the two residues. In CRY1 structures, W399 “out” enables more
conformational freedom of L400, which forms hydrophobic, CH-,
and CH-Cl interactions in CRY1-KL101, CRY1-KL201, and
CRY1-KL044 structures, respectively (Fig. 3B and SI Appendix,
Fig. S4B). Q289 displayed considerable flexibility in several CRY
structures but was stabilized by a compound-induced interaction in
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Effects of CRY2 and CRY1 mutation on the responses against KL101 and TH301 in HEK293T cells. (A and B) The half-lives of CRY1-LUC, CRY2-LUC, and

their mutants relative to LUC are plotted by setting a dimethyl sulfoxide (DMSO) control of each protein to 1 for each experiment (S/ Appendix, Fig. S6) (mean
of n = 4 to 6 biologically independent samples from two to three experiments), and values at 3.3 pM compound are shown (Left). Red and blue vertical lines
represent half-lives of KL101-treated CRY1 (WT) and TH301-treated CRY2 (WT) in each set of experiments, respectively. Basal stability of each protein treated
with DMSO is shown in Right by setting CRY 1 stability to 1 (mean of n =810 12). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 relative to CRY2 (WT) for
CRY2 mutants or to CRY1 (WT) for CRY1 mutants by one-way ANOVA followed by Tukey’s multiple comparisons test.
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CRY1-TH301 and CRY2-TH301 structures, influencing affinity
but not selectivity (SI Appendix, Table S1). We further investigated
the conformations of other FAD pocket residues that adopted
diverse conformations in CRY structures, CRY1 R293, L.385, and
1392 (corresponding to CRY2 R311, 1403, and V410), but found
no correlation with compound selectivity (SI Appendix, Table S1).
Overall, the most notable association with compound selectivity
was observed for the gatekeeper residue.

Distinct Lid Loop Interactions with the Gatekeeper Affect KL101 and
TH301 Selectivity. Using insights obtained from crystal structures
and MD simulations, we designed lid loop mutants to interrogate
the functional significance of lid loop interactions with the gate-
keeper tryptophan. We used full-length CRY proteins in order to
evaluate the effect of the mutation on the selectivity of KL.101 and
TH301 since the CCTs are also required for compound selectivity
(16). In cell-based degradation assays, a CRY2 F424A mutant
displayed a considerably reduced response to TH301 compared
with wild-type CRY2 (Fig. 44 and SI Appendix, Fig. S6A4), sup-
porting a role of F424 in the stabilization of W417 and its inter-
action with TH301. In contrast, CRY2 F424A had almost no
effect on KL.101 response. A neighboring residue CRY2 F423
(corresponding to CRY1 F405) is typically buried in an “auxiliary
pocket,” composed of F313, F314, A317, F324, 1332, M416, and
A422 in CRY2, and acts as an anchor to maintain lid loop
structure through rigidification of the N-terminal portion (SI Ap-
pendix, Fig. S74). Because MD simulation of the CRY2-apo
W417 “out” model showed that F423 may prevent a W417
“out” conformation by forming a steric clash (SI Appendix, Fig.
S5F), we designed CRY2 F423A and F423A/F424A mutants to
potentially reduce interference. The F423A mutant showed a re-
duced response to TH301, without affecting response to KL101.
Interestingly, the F423A/F424A double mutant showed the lowest
response to TH301 and a significantly increased response to
KL101 (Fig. 44 and SI Appendix, Fig. S64), resulting in reversed
preference of TH301 and KL101. It is likely that the removal of
F423 from the auxiliary pocket in the F423A mutant significantly
affected the flexibility of the lid loop, but F424 still interacted with
an “in” conformation of W417. In contrast, a CRY2 F423A/
F424A mutant would gain additional flexibility of the lid loop,
enabling W417 to rotate to an “out” position required for a gained
KL101 response. We then applied the corresponding mutations to
CRY1. A double-mutant F405A/F406A (equivalent to CRY2
F423A/F424A) showed the same response to KL101 and TH301
as wild-type CRY1, while F406A mutant resulted in a blunted
response to KL.101 (Fig. 44 and SI Appendix, Fig. S6A4).

Next, we designed a CRY1 Q407A mutant to perturb a CRY1-
specific interaction with the gatekeeper. Compared with the wild
type, this mutant showed a dramatically reduced response to
KL101 and an increased response to TH301 (Fig. 44 and SI Ap-
pendix, Fig. S64), therefore reversed preference of KL101 and
TH301, supporting the role of a W399-Q407 interaction in com-
pound selectivity. A corresponding CRY2 Q425A mutant had an
unchanged response to KL101 and an increased response to
TH301 compared with the wild type (Fig. 44 and SI Appendix, Fig.
S6A4). Overall, these data suggest that the lid loop—gatekeeper in-
teractions of CRY1 and CRY2 regulate different responses to
KL101 and TH301.

However, because CRY1 F406A showed an unexpectedly re-
duced response to KL101 even though the residue may not alter
gatekeeper conformation, it is also possible that the mutations
affect interactions with the CCTs. We therefore investigated the
role of the CCTs by swapping them between CRY1 and CRY2. As
reported previously (16), both CRY2(PHR)-CRY1(CCT) and
CRY1(PHR)-CRY2(CCT) chimeric proteins (designated as
CRY2 wild type [WT]-CRY1 CCT and CRY1 [WT]-CRY2 CCT,
respectively) showed no response to compounds, indicating that
PHRs with CCTs of the same isoform function together to induce
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selectivity (Fig. 4B and SI Appendix, Fig. S6B). Similar to CRY2
(WT)-CRY1 CCT, CRY2 (F424A)-CRY1 CCT did not respond
to KL101 or TH301. In contrast, CRY2 (F423A/F424A)-CRY1
CCT showed a significantly increased response to KL101, result-
ing in KL101-selective protein similar to CRY1 (WT). Further-
more, CRY2 (Q425A)-CRY1 CCT gained a response to TH301
and became similar to CRY2 (WT) (Fig. 4B and SI Appendix, Fig.
S6B). These results in CRY2 lid loop mutants with CRY1 CCT
were quite similar to the corresponding CRY?2 mutants with their
own CCT (Fig. 44 and SI Appendix, Fig. S64), indicating inde-
pendence of lid loop mutations from the CCT isoform in deter-
mining compound selectivity, and also potential effects of lid loop
mutations on CCT interaction.

We further performed assays using CRY1 lid loop mutants with
CRY2 CCT. CRY1 (F405A/F406A)-CRY2 CCT was unrespon-
sive to KLL101 or TH301, similar to CRY1 (WT)-CRY2 CCT. In
contrast, CRY1 (Q407A)-CRY2 CCT and to a lesser extent,
CRY1 (F406A)-CRY2 CCT gained response to TH301 similar to
CRY2 (WT) (Fig. 4B and SI Appendix, Fig. S6B). The result of
CRY1 Q407A mutant with CRY2 CCT correlated well with the
corresponding CRY1 mutant with its own CCT (Fig. 44 and SI
Appendix, Fig. S64), again indicating independence of this lid loop
mutation from the CCT isoform for compound selectivity. On the
other hand, the effects of F406A and F405A/F406A mutations
were different between CRY2 CCT- and CRY1 CCT-conjugated
CRY1(PHR), suggesting functional interaction of F406 with CCT
isoform. Overall, the results demonstrated that lid loop mutation
reversed compound selectivity irrespective of CCT isoform, sup-
porting an important role of the lid loop-gatekeeper interaction,
although there is also a possibility of lid loop—CCT interaction.

Discussion

We determined crystal structures of CRY2-apo and CRY1-PG4
that identified intrinsically distinct interactions between the
gatekeeper tryptophan and lid loop, which were supported by
MD simulations. This study provides insight into how structural
regulation of the gatekeeper and lid loop can tailor the response
of CRY isoforms to small-molecule compounds. The preferen-
tial adoption of CRY1 W399 “out” and CRY2 W417 “in” cor-
related to the conformations observed in crystal structures of
isoform-selective compounds: CRY1-KL101, CRY1-KL201,
and CRY2-TH301 (16, 26). In contrast, CRY2-selective TH301
caused rotation of the gatekeeper in CRY1, and CRY1-selective
KL101 interfered with the gatekeeper in CRY2. In the context of
PHR-only constructs, however, these intrinsic gatekeeper confor-
mational differences are not sufficient to confer compound se-
lectivity, although a small degree of preference of KIL.101 and
KIL201 for CRY1(PHR) and TH301 for CRY2(PHR) was ob-
served (16, 26). Interactions with the CCTs are required for the
selectivity of KL101 for CRY1 and TH301 for CRY2 (16). Be-
cause in the Drosophila CRY (dCRY) structure (4GUS), the CCT
interacts with both W422 (corresponding to the gatekeeper) and
the lid loop (31), we propose that similar CCT interactions could
occur to stabilize the intrinsic gatekeeper and lid loop confor-
mation for compound selectivity in full-length CRY1 and CRY2.
In contrast, the isoform nonselective compound KLO001 has a
smaller and more flexible methansulfonamide moiety that can be
accommodated by intrinsic gatekeeper conformations of CRY1
and CRY2, without incurring steric clashes. A similar mechanism
may apply to the nonselective compound KL044, which contains a
relatively small chlorobenzonitrile moiety that resides next to the
gatekeeper tryptophan (SI Appendix, Fig. S4 B, Right).

A possible caveat of this study is the potential for distal crystal
packing to affect the conformation of the region of interest and/or
low-frequency modes from the crystal lattice to bias MD simula-
tions. We therefore evaluated the role of lid loop-gatekeeper
interactions in compound selectivity by performing cell-based
degradation assays with structure-guided mutations of the lid
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loop, designed to perturb interactions with the gatekeeper tryp-
tophan. The mutants showed either opposite or different effects
on the selectivity of KL101 and TH301 for CRY1 and CRY?2,
supporting isoform-specific regulatory mechanisms of lid loop—
gatekeeper interfaces. CRY1 Q407A designed to disrupt the N-H
aryl and H-bond interactions with the gatekeeper almost abro-
gated response to KL101, while it resulted in gained response to
TH301. Similarly, CRY2 F423A/F424A designed to perturb a
stacking interaction with the gatekeeper significantly reduced re-
sponse to TH301 but increased KL101 response. In addition,
CRY1 F406A mutant unexpectedly showed a decreased response
to KL101, even though F406 did not interact with W399 in CRY1
crystal structures. F406 was orientated in the opposite direction to
the FAD pocket, juxtaposed to the C terminus of «22 in the PHR
(SI Appendix, Fig. STB), and could be accessible to the CCT. Thus,
F406A might alter an interaction of the lid loop with the CCT,
either directly or through conformational rearrangement. Com-
pared with wild-type CRY1, the basal stability of F406A was
slightly reduced, supporting the potential disruption of an inter-
action (Fig. 4 A, Right). In contrast, the basal stability of CRY2
was unaffected by F424A. This shows that an equivalent mutation
in the lid loops of CRY1 and CRY?2 induced distinct effects on
stabilization. CCT-swapping experiments showed that PHRs of
wild-type CRY1 and CRY2 only exhibit selectivity to KL.101 and
TH301 compounds in combination with their respective CCTs.
Mutations of the lid loop residues (CRY2 F423A/F424A, CRY2
Q425A, and CRY1 Q407A) in CCT-swapped constructs resulted
in gain of compound responses, supporting lid 1oop—CCT inter-
action. Importantly, however, compound selectivity was deter-
mined by lid loop mutation independent of the CCT isoform,
indicating the key role of the lid loop—gatekeeper interaction in
selective effects. CRY1 F406A with CRY2 CCT resulted in a
small gain of TH301 response, also supporting its interaction with
the CCT. Similar to F406 in CRY1, Q425 in CRY2 was orientated
away from the FAD pocket in the CRY2-apo structure (SI Ap-
pendix, Fig. STB), indicative of a perturbed interaction with the
CCT to affect TH301 response. We propose that the lid loop can
regulate compound selectivity by directly interacting with the
gatekeeper and the CCT as a potential mechanism that could
explain these results.

In addition to the gatekeeper tryptophan and the lid loop, our
crystallographic and MD analyses indicated that CRY1 H355,
corresponding to CRY2 H373, could favorably adopt distinct
conformations. The binding of compounds has been shown to
induce conformational changes in this residue (Table 1). H355 in
CRY1-KL101 and CRY1-KL201 formed hydrogen bonds with
D203-symmetry, and interestingly, a very similar interaction be-
tween H355 and D203-symmetry occurred in CRY1-PG4. This
intermolecular interaction appeared to mimic an H378-CCT
interaction in dCRY (31). Furthermore, the protonation state
and position of H378 have been shown to restructure the CCT in
dCRY (32), suggesting that corresponding CRY1 H355 poten-
tially interacts with the CCT, depending on its conformation. In
CRY1-TH301, the chlorophenyl moiety induced steric restraint
of H355 and prevented its interaction with D203-symmetry,
resulting in a conformation similar to CRY2 H373. This mech-
anism possibly perturbs an interaction with the CCT. In the
CRY2-TH301 (7EJ9) structure, a different conformation of
H377 to CRY2-apo was induced by the proximity of the chlor-
ophenyl group of bound TH301 and also by the repositioning of
Y431, possibly due to a shifted lid loop that resulted in a disul-
fide bond between C430 and C381 (SI Appendix, Fig. S5C).
Because the buffer for protein crystallization contained a high
concentration of the reducing agent dithiotheitol (DTT), disul-
fide bond formation was likely caused by oxidation after the
crystals had formed. Interestingly, disulfide bond formation be-
tween the corresponding CRY1 residues C412 and C363 has
been shown to influence the binding of PER2, which may be
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regulated by the redox state of the cell (33). This mechanism
might also regulate the position of CRY2 H377 and its potential
interaction with the CCT, thereby mediating an isoform-selective
effect of TH301.

The mechanisms governing differential conformations of the
gatekeeper and lid loop in CRY1 and CRY2 need further inves-
tigation. Distal effects of variant residues in the PHRs are likely to
be involved in affecting the almost identical residues in the FAD
pocket and lid loop. Even so, the conformational isomerism be-
tween CRY1 and CRY?2 described in this study could be exploited
for the development of more selective compounds that target
distinct gatekeeper tryptophan “out” or “in” conformations with
unique structural features of lid loop residues, providing a greater
understanding of CRY functions in circadian clock and
related diseases.

Materials and Methods

Recombinant CRY Expression and Purification. Hiss&-MBP-CRY 1(PHR) and Hise-
MBP-CRY2(PHR) were expressed in Sf9 (Spodoptera frugiperda) insect cells.
Cell lysates were passed over amylose resin, and fusion proteins were
cleaved on the resin with Tobacco Etch Virus (TEV) protease. Cut PHRs were
further purified via a HiTrap Heparin HP column before being run on a
Superdex 200 10/300 Increase column. CRY1(PHR) and CRY2(PHR) proteins
were pooled, buffer exchanged, and concentrated to ~6.0 mg/mL.

Protein Crystallization and Structure Determination. CRY1(PHR) and CRY2(PHR)
were crystallized by hanging-drop vapor diffusion. For CRY1-KL00O1, CRY 1(PHR)-
apo crystals were soaked overnight with 0.5 mM KL001. CRY2-TH301 was coc-
rystallized via hanging-drop vapor diffusion. X-ray diffraction data were col-
lected at Photon Factory or SPring-8 synchrotron facilities. The structures of
CRY1-PG4 and CRY 1-KLOO1 were determined using molecular replacement with
CRY1-apo structure (6KX4) and CRY2-apo and CRY2-TH301 with CRY2-TH301
structure (6KX8) as search molecules.

MD Simulations. Missing residues were modeled, and PG4 and crystal waters
were removed. For CRY1-PG4(removed):KL101 and CRY2-apo:TH301 simu-
lations, KL101 from CRY1-KL101 (6KX6) and TH301 from CRY2-TH301 (6KX8)
were superposed and inserted into CRY1-PG4 and CRY2-apo structures, re-
spectively. The resulting complexes were subjected to restrained minimiza-
tion. Only FAD pocket residues were allowed to move with a restraint on the
backbone atoms and no restraint on the side chain atoms. For CRY1-
PG4(removed) W399 “in” and CRY2-apo W417 “out” model simulations, the
%2 torsion angles for CRY1 W399 and CRY2 W417 were changed from —-78.8
and 85.6 to 85.7 and —78.9, respectively.

Amber99sb-ildn force field with TIP3P (transferable intermolecular po-
tential with 3 points) water molecules was used for solvation in a dodeca-
hedron box. After neutralization, Na* and CI~ ions were added to maintain
an ionic concentration of 0.15 M. Energy minimization followed by equili-
bration in NVT (constant Number of particles, Volume and Temperature)
and NPT (constant Number of particles, Pressure and Temperature) ensem-
ble for 500 ps each was performed for each system. Finally, the data from
production runs of 500 ns for CRY 1-PG4 and CRY2-apo (three independent runs
each); 200 ns for CRY1-PG4(removed):KL101, CRY2-apo:TH301, and CRY2-apo
W417 “out”; and 300 ns for CRY1-PG4(removed) W399 “in” were used for
analysis. Root mean square fluctuation and dihedral angles were calculated.
Interaction energies between residue pairs were calculated by extracting every
1,000th frame from the trajectories of CRY1-PG4 and CRY2-apo and every
100th frame from CRY1-PG4(removed):KL101, CRY2-apo:TH301, CRY 1-PG4(re-
moved) W399 “in”, and CRY2-apo W417 “out” trajectories.

Thermal Shift Assay. CRY1(PHR) was diluted to 1 pM with DSF (differential
scanning fluorimetry) buffer and dispensed onto a 384-well white PCR plate,
followed by the application of compounds. SYPRO Orange was added, and
thermal denaturation was performed using a real-time PCR detection system.

Degradation Assay. HEK (human embryonic kidney) 293T cells were reverse
transfected on a white, solid-bottom 96-well plate with an expression vector
for CRY-LUC, its mutant, or LUC. After 24 h, compounds were added to the
medium. After 24 h, the medium was supplemented with luciferin and
HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-NaOH. After 1 h,
cycloheximide was added, and the luminescence was recorded every 10 min
for 18 h. Half-life was obtained by one-phase exponential decay fitting.
Relative half-life (CRY-LUC normalized by LUC) at 3.3 uM compound was
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obtained by sigmoidal dose-response fitting of dilution series data (five
points).

Detailed materials and methods are provided in S/ Appendix, S| Materials
and Methods.

Data Availability. The final coordinates of CRY1-PG4, CRY2-apo, CRY2-TH301,
and CRY 1-KL0O01 have been deposited in the PDB (ID codes 7DOM, 7DON, 7EJ9,
and 7DLI). All other study data are included in the article and/or S/ Appendiix.
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