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Circadianrhythms play an essential partin many biological processes, and only three
prokaryotic proteins are required to constitute a true post-translational circadian
oscillator'. The evolutionary history of the three Kai proteins indicates that KaiC is the
oldest member and a central component of the clock®. Subsequent additions of KaiB
and KaiA regulate the phosphorylation state of KaiC for time synchronization. The
canonical KaiABC system in cyanobacteria is well understood®, but little is known
about more ancient systems that only possess KaiBC. However, there are reports that
they might exhibit a basic, hourglass-like timekeeping mechanism’°. Here we
investigate the primordial circadian clock in Rhodobacter sphaeroides, which contains
onlyKaiBC, to elucidate its inner workings despite missing KaiA. Using a combination

of X-ray crystallography and cryogenic electron microscopy, we find anew
dodecameric fold for KaiC, in which two hexamers are held together by a coiled-coil
bundle of 12 helices. This interaction is formed by the carboxy-terminal extension of
KaiC and serves as an ancient regulatory moiety that is later superseded by KaiA. A
coiled-coil register shift between daytime and night-time conformationsis connected
to phosphorylation sites through along-range allosteric network that spans over

140 A. Our kinetic dataidentify the difference in the ATP-to-ADP ratio between day and
night as the environmental cue that drives the clock. They also unravel mechanistic
details that shed light on the evolution of self-sustained oscillators.

Circadian clocks are self-sustained biological oscillators that are ubiq-
uitously found in prokaryotic and eukaryotic organisms. In eukary-
otes, these systems are complex and highly sophisticated, whereasin
prokaryotes, the core mechanismis regulated by a post-translational
oscillator that can bereconstitutedin vitro with ATP and three proteins
(encodedby kaiA, kaiB and kaiC)'. Seminal work on the KaiABC system
has resulted in acomprehensive understanding of its circadian clock.
KaiCisthe central component that autophosphorylates by binding to
KaiA and autodephosphorylates following association with KaiB*©. The
interplay amongthese three proteins has been showninvitro to consti-
tuteatruecircadian oscillator characterized by persistence, resetting
and temperature compensation. Consequently, the KaiABC system is
considered an elegant and the simplest implementation of a circadian
rhythm. The evolutionary history of kai genes established kaiC as the
oldest member dating back around 3.5 billion years ago. Subsequent
additions of kaiB and most recently kaiA formed the extant kaiBC and
kaiABC clusters, respectively*'°. Notably, some studies of more primi-
tive organisms that lack kaiA hinted that the kaiBC-based systems might
already provide a basic, hourglass-like timekeeping mechanism’™°.
Contrary to the self-sustained oscillators found in cyanobacteria, such
atimer requires an environmental cue to drive the clock and for the
daily flip of the hourglass. The central role of circadian rhythms in

many biological processes, controlled by the day and night cycle on
Earth, makes their evolution a fascinating topic.

Here we investigate such a primitive circadian clock through bio-
chemical and structural studies of the KaiBC system of the purple,
nonsulfur photosynthetic proteobacteriumR. sphaeroidesKD131 (here-
after, its components are referred to as KaiBgs and KaiCgs). The organism
shows sustained rhythms of gene expressioninvivo, but whether kaiBC
isresponsible for this observation remainsinconclusive inthe absence
of akaiCknockout™. A previous study of the closely related bacterium
Rhodopseudomonas palustristhat used aknockout strain demonstrated
causality between the proto-circadian rhythm of nitrogen fixation and
expression of the kaiC gene®. Here through in vitro experiments, we
discover that KaiBCgg is a primordial circadian clock with amechanism
thatis different from the widely studied circadian oscillator in Synecho-
coccuselongatus PCC 7942 (hereafter, itscomponents are referred to
as KaiAg;, KaiBg; and KaiCg)* ®. We identify an environmental cue that
regulates the phosphorylation state and consequently produces a
24 h clock in vivo as the switch in the ATP-to-ADP ratio between day
and night. Our results from kinetic studies combined with X-ray and
cryogenic electron microscopy (cryo-EM) structures of the relevant
statesunravel along-range allosteric pathway that is crucial for the func-
tionof the hourglass and sheds light on the evolution of self-sustained
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Fig.1| The extended C-terminal tail of KaiCgsforms a coiled-coil interaction
withanexposed A loop forKaiA-independent phosphorylation of KaiC.

a, Schematic of the phylogenetic tree of kaiC showing the appearance of kaiB
and kaiA duringevolution. The kaiC clade with an approximately 50-amino-acid
C-terminal extensionislabelledinred, and atimeline was predicted as
previously reported? Ga, billionyears ago. b, Phosphorylation rate over time of
KaiCgs (6.5+1.0 h™) and KaiCg in the presence (0.40 + 0.02 h™) or absence of
KaiAg at30°C. Thes.d.inreported parameters were obtained from the fitting.
¢, Nucleotide exchange between ATP and mant-ATP inKaiCgsalone (18.0 +1.5h™)
compared with KaiCg in the presence (4.7 + 0.3 h™) and absence of KaiAg;
(0.08+0.04 h™) measured at 30 °C. Representative traces are shown, and the
fitted parameters (mean +s.d.) were obtained from three replicate measurements.
d, X-ray structure of dodecameric KaiCys (PDB: 8DBA) coloured by hexamer A

oscillators. Notably, we find a new protein fold for KaiCrsand uncover
aregister shift in the coiled-coil domain that spans around 115 A as
the key regulator in this system, which shows structural similarities
to dynein signalling™.

The C-terminal tail is a primitive regulatory moiety

Togaininsightinto the evolution of the kaiBC cluster, we constructed a
phylogenetictree of kaiC after the emergence of kaiB (Fig.1a, Extended
Data Fig. 1a and Supplementary Datasets 1and 2). The first question
we sought to answer is how KaiCys and other membersin the clade can
autophosphorylate despite having no KaiA. KaiA is known to be crucial
for this function in the canonical KaiABC system at its optimum tem-
perature. We observed a large clade that exhibits a C-terminal tail about
50 amino acids longer compared with kaiCin other clades (Extended
Data Fig. 1b). This C-terminal extension near the A loop is predomi-
nantly found in the kaiC2 subgroup, which was previously annotated
as having two serine phosphorylationsitesinstead of the Thr-Ser pair
foundin the kaiCI and kaiC3 subgroups®™* (Extended Data Fig.1b).In
S. elongatus, the binding of KaiAg; to the A loop of KaiC tethers them
in an exposed conformation' that activates both autophosphoryla-
tion and nucleotide exchange". Given the proximity of the extended
C-terminal tail to the A loop, we conjectured that it could serve as the
‘primitive’ regulatory moiety that was made redundant with the appear-
ance of KaiA.

Totest our hypothesis, we first measured the autophosphorylation
and nucleotide exchange rates in KaiCgs, which both depend on the
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(lightgreen) and hexamer B (dark green). The CI, Cll and coiled-coil domains
areindicated,andthe Aloopislabelledine.e, Superpositionbased onan
alignment of the Cll domain of KaiCys (green; PDB: 8DBA, chain B), KaiCg;
(purple; PDB: 1TF7, chain B)*® and KaiCy-S431E/T432A (yellow; PDB: 7565,
chain A)" shows that KaiCys has an extended A loop orientation that no longer
forms the inhibitory interaction with the 422 loop (KaiCs numbering). The
conformation of the 422 loop inKaiCysresembles the one seeninthe cryo-EM
structure of the phosphomimetic KaiCg-S431E/T432A (yellow; PDB: 7S65)”. No
electron density is observed for the C-terminal part of wild-type KaiCg; and the
S431E/T432A mutant owing to flexibility, and the missing 22 residues for
wild-type KaiCg; (46 for S431E/T432A) are represented by adashed line (not
shown for the mutant).

presence of KaiA in the KaiABC; system. We observed an autophos-
phorylation rate for KaiCys that was about 16-fold higher than for KaiCg
activated by KaiAg; (6.5 1.0 h™ compared with 0.40 + 0.02 h™, respec-
tively; Fig. 1b and Extended Data Fig. 2a-e). Similarly, the nucleotide
exchange rate was faster in KaiCys compared with KaiCg, evenin the
presence of KaiAg; (18.0 +1.5 h™ compared with 4.7 + 0.3 h™, respec-
tively; Fig. 1c and Extended Data Fig. 2f). Our data show that KaiCgs
can perform both autophosphorylation and nucleotide exchange on
itsownand does so faster thanits morerecently evolved counterparts.

A coiled-coil interaction assembles a KaiCpgg
dodecamer

To mechanistically assess how KaiC in kaiA-null systems accomplishes
autophosphorylation, we turned to structural biology. The crystal
structure of KaiCgs, unlike KaiC from cyanobacteria, revealed ahomo-
dodecamer that consisted of two homohexameric domains joined by a
12-helical coiled-coil domain that is formed by the extended C-terminal
tail (Protein Data Bank (PDB) identifier: 8DBA; Fig.1d and Extended Data
Table 1). A closer inspection of the Cll domains in KaiCgs and KaiCgg/r¢
(Thermosynechococcus elongatus BP-1referred to as KaiC¢) showed an
obvious differencein A loop orientations: an extended conformation
in KaiCgs compared with aburied orientation in KaiCg/1; (Fig. 1e). The
existence of suchan extended conformation following binding of KaiA
hasbeen previously proposed™. This hypothesis was based on the per-
ceived hyperphosphorylation and hypophosphorylation that occurred
after removing the A loop or disrupting KaiA binding, respectively’.
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Fig.2| A coiled-coil partner switch coupled to anallostericnetworkin the
Clldomain promotes autodephosphorylation. a, X-ray structure of
KaiCgs-Acoil was solvedinthe C222, space group and contained three
monomersinthe asymmetric unit, with ADP presentinall active sites. The
obtained electron density map allowed for model building up to Pro463, which
indicated thatthe truncation at position 490 results in enhanced flexibility
beyond Pro463. Phosphorylation of Ser414 (pS414) was observed in chain B
(cyan) asshown by the electron density mF,—DF_ polder map (green mesh, 30
contour level). b, Assembly analysis using the PISA software* revealed a
hexamer as the most probable quaternary structure (top view). ¢, Structural
comparison of the coiled-coil domain for unphosphorylated KaiCgy (dark and
light green; X-ray structure) and the KaiCys-S413E/S414E phosphomimetic
mutant (dark and light blue; cryo-EM structure).d, Overlay of interacting
dimersof the structures in c using the Cll domain of chain A asareference

Arecently solved cryo-EM structure of the night-time phosphomi-
metic KaiCy-S431E/T432A in its compressed state directly showed a
disordered A loop that no longer interacts with the 422 loop®, similar
to the extended A loop conformation we observed in KaiCyg (Fig. 1e).
Theloss of interaction between the A loop and the 422 loop (just 10 resi-
duesapart fromthe phosphorylationsites) results in closer proximity
between the hydroxyl group of Ser431-Thr432 and the y-phosphate of
ATP, thereby, facilitating the phosphoryl transfer step®. Furthermore,
the sequence similarity between KaiCys and KaiCg; is less than 30% for
the A loop and residues considered important for stabilization of this
loop inits buried orientation (that is, the 422 loop and residues 438-
444) (Fig.1e). Together, our structural and kinetic data support theidea
thatanexposed A loop is key for the KaiA-independent enhancement
of nucleotide exchange and hence autophosphorylationin KaiCgsand
perhaps other KaiBC-based systems.

We then questioned whether the purpose of the coiled-coil domainis
to ‘pullup’the A loop or toactively participate in nucleotide exchange
and autophosphorylation of KaiC. To further understand its role, we
generated a truncation at residue Glu490 based on the phylogenetic
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(dark shades; bottom). Unphosphorylated KaiCgys (dark green) interacts with
the opposite partner ontheright (light green), whereas KaiCgs-S413E/S414E
(darkblue) interacts with the partner ontheleft (light blue). The hydrophobic
packinginthe coiled-coil domainis mediated by only the Cp atoms of alanine
and arginineresidues inunphosphorylated KaiCgs, butinvolves the entire side
chainofleucine andisoleucineresiduesin the phosphomimetic structure.

e, Allosteric network in the phosphomimetic state (blue) from the coil (light
blue) propagating through the KaiCgs Cll domain to the active site (dark blue)
compared with the unphosphorylated state (dark green) (Supplementary
Video1).f, Autodephosphorylation of KaiCrsand KaiCys-Acoil over timein the
presence of 4 mM ADP at 30 °C. The phosphorylated (P) and unphosphorylated
(U) proteins were separated by Zn** Phos-tag SDS-PAGE (for gel source data,
see Supplementary Fig.1).

tree and crystallographic information (KaiCys-Acoil) (Extended Data
Fig.1b) to disrupt the coiled-coil interaction between the two hexam-
ers. The crystal structure of KaiCgs-Acoil (PDB: 8DB3; Fig. 2a,b and
Extended DataTablel), its size-exclusion chromatogram and analytical
ultracentrifugation profile (Extended Data Fig. 3a-c) showed a hexa-
meric structure with no coiled-coil interaction. Nucleotide exchange
ratesin the Cll domain for KaiCgs-Acoil and the wild-type protein were
comparable (19.1+ 0.8 h'and 18.0 + 1.5 h, respectively; Extended Data
Fig.3d). The phosphorylation rates were also similar (5.5 + 0.4 h™and
7.4+ 0.3 h''for KaiCgs-Acoil and wild type, respectively; Extended Data
Fig.3e,f). These results indicate that the extended A loop and not the
coiled-coil interaction plays a pivotal partin nucleotide exchange and
autophosphorylation in KaiCgyg. The results also provide a potential
mechanism of autophosphorylation in other KaiBC-based systems
thatlack acoiled-coilbundle. Notably, the coiled-coil bundle provides
additional hexameric stability. In detail, the KaiCrs dodecamer is stable
for extended periods of time in the presence of only ADP (Extended
DataFig.3g,h), whereas for KaiCg, oligomers are not observed under
these conditions®.
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Fig.3|Theregulatoryrole of KaiBsin the phosphorylation-
dephosphorylation cycle of KaiCgg. a, SDS-PAGE gel of 3.5 uM KaiCrsand 4 mM
ATPintheabsence (top) and presence (bottom) of 3.5 pM KaiBgsat 35 °C, with the
percentage of ATPindicated at specific time points. b, Phosphorylation (single
and double) ofKaiCgs during the reactionin the absence (grey circles) or
presence (red diamonds) of KaiBgs ¢, Phosphorylation-dephosphorylation cycle
of3.5 uM phosphorylated KaiCsin the absence and presence of 3.5 pM KaiBgs in
aconstant ATP-to-ADP ratio of high ATP (4 mM) to mimic daytime and about 25%
ATPtomimicthe nighttime (exact percentage of ATPindicated at specific time
points)at30°C.U,Sand Dinaand crepresent the unphosphorylated, single
phosphorylated (at Ser413 or Ser414) and double phosphorylated state of KaiCygs,
respectively (for gel source data, see Supplementary Fig.1).d, ATPase activity of
wild-type KaiCgysin the absence and presence of KaiByg, KaiCrs-E62Q/E63Qin the

Along-range allosteric network in KaiCgg

The change in phosphorylation state of KaiC has been well established
to be the central feature for the circadian rhythm?*?*, Notably, when
comparing the unphosphorylated form of full-length KaiCys (PDB:
8DBA) and its phosphomimetic mutant (S413E/S414E; PDB: 8FWI)
(Extended Data Fig. 4 and Extended Data Table 2), we observed two
distinct coiled-coil interactions. Following phosphorylation, the
coiled-coil pairs swap partners by interacting with the other neigh-
bouring chainfromthe opposite hexamer, whichresulted inaregister
shift that propagated around 115 A along the entire coiled-coil (Fig. 2¢
and Extended Data Fig. 5). In the phosphomimetic state, the register
comprised bulkier hydrophobic residues that resulted in amore stable
interactionthan for the dephosphorylated form (Fig.2d and Extended
Data Fig. 3g). Furthermore, the C-terminal residues of KaiCrs-S413E/
S414E interacted with the Clldomain of the opposite hexamer, whereas
the lack of electron density for the last 30 residues in the wild-type
structure indicates more flexibility in the dephosphorylated state.
We discovered that these conformational changes in the coiled-coil
domain seemed tobe coupled through along-range allosteric network
tothe phosphorylationsites. The rotameric states of residues Ser413,
Ser414, Trp419, Val421, Tyr436, Leu438, Val449 and Arg450 moved
concertedly and pointed towards the nucleotide-binding site when
the protein was phosphorylated or pointed away in the absence of a
phosphate group (Fig. 2e, Extended Data Fig. 5d and Supplementary
Video1). We propose that the proximity of the nucleotide to the phos-
phorylated residue facilitated more efficient phosphoryl transfer. We
therefore experimentally determined the impact of the coiled-coil
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absence and presence of KaiBgs, and KaiCrs-E302Q/E303Qin the absence and
presence of KaiBgsat 30 °C. Bar graphs show mean + s.d. from three replicates.
e, Time-dependent autodephosphorylation of **P-labelled KaiCys bound with
ADPinthe presence of 20 uMKaiBysand 4 mM ADP at 30 °Cshowing
phosphorylated *P-KaiCgs, *?P-ATP and free >Pi. The reaction products were
separated by thinlayer chromatography. f, The decay of phosphorylated
32p-KaiCrsbound with4 mM ADP in the absence (grey circles) and presence (red
diamonds) of KaiBgsat 30 °Cis obtained from autoradiography quantification
(Extended DataFig.7).g, The nucleotide exchange of 3.5 pM KaiCys (grey trace)
and 3.5 uMKaiCggin complex with30 puM KaiBy (red dotted trace) in the
presence of ATP with mant-ATP. Representative traces are shown, and the fitted
parameters (mean £s.d.) were obtained from three replicate measurements.

domain on the autodephosphorylation rate of KaiCgs. The wild-type
protein dephosphorylated comparatively quickly (observed rate con-
stant=11.5 + 0.8 h™") in the presence of only ADP. By contrast, little
dephosphorylation was observed for KaiCgs-Acoil (Fig. 2fand Extended
DataFig. 3i), for which allosteric propagation was disrupted (Extended
DataFig. 5d). Consistent with this accelerated dephosphorylationrate
mediated by the coiled-coil domain, our crystallographic datashowed
aphosphate group on Ser414 for KaiCgs-Acoil but not for the wild-type
protein (Fig.2a and Extended Data Fig. 5d).

The ATP-to-ADP ratio resets the clock

It was notable that KaiCyg can autodephosphorylate onits own despite
being constitutively active for phosphorylation owing toits extended
Aloop conformation. Inthe canonical kaiABC system, the interaction
between KaiB and KaiC is required to provide a new binding interface
thatsequestersKaiA fromits activating binding site, thereby promoting
autodephosphorylation at the optimum temperature of the organ-
ism?*2, We therefore sought to discover whether the KaiCgs System can
oscillateand whether thereis aregulatory role for KaiBgsin this process.
Comparingtheinvitrophosphorylation states of KaiCgsin the absence
and presence of KaiBys showed an initial, rapid phosphorylation fol-
lowed by an oscillatory-like patterninthe presence of KaiBgs (hereafter
referred to as KaiBCgg), whereas KaiCyg alone remained phosphorylated
(Fig. 3a,b). Notably, the ATP consumption during the reaction with
KaiBgs was significantly higher than without (Fig. 3a). As noted above,
KaiCgs will also dephosphorylate completely in the presence of only
ADP (Fig. 2f). These results suggest that the phosphorylation state


https://doi.org/10.2210/pdb8DBA/pdb
https://doi.org/10.2210/pdb8FWI/pdb

KaiBrg
fsKaiB¢

Bound (%)
(o2}
o

DR QDR
SR A I s
O L%y Y
‘k"b @ b(\ b:\ bt\ bx\
& TP g IS
N OO N
> > A
o O G
‘l'{b +‘b \J\_’b ‘l‘[b
g Monomer A

Phosphorylation ( Hydrolysis ( (

Phosphoryl transfer

_BA © — . (&
ATP /s ) —> — BN —_—
—
\d ATP ADP R b
KaiB KaiB
KaiB & KaiB B 1 et
KaiB has high affinity to Cl-bound ADP
Daytime

Fig.4|KaiBgsbinds to the post-hydrolysis state and accelerates the ATPase
activity of KaiCgs. a, Cryo-EM structure of KaiCgs-S413E/S414E (yellow) in
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KaiBgsinthe presence of ADP or an ATP-recycling systemat25°C. Bar graphs

of KaiCgs and the observed oscillatory half-cycle (Fig. 3a,b) is prob-
ably related to a change in the ATP-to-ADP ratio. We conjectured that
this could constitute the environmental cue to reset the timer. To test
our hypothesis, an ATP-recycling system was added after complete
dephosphorylation of KaiBCgs. As predicted, KaiCys was able to restart
the cycle and phosphorylate again (Extended Data Fig. 6a). We note
thatinvivo, the ATP-to-ADP ratio will not vary as substantially asin this
invitroexperiment, as nucleotide homeostasisis tightly regulated. To
mimic the day and night period for R. sphaeroides, we repeated the
experiments while keeping the ATP-to-ADP ratio constant (mostly ATP
at daytime owingto photosynthesis compared with 25:75% ATP-to-ADP
during night time)?. In the presence of high ATP (that is, mimicking
daytime), KaiCys remained single or double phosphorylated (Fig.3cand
Extended Data Fig. 6b) irrespective of KaiB. By contrast, a constant
25:75% ATP-to-ADP ratio (that is, mimicking night time) resulted in a
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show mean +s.d. fromthreereplicates. f, Fluorescence anisotropy of
unlabelled KaiByscompetitively displacing KaiBys-61AF (where 61AF is the
fluorophore) from unphosphorylated KaiCysin the presence of ADP (dark
greencircles) and phosphorylated KaiCsin the presence of the ATP-recycling
system (light green triangles) at 30 °C. The average anisotropy and standard
error were calculated from tenreplicate measurements. g, Schematic of the
uncovered mechanism of KaiCs regulated by coiled-coil interactions and
KaiBgsin the Cland Cll domains.

much higher fraction of dephosphorylated KaiCgs in the presence of
KaiBgs (Fig. 3¢). Moreover, when the ATP-to-ADP ratio was flipped to
mimic daytime, KaiCys was able to phosphorylate again (Fig. 3¢, around
the 28 hmark). Our datasupport the notion that the phosphorylation
behaviour of KaiBCgs strongly depends on the ATP-to-ADP ratio and
demonstrate that the physical binding of KaiBgs resultsina higher level
of KaiCys dephosphorylation at night time.

Next we investigated the accelerated ATPase activity observed in
KaiCgsafter the formation of the complex. The ATPase activity reported
forKaiCg;is low (about 15 ATP molecules per day per molecule of KaiCg)
and was proposed as areason for the slowness of circadian oscillation?.
KaiCysalone shows asignificantly faster ATPase rate than KaiCg, which
is further enhanced by binding of KaiBgs (208 +19 and 1,557 + 172 ATP
molecules day per day per KaiCgg, respectively; left two bars in Fig. 3d
and Extended Data Fig. 6¢-g). Furthermore, KaiCy does not exhibit
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temperature compensation for its ATPase activity (temperature coef-
ficient Q,cabout1.9; Extended DataFig. 6¢), afeature thatis presentin
KaiC; and proposed to be a prerequisite for self-sustained rhythms?,
The deviation from unity for Q, is consistent with our earlier observa-
tionthat the KaiBCgs systemis notatrue circadian oscillator but rather
an hourglass timer (Fig. 3b).

Regulatory role of KaiBgs

Mechanistic details of how the binding of KaiBgs in the Cldomain allos-
terically affects the autodephosphorylation of KaiCysin the Clldomain
remainunclear. There are three plausible scenarios to explain this: (1)
KaiBgs binding stimulates the phosphoryl transfer from pSer back to
ADP (Extended DataFig. 7a); (2) KaiBgs binding increases the hydrolysis
rate of the active-site ATP (Extended Data Fig. 8a); or (3) KaiBgsbinding
accelerates nucleotide exchange in the Cll domain (Extended Data
Fig. 8e). To differentiate among these possibilities, we performed
radioactivity experiments to follow nucleotide interconversion. We
also measured ATPase activity for wild-type KaiCps and mutant forms
thatareincapable of ATPase activity in the Cl or Clldomain, and quan-
tified nucleotide-exchange rates by measuring the fluorescence of
mant-ATP. First, we detected fast, transient *P-ATP formation in our
radioactivity experiments when starting from *>P-phosphorylated Kai-
Crs, Whichwas due toits ATP synthase activity in the Cll domain (Fig. 3e
and Extended DataFig. 7b—d). The observed phosphoryl-transfer rate
was independent of KaiBgs (observed rate constant =12.0 + 1.7 hand
15.4 +1.7 h'in its absence and presence, respectively; Fig. 3f) and
agreed well with the rates determined from our gel electrophoresis
experiments (11.0 + 0.8 h™and 11.5 + 0.8 h™ with or without KaiBgs,
respectively; Extended Data Fig. 7e,f). Our experimental data con-
firmed that KaiCys undergoes dephosphorylation through an ATP
synthase mechanism, similar to what was observed for KaiCg; (ref.?).
KaiB does not expedite the actual phosphoryl-transfer reaction, which
is never the rate-limiting step. As we were unable to stabilize the first
phosphorylationsite (Ser414) in the presence of ADP, the rates reported
here correspond exclusively to dephosphorylation of Ser413.Second, to
deconvolute the contributions of the Cland Cll domains to the observed
ATPase activity, we measured ADP production from KaiCzs mutants
that abolish hydrolysis in either the Cl domain (KaiCps-E62Q/E63Q)
or the CIl domain (KaiCrs-E302Q/E303Q). For wild-type KaiCgg, the
binding of KaiBgs resulted in a 7.5-fold increase in ATPase activity, and
both domains were affected and contributed additively (3-fold for CI
and at least 1.7-fold for CII) to the overall effect (Fig. 3d and Extended
DataFig.8b-d).Of note, the fold increasein the Cll domain represents
alower limit as the mutations induced to generate KaiCrs-E62Q/E63Q
interfere with KaiBgsbinding, as previously reported for KaiCg (ref. *°).
Third, our measurements of nucleotide exchange showed that this
rateis also unaffected by KaiBgsbinding (19.8 + 1.8 h ' and18.0 + 1.5 h™*
with or without KaiBgs, respectively; Fig. 3g). Asthereis no tryptophan
residue near the nucleotide-binding site in the Cl domain, only the
exchange rate in the Cll domain could be determined. Notably, the
changeinfluorescence amplitude was smallerin the presence of KaiBgs,
which demonstrates that even though the binding of KaiBys does not
accelerate nucleotide exchange, it appears toinduce aconformational
rearrangement in the Cll domain, especially at higher temperatures
(Fig. 3g and Extended Data Fig. 8f-h).

Structure of the KaiBCgs complex

To elucidate the structural underpinning of the enhanced ATPase
activity of KaiCgs after KaiBgg binding, we solved the cryo-EM struc-
tures of KaiCys alone (PDB: 8FWI) and in complex with KaiBgs (PDB:
8FW]J) (Extended Data Table 2). Twelve KaiBgs molecules (mono-
mericinsolution; Extended Data Fig. 9a) bind to the Cl domain of the
KaiCgs-S413E/S414E dodecamer (Fig. 4a—-c and Extended Data Fig. 9b).
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The bound state of KaiBgs adopts the same fold-switch conformation
as observed for KaiB; (ref. *) and suggests that this is the canonical
binding-competent state (Fig. 4b). Following binding of KaiBgg, the
CI-Clinterfaces loosen up (Fig. 4c), which enables the formation of
atunnel that connects bulk solvent to the position of the hydrolytic
water in the active sites (Fig. 4d and Extended Data Fig. 9c). There are
other lines of evidence for the weakened interactions within the CI
domains. First, KaiBgs binding to either KaiCr-Cl domain (Extended
DataFig.10a) or KaiCys-Acoil (that is, missing the C-terminal extensions;
Extended Data Fig.10b) resulted in disassembly of the hexameric KaiCpyg
structure into its monomers. By contrast, full-length KaiCrs maintained
its oligomeric state following binding of KaiBgs, which is probably due
to the stabilization provided by the coiled-coil interaction. Second,
a decrease in melting temperature (7,,) of KaiCgs was observed with
increasing KaiBgsconcentration (Extended Data Fig.10c). There wasno
interaction between neighbouring KaiBys molecules within the complex
(Extended DataFig. 9b), which suggests that there isanon-cooperative
assembly of KaiBgs to KaiCgg. This result is contrary to what has been
observed for KaiBCg; and KaiBC;; complexes®*2,

Furthermore, we noted that KaiB-bound structures in phosphomi-
metic variants of KaiCys (Fig. 4¢,d) and KaiCg; (ref.?°) have ADP boundin
their Cldomain. This result demonstrates that the post-hydrolysis state
isalso the binding-competent state for KaiBg. To test this hypothesis,
a His-tagged KaiBgs protein was used in pull-down assays to detect its
physicalinteraction with wild-type and mutant forms of KaiCps bound
with either ADP or ATP. Nearly all KaiBs was complexed to ADP-bound
KaiCgs, whereas lessthan30% co-eluted in the ATP-bound form, regard-
less of the phosphorylationstate (Fig. 4e and Extended DataFig.10d,e).
The formation of complexes depended inversely on the ATP-to-ADP
ratio (Extended Data Fig. 10f). We performed fluorescence anisotropy
competition experiments to obtain amore quantitative description of
thebindinginteraction between KaiCys and KaiBgs. Highly similar dis-
sociation constant (K;) values were obtained for unphosphorylated,
wild-type KaiCgs (Fig. 4f) and its phosphomimetic form (Extended Data
Fig.10g) bound with ADP (0.42 + 0.03 uM and 0.79 + 0.06 pM, respec-
tively). No measurable binding curves were obtained for ATP-bound
phosphorylated wild-type KaiCgs (Fig. 4f) or for KaiCrs-S413E/S414E
(Extended Data Fig.10g) with ATP-recycling system, whichis probably
due to the small fraction of complex present. Our data show that the
post-hydrolysis statein the Cldomain s key for KaiBgs binding, whereas
the phosphorylation state of KaiCgs has only a marginal effect.

Insummary, we demonstrate that binding of KaiBgs at the Cldomain
in the post-hydrolysis state facilitates the hydrolysis of transiently
formed ATP after dephosphorylation of KaiCgg in the CIl domain
(Fig. 4g). Our fluorescence experiments (Fig. 3g and Extended Data
Fig. 8f) detected a conformational change in the Cll domain following
KaiBgs binding, but we did not observe major structural changes in
the cryo-EM structures. Based on the temperature dependence of the
fluorescence amplitudes (Extended Data Fig. 8f), we conjecture that
theinability to detect conformational differencesis probably because
ofthelowtemperature. As the Clldomain prefers tobind ATP over ADP
(Extended Data Fig.10h), ATP hydrolysis in the Cll domain stimulated by
KaiBgsis particularlyimportant to keep KaiCgsinits dephosphorylated
state at night time. During this period, the exogenous ATP-to-ADP ratio
remains sufficiently high to otherwise result in ATP-binding in the CII
active site (Fig. 3c and Extended Data Fig. 6b).

Discussion

The KaiBCgs system studied here represents a primordial, hourglass
timekeeping machinery, and its mechanism provides insightinto more
evolved circadian oscillators such as KaiABC. The dodecameric KaiCgg
showed constitutive kinase activity owing toits extended C-terminal tail
that forms a coiled-coil bundle with the opposing hexamer. This struc-
ture elicits a conformation akin to the exposed A loop conformation
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inKaiACg, and autophosphorylation occurs within halfan hour. In the
KaiABCg; system, the transition from unphosphorylated to double
phosphorylated KaiC takes place over about 12 h, and the fine-tuning of
this first half of the circadian rhythmis accomplished by the emergence
of KaiAg during evolution. The second clock protein, KaiB, binds the CI
domainwith the same fold-switched stateinboth systems. Theinterac-
tionis controlled by the phosphorylation state in the KaiABCg; system,
anditssolefunctionisto sequester KaiAg fromthe activating binding
site, whereas KaiB binding directly accelerates ATPase activity in the
KaiBCgs system regardless of the phosphorylation state. The KaiBCgyg
system requires an environmental switch in the ATP-to-ADP concen-
trationto reset the clock. The system therefore follows the day-night
schedule when nucleotide concentrations inherently fluctuate in the
organism. By contrast, the self-sustained oscillator KaiABCg; remains
functional over awide range of nucleotide concentrations and responds
to changes in the ATP-to-ADP ratio by changing its phosphorylation
period and amplitude to remain entrained with the day-night cycle®.

The newly reported structural fold of KaiC utilizes the versatile
coiled-coil architecture as part of along-range allosteric network that
regulates KaiCps dephosphorylation. Nature uses conformational
changes in coiled-coil domains for a variety of regulatory functions,
including the activity of the motor protein dyneinin the cellular trans-
portof cargo along the actin filament™. A similar register shift, although
inacoiled-coil interaction formed by only two helices, isused indynein
motility. Given that this simple heptad repeat sequence emerged multi-
pletimes andis found throughoutaall kingdoms of life®, itis an example
of convergent evolution.
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Methods

Construct of KaiC and KaiB expression vectors
The wild-type KaiCgs (GenBank identifier: ACM04290.1) and KaiBgg
(GenBank: WP_002725098.1) from R. sphaeroides strain KD131/KCTC
12085 (equivalent: Cereibacter sphaeroides strain KD131) constructs
used in this paper were ordered from GenScript (Supplementary
Table 1). Codon-optimized plasmids for KaiCys and KaiBy were sub-
cloned into Ncol/Kpnl sites of the pETM-41 vector. A QuikChange Il
Site-Directed Mutagenesis kit (Agilent Technologies) was used to gen-
erate single mutant, double mutant and truncated versions of KaiCgs.
The truncated KaiCg (KaiCgs-Acoil and KaiClgs) were generated by
introducing stop codons in the KaiCys wild-type plasmid. All primers
were ordered from Genewiz (Supplementary Table 2). The presence of
the intended KaiCys mutations in the plasmid was confirmed by DNA
sequencing by Genewiz using primers ordered from the same company
(listed in Supplementary Table 2).

Both KaiCg; and KaiAg; plasmids were agift from E. K. O’Shea. Expres-
sion and purification were performed according to a previously
described procedure®.

Expression and purification of KaiCs and KaiBy from

R. sphaeroides

KaiCgs, KaiCrs mutants and KaiBgs were expressed in Escherichia coli
BL21(DE3) cells (New England Biolabs) harbouring the plasmid pETM-41
containing the kaiCys or kaiBysgene. Three colonies fromafreshly pre-
pared transformation plate were inoculated into 1 litre of TB medium
containing 50 pg ml kanamycin. This culture was grown at 25 °C with
shaking at 220 r.p.m. for 48 h without IPTG induction (leaky expres-
sion). The cells were pelleted by centrifugationat4,200 r.p.m. for 15 min
at4°Candstored at-80 °C.

Frozen cell pellets of KaiCys and KaiCrs mutants were resuspended
intolysate buffer (buffer Aczs) containing 1x EDTA-free protease inhibi-
tor cocktail (Thermo Fisher Scientific), DNAse I (Sigma Aldrich) and
lysozyme (Sigma Aldrich), and the lysate was sonicated for 10-15 min
(20 son, 30 s off, output power less than 40%) on ice followed by cen-
trifugationat 18,000 r.p.m. at 4 °C for 45 minto remove cell debris. The
lysate wasfiltered through a 0.45 um filter and thenloaded on HisTrap
HP prepacked Ni-sepharose columns (Cytiva) pre-equilibrated with
buffer Acgs at 0.5 ml min™. The column was washed with buffer Acgs
at1ml min—until the UV absorbance returned to baseline. Impurities
were then washed with 15% buffer B¢ zs, and the protein was eluted with
50% buffer B.gs. The eluted complex was diluted with 1.5-fold dialysis
buffercgs then subjected to in-house prepared His-tagged TEV pro-
tease (1:10, TEVP:KaiCgs molar ratio) cleavage to remove the His,~MBP
tag from KaiCgs (wild-type and mutants) overnight at 4 °C in 6-8 kDa
snakeskin dialysis tubing (Thermo Fisher Scientific) that was exchanged
against dialysis bufferzs. Cleaved KaiCys was filtered through al pm
filter and once againloaded onto HisTrap HP prepacked Ni-sepharose
columnsat 0.5 ml min™to remove His-tagged TEV protease, His,~MBP
tag and uncleaved protein. The flow through was concentrated using
a Millipore Amicon Ultra-15 centrifugal filter device (10 kDa cut-off)
and immediately passed through a HiPrep Sephacryl S-400 HR col-
umn (Cytiva) pre-equilibrated with buffer C . Protein was purified to
homogeneity withasingle band on Bis-Tris 4-12% gradient SDS-PAGE
gel (Genscript) at 62.5 kDa. All protein purification steps were done at
4°Coronice. Protein was aliquoted and flash-frozen before storage
at —80 °C until further use. The protein concentration was measured
using a Microplate BCA Protein Assay kit (Thermo Fisher Scientific)
on a SpectraMax MiniMax 300 imaging cytometer using BSA as a
standard curve. Typical yields of KaiCgs (wild-type and mutants) were
20-40 mg 1 of culture.

To test whether the purified KaiCrs had any ATPase contamination,
Q-sepharose HP columns (Cytiva) pre-equilibrated with buffer D g was
used before the final HiPrep Sephacryl S-400 HR column. The protein

waseluted with 5 CV of alinear gradient from 0 to 100% buffer E. zs. The
ATPase activity of the protein samples purified using Q-sepharose HP
columns wasidentical to the samples without this additional purifica-
tion step. Buffer A.zscomprised 50 mM Tris-base (pH 7.5),250 mM NaCl,
10 mMimidazole,2 mM TCEP, 5 mM MgCl,,1 mMATP and 10% glycerol
(v/v). Buffer By comprised 50 mM Tris-base (pH 7.5), 250 mM NaCl,
500 mMimidazole,2 mM TCEP,5 mM MgCl,,1 mM ATP and 10% glycerol
(v/v). Dialysisc s comprised 50 mM Tris-base (pH 7.0), 50 mM NaCl,
2 mMTCEP, 5 mM MgCl,, 1 mM ATP and 10% glycerol (v/v). Buffer C¢.gs
comprised 50 mM Tris-base (pH 7.0), 50 mM NacCl, 2 mM TCEP, 5 mM
MgCl,, 1 mMATP and 10% glycerol (v/v). Buffer D¢ gs comprised50 mM
Tris-base (pH 7.0),2 mM TCEP, 5 mM MgCl,,1 mM ATP and 10% glycerol
(v/v).Buffer E.zscomprised 50 mM Tris-base (pH 7.0),1 MNaCl,2 mM
TCEP, 5 mM MgCl,, 1 mM ATP and 10% glycerol (v/v).

The purification of KaiBgs was similar to KaiCgg, but with slight modi-
fications as outlined below. After sonication and centrifugation to
remove cell debris, the lysate was filtered through a 0.22 pum filter and
then passed through HisTrap HP prepacked Ni Sepharose columns,
pre-equilibrated with buffer Ay zs. The columnwas washed with buffer
Ag.rs until the UV absorbance returned to baseline. Impurities were
washed with 5% buffer By z, and the protein was eluted with 50% buffer
Bg.rs- The fusion protein was concentrated down to around 30 ml using
Amicon stirred cells (Millipore Sigma) with 10 kDa cut-off. In-house
prepared His-tagged TEV protease was added, and the fusion protein
was cleaved overnight at 4 °Cin a 3.5 kDa dialysis cassette that was
exchanged against dialysisg s buffer. The cleaved KaiBgs was passed
through HisTrap HP prepacked Ni-sepharose columns and concen-
trated downto about 10 mlusingaMillipore Amicon Ultra-15 centrifugal
filter device (3.5 kDa cut-off). The protein sample was then loaded onto
a26/60 Superdex S75 gel-filtration column (Cytiva) pre-equilibrated
with buffer Cygsat4 °C. The eluted protein wasloaded onto Q-sepharose
HP columns pre-equilibrated with buffer Dy ;s to remove ATPase con-
tamination. The protein was eluted out in the flow through. A gradient
from 0to100% buffer E, s was passed through Q-sepharose HP columns
to ensure that no KaiBys was bound to the columns. Protein was purified
to homogeneity with the single band on Bis-Tris 4-12% gradient SDS-
PAGE gels at 10.3 kDa. Protein was aliquoted and flash-frozen before
storage at —80 °C until use. The protein concentration was measured
using aMicroplate BCA Protein Assay kit (Thermo Fisher Scientific) on
aSpectraMax MiniMax 300 imaging cytometer using BSA asastandard
curve. Typical yields of KaiBgs were 30-40 mg I of culture.

Buffer Ay s comprised 50 mM Tris-base (pH 7.5),250 mM NaCl,10 mM
imidazole, 2 mM TCEP and 10% glycerol (v/v). Buffer B, zs comprised
50 mM Tris-base (pH 7.5),250 mM NaCl, 500 mMimidazole,2 mM TCEP
and10%glycerol (v/v). Dialysisg zs comprised 50 mM Tris-base (pH 7.5),
250 mMNaCl,2 mM TCEP and 10% glycerol (v/v). Buffer C, xs comprised
50 mM Tris-base (pH 7.5), 50 mM NaCl, 2 mM TCEP and 10% glycerol
(v/v). Buffer Dy s comprised 50 mM Tris-base (pH 7.5),2 mM TCEP and
10% glycerol (v/v). Buffer E; xscomprised 50 mM Tris-base (pH 7.5),1M
NaCl,2 mM TCEP and 10% glycerol (v/v).

Phylogenetic tree of KaiC

Protein sequences used in this study were identified in a multistep
process. Inthe first step, aselection of sequences wasidentified using
the BLASTP algorithm, utilizing a query based on the protein sequence
for KaiC from S. elongatus (GenBank: WP_011242648.1)*%. The query
wasrun against NCBI's non-redundant protein database with the exclu-
sion of models or uncultured and environmental sample sequences.
A multiple sequence alignment of the selected 1,538 sequences was
generated using MAFFT* ! (Supplementary Dataset 1). This alignment
was used asinput to generate aninitial phylogenetic tree for KaiC with
RAXML (v.8.2.9)* using the PROTGAMMALG model. The generated
tree was then used toidentify the emergence of KaiB to create the final
tree that focused on systems containing either KaiBC or KaiABC. Todo
so, a BLASTP search was performed for each branch tip with the KaiB
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sequence from . elongatus, with the results restricted to the organism
atwhichthebranchtip wasidentified from. The observed branch point
of emergence of KaiB agrees well with previous results in which it was
shown that KaiB is mainly seen in non-archaea, non-proteobacteria®.

To ensure the best possible sequence coverage, a BLASTP search
using KaiB as query (GenBank: WP_011242647.1) was performed. The
resulting sequences were then used toidentify the organisms that they
came from, which allowed us to create alist of organisms with an identi-
fied KaiB sequence. This list was then used to select for a subsequent
BLASTP searchusingKaiC as query and therefore toidentify only KaiC
sequences for organisms that containboth KaiB and KaiC. A spot check
was run to confirm that, for example, KaiA was indeed found among
all cyanobacteria identified except for Prochlorococcus marinus. The
obtained sequences were trimmed down to only include sequences
with a sequence homology of 90% or less using CD-HIT* to arrive at
atotal of 401 sequences. For the calculation of the phylogenetic tree,
RecAfromS. elongateswas added to serve as the outgroup. Sequences
were aligned using MAFFT**"*! (Supplementary Dataset 2) with the
E-INS-lalgorithm**. The multiple sequence alignment was then used as
input for the phylogenetic tree calculation with IQ-TREE (v.1.6.beta5),
using the LG-substitution matrix* with the freeRate model (using 10
categories; LG+R10)***’. To enable determination of branch support,
anaBayestest*®, a SH-aLRT test (20,000 bootstrap replicates*’) and an
ultrafast bootstrap (20,000 bootstrap replicates®) were performed
(Supplementary Dataset1; branch supportsin order: SH-aLRT support
(%)/aBayes support/ultrafast bootstrap support (%)).

X-ray crystallography

KaiCrs and KaiCys-Acoil crystals were obtained by sitting-drop vapour
diffusion using a 96-well Intelli-Plate (102-0001-00, Art Robbins) at
291K. Drops contained 0.5 pl crystallization solution, 0.5 pl protein
at10 mg mlin 20 mM MOPS pH 6.5, 50 mM NaCl,2 mM TCEP, 5 mM
MgCl,, 3 mM ATP and 1 mM AMPPCP, and were equilibrated against
50 pl of the solution in the reservoir. The KaiCg crystallization solu-
tion consisted of 200 mM magnesium chloride hexahydrate, 100 mM
HEPES pH 7.5and 30% (w/v) PEG 400.KaiCgs-Acoil crystals were grown
using 200 mM ammonium acetate, 100 mM sodium citrate tribasic
dihydrate pH 5.6 and 30% (w/v) PEG 4,000.

The PEG 400 in the KaiCgs crystallization solution acted as a cryo-
protectant, whereas KaiCys-Acoil crystals were cryoprotected in LV
Cryo Oil (MiTeGen). Single crystals were cooled in liquid nitrogen,
and X-ray diffraction images were collected at ALS beamline 8.2.1at
100 K (data collection details are described in Extended Data Table 1).
The data were indexed and integrated in iMosflm*, and scaled and
merged in Aimless®.

To obtain a structural model of KaiCgs, first the KaiCrs-Acoil struc-
ture was solved by molecular replacement in MRage® using the KaiCgs
sequence (residues 1-490) as input to search for homologues in the
PDB database. The initial KaiCrg-Acoil structure based on the KaiCg
(PDB: 1TF7 (ref.>¢)) was manually rebuiltin Coot (v.0.9.81)** and refined
in Phenix (v.1.20.1-4487)%. Finally, the KaiCgs-Acoil structure was used
as the molecular replacement search model in Phaser® to solve the
full-length KaiCgg structure.

The assigned space groups were validated in Zanuda¥, and the
position of the asymmetric unit in the unit cell was standardized
using Achesym?®®. KaiCg coiled-coil registers were analysed using
SamCC-Turbo (v.0.0.2) with the default socket cut-off value of 7.4
(ref.*). The images of protein structures were rendered using PyMOL
(v.2.6.0)°.

Tunnel detectionand calculation were performed using CAVER 3.0.2
PyMOL plugin®, with the minimum probe radius varying between 0.9
and 1.1. Default values were used for all other parameters. All atoms
except waters were used in the calculation. The residue selection for
starting point consisted of Glu62, Glu63 and ADP602. The catalytic
position of the water in the Cl domain was modelled from the crystal

structure of the transition-state analogue-bound F,-ATPase (PDB: 1wO0j,
water 2,064 from chain D%).

Cryo-EM and image processing

For preparation of EM grids, 3-4 ul of 4.3 mg ml™ (per monomer con-
centration) of sample in 20 mM MOPS pH 6.50, 50 mM NaCl, 2 mM
TCEP, 10 mM MgCl, and 2 mM ATP was applied to glow-discharged
1.2/1.3400 mesh C-flat carbon-coated copper grids (Protochips). The
grids were frozen using a Vitrobot Mark IV (ThermoFisher) at 4 °C and
95% humidity, with a blot time of 4 s. All datasets were collected on a
Titan Krios operated at an acceleration voltage of 300 keV, with a GIF
quantum energy filter (Gatan) and a GATAN K2 Summit direct electron
detector controlled by SerialEM®,

Inspection of the raw cryo-EM images revealed some heterogeneity
intherelative orientations between individual hexamers of the dodeca-
meric particles, presumably due to inherent flexibility in the coiled-coil
regions, which limited the resolution to 3.3-3.4 A. To obtain higher
resolution reconstructions, the dodecamers were splitand processed
asindividual hexamers, with C6 symmetry being applied throughout
processing. To reconstitute the full dodecamer reconstruction, two
copies of the hexamer reconstruction were overlaid on top of each
other using the ‘fitin map’ function in Chimera® to fit one hexamer into
the lower resolution end density of the other. The overlaid hexamers
were then combined, creating anew map in which each voxel takes the
value from the hexamer with highest absolute value.

For KaiCys-S413E/S414E alone, a dataset of approximately 2,500
movies was collected. The movies were recorded with a pixel size of
1.074 A, including 70 frames and with an exposure rate of 1.31 e” per A2
per frame. Approximately 825,000 particles were picked, and after 2D
classification, around 320,000 particles from good class averages were
carried forward for further processing. The final measured resolution
of the reconstruction was 2.9 A (Extended Data Fig. 4a).

For the KaiCys-S413E/S414E:KaiBys complex, a dataset of around
2,000 movies was collected. The movies were recorded with a pixel
size 0of 1.023 A, including 70 frames and with an exposure rate of
1.35 e per A2 per frame. About 440,000 particles were picked, and
after 2D classification around 190,000 particles from good class aver-
ages were carried forward for further processing. The final measured
resolution of the reconstruction was 2.7 A (Extended Data Fig. 4b).

Alldataprocessing was carried out using cisTEM (v.2.0.0)%, and fol-
lowed the workflow of motion correction, CTF parameter estimation,
particle picking, 2D classification, ab initio 3D map generation, 3D
refinement, 3D classification, per-particle CTF refinement and B-factor
sharpening. The highest resolution of 3D refinement used was 4 A for
both reconstructions, and final resolutions were estimated using the
cisTEM PartFSC and a threshold of 0.143.

To validate the combined dodecamer structure, we also processed
both datasets as full D6 symmetric dodecamers (Extended Data
Fig. 4c,d). This was accomplished by extracting the picked hexamers
into a large box size and performing 2D classification with automatic
centring. Clear dodecamer class averages were then selected and
re-extracted from the original images, with picking coordinates that
were adjusted by the translation required to match the centred class
average. After this centring, duplicate picks were removed to obtain
the final dodecamer particle stacks. These stacks were processed as
described above, with the highest resolution of 3D refinement used
as4.25A.

Inanattemptto find deviations from D6 symmetry, we also calculated
reconstructions for both structures assuming C1 symmetry, starting
fromthe ab initio 3D step. The resulting refined Cl structures did not
exhibit detectable departures from D6 symmetry (Extended Data
Fig.4e). We therefore present symmetrized volumes as our final result.

The cryo-EM structures were built using the KaiCys model obtained
by X-ray crystallography and fold-switch-stabilized KaiB; (PDB: 5JWO
(ref.?®)) as starting points. The models were constructed using Coot
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(v.0.9.81)*%, and refinement was carried out using Phenix (v.1.20.1-
4487)%.

Preparation of unphosphorylated KaiCgs

Purified KaiCgg (about 20 pM) from —80 °C was dialysed in 20 mM
MOPS (pH 6.5), 50 mM NaCl, 2 mM TCEP, 10 mM MgCl, and 0.1 mM
ADP overnight at4 °Ctoremove glycerol and to replace ATP with ADP.
The dialysed KaiCgs was then heated at 30 °C for 4 h to obtain fully
unphosphorylated KaiCzs bound with ADP, and the sample was then
passed through 0.22 pm Spin-X centrifuge tube filters (Corning). The
sample was concentrated to a higher concentration (less than100 pM)
at 4 °C. The protein concentration was measured using a BCA assay.

Invitro KaiBCgsreaction

Kinetics of KaiC.s autophosphorylation in the presence and ab-
sence of KaiBs. Unphosphorylated KaiCg (3.5 uM, prepared as de-
scribed above) inthe presence or absence of KaiBgs (3.5 pM and 35 uM)
was preincubated at 20, 25,30 and 35 °Cfor1hin20 mMMOPS (pH 6.5),
50 mMNacCl,2 mMTCEP, 10 mM MgCl,and 0.1 mM ADP. The reactions
were started by adding 3.9 mM ATP to obtain a final concentration of
4 mM nucleotide in the presence of 2 U ml™ pyruvate kinase (Millipore
Sigma) and 10 mM phosphoenolpyruvate (Millipore Sigma) to regen-
erate ATP during the reaction. The reaction samples were sampled by
hand at specific time points and mixed with an equal amount of load-
ing dye (stock concentration of 0.1 M Tris-base (pH 7.5), 4% SDS, 0.2%
bromophenol blue, 30% glycerol and 0.5 M 2-mercaptoethanol). The
mixed samples were then stored at —20 °C until further use.

Kinetics of KaiC,s autodephosphorylation in the presence and ab-
sence of KaiBge. Purified KaiCgs (around 20 pM) was dialysed in reac-
tion buffer containing20 mM MOPS (pH 6.5), 50 mM NaCl,2 mM TCEP,
10 mMMgCl,and 0.1 MM ADP overnight at4 °Cto remove glycerol and
to generate KaiCys bound with ADP. After dialysis at 4 °C, KaiCys exists
intwo states: 50% unphosphorylated and 50% single phosphorylated at
Ser413 (pSer413), which were confirmed by tandem mass spectrometry
(datanotshown). Theautodephosphorylation reaction was started by
adding KaiCys or KaiCgsin the presence of KaiBgs (3.5 pM) into reaction
buffer pre-equilibrated at 30 °C.

Oscillation of KaiBCy. Dialysed KaiCyg (3.5 uM) was preincubated at
35°C for 30 min in 20 mM MOPS (pH 6.5), 50 mM NaCl, 2 mM TCEP,
10 mM MgCl, and 0.1 mM ADP in the presence or absence of KaiBgg
(3.5 uM). Thereactions were started by adding4 mM ATP and reaction
samples were collected at specific time points for 10% SDS-PAGE and
HPLC analysis toidentify phosphorylation state of KaiCzs and amount
of nucleotide at each time point, respectively.

Controlling ATP-to-ADP ratio to mimic daytime and night time.
KaiCyswas dialysed inreaction buffer containing20 mM MOPS (pH 6.5),
50 mM NaCl, 2 mM TCEP, 10 mM MgCl, and 1 mM ATP overnight at
4 °C. Tostart the reaction as shown in Fig. 3¢, KaiCgs (3.5 UM) in the
absence or presence of KaiBgs (3.5 M) was mixed with additional ATP
(final 4 mM to mimic daytime), and the reaction samples (500 pl) were
addedinto a D-Tube Dialyzer (midi 3.5 kDa cut-off, EMD Millipore) that
was exchanged against 4 mM ATP buffer (400 ml). After the 12-h time
point, the reaction samples were transferred into preincubated 25%
ATP/ADP buffer (400 ml) that mimics the night time. After the 24-h
time point, the same samples were changed into preincubated 4 mM
ATP to mimic the daytime again.

To start the experiment as shown in Extended Data Fig. 6a, KaiCyg
(35 uM) in the presence of 3 mM ATP in 20 mM MOPS (pH 6.5), 50 mM
NaCl, 2 mM TCEP and 10 mM MgClI, was heated at 35 °C for 25 min to
generate fully phosphorylated KaiCgs. The KaiCys sample was then
diluted 10-fold into 25% ATP/ADP buffer pre-equilibrated at 30 °C to
final concentration of KaiCgyg (3.5 pM) and KaiBgg (3.5 uM or 35 pM).

Thereactionsamples (300 pl) were added into a D-Tube Dialyzer (midi
3.5 kDa cut-off, EMD Millipore) that was exchanged against 25% ATP/
ADP buffer (300 ml).

Duringthe reaction, the samples were gently shakenina30 °Cincuba-
tor, and reaction samples were collected at specific time points for 10%
SDS-PAGE and HPLC analysis to identify the phosphorylation state of
KaiCysand the amount of nucleotide at each time point, respectively.

The rationale for the ATP-to-ADP ratio at daytime and night time
comes from two earlier literature reports. The change in ATP-to-ADP
ratio at daytime and night time were directly measured in vivo in the
strain R. sphaeroides”, inwhich ATPis 2.0-2.4 mM during day and drops
to 0.5-0.6 during night, and it is well known that the total nucleotide
concentration stays constant. We chose the total nucleotide concen-
tration of 4 mMin our in vitro work to be identical to the described
in vitro experiments performed for the canonical KaiCg;. Because of
photosynthesis in daylight, virtually all nucleotide is ATP*. We note
that a slightly higher amount of ATP will not affect our results, as the
affinity of KaiCys for ATP is higher than for ADP.

Separation of unphosphorylated, single and double
phosphorylated KaiCy by SDS-PAGE

Unphosphorylated, single phosphorylated and double phos-
phorylated KaiCgs were separated by 10% SDS-PAGE with 37.5:1
acrylamide:bis-acrylamide (Bio-Rad), 18 cm x 16 cm x 1 mm Tris-HCI
gel with 1x Tris-glycine SDS running buffer (Invitrogen). The samples
were heated at 95 °C for 3 min, and 400 ng of material was loaded onto
the Tris-HCl gel. The gel was run with a constant current of 35 mA, 150 W,
and the voltage was greater than 700 V for 5.5 hiin a cold room, with
awater bath set to 12 °C using a Hoefer SE600 electrophoresis unit.

Unphosphorylated and phosphorylated KaiCgs-Acoil were separated
by Zn* Phos-tag SDS-PAGE with 10% acrylamide gel containing 50 uM
Phos-tagacrylamide (Wako). The gel was run with a constant current of
30 mAfor5h30 mininacold-room, with1pgperwell proteinsamples
pre-heated at 95 °C for 3 min.

The gels were stained overnight at room temperature with Instant-
Blue protein gel stain (Expedeon) with gentle shaking and destained
with distilled water until bands were clearly visible. The gels were
imaged on a ChemiDoc Imager (Bio-Rad), and Image Lab software
(Bio-Rad) was used for analysis.

Statistics and reproducibility for gel electrophoresis

Data shown in main text figures and Extended Data figures are rep-
resentative SDS-PAGE gels for at least three independent biological
replicates (n =3), except for experiments presented in Fig. 3a,c, which
were performed in duplicate.

Oligomerization state of KaiCys and KaiBgg

Gel-filtration chromatography. KaiCgs, unphosphorylated KaiCgg
and all KaiCys mutants with a concentration of around 40-80 pM were
loaded with aflow rate of 0.2 ml min™ onto a prepacked Superdex-200
10/300 GL (GE Healthcare) pre-equilibrated with 20 mM MOPS (pH 6.5),
50 mM NaCl, 2 mM TCEP, 10 mM MgCl, and 1 mM ATP (0.1 mM ADP
for unphosphorylated KaiCgs) at 4 °C using an AKTA Pure system (GE
Healthcare). KaiBg (0.5 mM) was loaded onto Superdex-7510/300 GL
(GE Healthcare) pre-equilibrated with 20 mM MOPS (pH 6.5), 50 mM
NaCland 2 mM TCEP at 4 °C. The eluate was collected in fractions of
1mleachandsubjected to SDS-PAGE analysis. A standard curve (that
is, molecular weight versus elution time) was determined for the col-
umn using molecular weight protein standards (Bio-Rad) runin the
same buffer and flow rate. The protein standard mixture contained
thyroglobulin (670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa),
myoglobin (17 kDa) and vitamin B, (1.35 kDa).

Analytical ultracentrifugation. Sedimentation velocity centrifuga-
tion experiments were run at 50,000 r.p.m. (for KaiBgs) and 30,000



r.p.m. (for KaiCgs wild-type and mutants and KaiCg;), with continuous
scans from 5.8 to 7.3 cm at 0.005 cm intervals at 20 °C on a Beckman
Optima XL-A (Beckman-Coulter) equipped with absorption optics and
afour-hole An60Ti rotor. Measurements were set up at 280 nm (for
KaiBgs) and 295 nm (for KaiCys and KaiCg;) to avoid interference from
ATP. The software package SEDFIT (v.14.1) was used for data evalua-
tion®. KaiCrs and KaiCys-Acoil (100 pM) were preparedin20 mM MOPS
(pH 6.5), 50 mM NaCl, 2 mM TCEP, 10 mM MgCl, and 1 mM ATP. KaiCg;
(100 pM) was prepared in 20 mM MOPS (pH 8.0),150 mM NaCl,2 mM
TCEP, 5 mM MgCl,, and 1 mM ATP. KaiBgs (500 pM) was prepared in
20 mM MOPS (pH 6.5), 50 mM NaCland 2 mM TCEP.

ATPase activity
Purified KaiCgs (both wild-type and mutant forms (around 20 uM)) and
KaiBgs (about 90 uM) were dialysed in 20 mM MOPS (pH 6.5), 50 mM
NaCl,2 mM TCEP, 10 mM MgCl, and 1 mM ATP (reaction buffer) over-
night at4 °C. The samples were passed through 0.22 um Spin-X centri-
fuge tubefilters, and concentrations were measured using aBCA assay
before setting up the reactions. Typical KaiCys or KaiBCgs reactions
contained 3.5 pM KaiCg (wild type and mutants) and 3.5 pM KaiBg in
reaction buffer with a final concentration of 4 mM ATP. The samples
were incubated at the indicated temperatures and were sampled by
hand at specific time points. Next 10 pl of sample was quenched with
10 plof 10% trichloroacetic acid (Millipore Sigma), and the mixture was
passed through a 0.22 pm Spin-X centrifuge tube filter to remove the
precipitated protein. The flow through sample was then re-adjusted
to pH 6.2 for nucleotide separation by adding 10 pl of 0.75 M HEPES,
pH 8.0. The final samples were kept at —20 °C until HPLC analysis.
Three microlitres of each sample were injected with a high-precision
autosampler (injection error of <0.1 pl, resulting inamaximumsystemic
error of about 6%) to areverse-phase HPLC instrument withan ACE 5 pm
particle size, C18-AR and 100 A pore size column (Advanced Chroma-
tography Technologies). The instrument was pre-equilibrated with
100 mM potassium phosphate pH 6.2 with a flow rate of 0.4 ml min™.
Using pure nucleotide samples, the retention times of ATP, ADP and
AMP were determined to be 2.6,3.1and 4.4 min, respectively. The con-
centration of each nucleotide was calculated from the relative ratio of
the peak areas and the total nucleotide concentration. To determine
ATPase activity rates, the observed rate constants were determined
from at least five data points for each temperature using initial rate
analysis and least-squares linear regression (Extended Data Figs. 6¢,d
and 8b-d). The mean values and uncertainties (s.d.) shownin Fig. 3d,
Extended Data Figs. 6 and 8 were derived from three replicate experi-
ments. KaleidaGraph (v.4.5.3; Synergy) was used for data analysis and
plotting.

Nucleotide exchange

KaiCgs (wild type or mutants) and KaiBys were dialysed into 20 mM
MOPS (pH 6.5), 50 mM NaCl,2 mM TCEP, 10 mM MgCl,and 50 pM ATP
overnight at 4 °C. The samples were passed through 0.22 pm Spin-X
centrifuge tube filters, and the protein concentration was measured
using aBCA assay. Thereaction contained 3.5 pM of KaiCys-S413E and/
or 35 uM of KaiBgs, and samples were incubated at 20, 25,30 and 35 °C
for16-24 hin the presence of an ATP-recycling system. The reactions
were started by adding 250 pM of mant-ATP (Jena Bioscience). The
spectrum was measured using the fluorescence energy transfer from
tryptophan residues in KaiCys to mant-ATP by exciting the sample at
290 nm (2.5 nmbandwidth) and collecting the emission intensity from
320 nmto 550 nm (5 nmbandwidth) inincrements of 2 nm. To measure
the nucleotide exchange rate, the maximum change in fluorescence
intensity at 440 nm (AF 4 .m) Was followed for a total time of 1,800 s
in15 s increments with anti-photobleaching mode on FluoroMax-4
spectrofluorometer (Horiba Scientific) equipped with a water bath
to control the temperature. There are two tryptophan residues within
5 A from the nucleotide-binding site in the KaiCll,s domain and no

tryptophanresidue close to the nucleotide-binding site in the KaiClgg
domain, so the nucleotide exchange observed in the experiments are
for the KaiCllzs domain. To ensure that the exchange rate observed in
the experiments are from nucleotide exchange in the KaiCllzs domain,
KaiClgs (Which only contains the Cl domain) was tested; no change
in fluorescence was observed following the addition of mant-ATP
(Extended Data Fig. 8h).

The experiments for KaiCg; alone and with KaiCg mixed in and for
KaiAg were performed in a similar way, except that KaiCy; and KaiAge
were dialysed in 20 mM MOPS (pH 8.0), 150 mM NacCl, 2mM TCEP,
10 mM MgCl, and 50 pM ATP overnight at 4 °C. KaiA¢; was incubated
with KaiCg; for1hat 30 °C before adding 250 uM mant-ATP.

Forthe nucleotide preference experiment, KaiCrs-S413E/S414E and
KaiCrs-S413A/S414A were dialysed in 20 mM MOPS (pH 6.5), 50 mM
NaCl, 2 mM TCEP, 10 mM MgCl, and 20 pM ADP overnight at 4 °C.
KaiCrs-S413E/S414E or KaiCrs-S413A/S414A (3.5 pM) was first mixed
withmant-ATPyS or mant-ADP (150 pM), and the kinetic trace at 440 nm
wasrecorded at30 °C. After the fluorescence trace at 440 nmreached a
plateau, whichindicates that the nucleotide analogue was fully bound
tothe protein, a27-fold excess of ATP (4 mM) was added to displace the
bound nucleotide analogue, and the decay of fluorescence intensity was
recorded at 440 nm at 30 °C. The experiments were run in triplicate,
and results were averaged and fitted to a single exponential decay.

Analysis was performed by fitting individual traces to an exponential
equationusingKinTek Explorer software®”®!, and error bars denote the
standard errors asobtained from triplicate experiments. KaleidaGraph
(v.4.5.3; Synergy) was used for data plotting.

32p-ATP radioactive labelling and experiment

32p-labelled KaiCgs was prepared by mixing unphosphorylated KaiCgs
(10 pM) with 0.46 pM [y-*P]ATP (3,000 Ci mmol ™, PerkinElmer) and
500 uM ATP in 20 mM MOPS (pH 6.5), 50 mM NaCl, 2 mM TCEP and
10 mM MgCl, at 35 °C for 30 min and thenimmediately switched to4 °C
to prevent dephosphorylation of KaiCgs. The **P-labelled KaiCgs sam-
ple was passed through Zeba spin desalting columns (Thermo Fisher
Scientific) pre-equilibrated with 20 mM MOPS (pH 6.5), 50 mM NacCl,
2 mM TCEP and 10 mM MgCl, twice at 4 °C. The sample wasincubated
withbuffer containing1 mM ADP overnight at 4 °C to obtain **P-labelled
KaiCrs bound with ADP. The sample was passed through a final Zeba
desalting column pre-equilibrated with20 mM MOPS (pH 6.5),50 mM
NaCl, 2 mM TCEP and 10 mM MgCl, at 4 °C, and the solution was then
incubated with 8 mM ADP in the presence or absence of KaiBgsat 4 °C
for1h.Thesamples were then dilutedin20 mM MOPS (pH 6.5), 50 mM
NaCl, 2 mM TCEP and 10 mM MgCl, preincubated at 30 °C to obtain a
final concentration of >’P-labelled KaiCys (5 pM), KaiBgs (20 pM) and
ADP (4 mM). The reactions were incubated at 30 °C, and at different
time points, aliquots were taken (1.5 pl). The reactions were stopped
byadding1.5 plLaemmlisample buffer (62.5 mM Tris (pH 6.8),2%SDS,
25% glycerol and 0.01% bromophenol blue) supplemented with 5% (v/v)
2-mercaptoethanol.

The samples were spotted onto a TLC plate (PEI-cellulose F plates,
Merck) and quickly dried with a blow-dryer for 30 s. The TLC plates
were run first with distilled water as a mobile phase. After TLC plates
were completely dried, 0.75 M KH,PO, was used as the mobile phase to
separate *’P-labelled KaiCys, [y-**P]JATP and inorganic phosphate (**P), as
previously shown?. The phosphor-screens were scanned on an Amer-
sham Typhoon (GE Healthcare) at aresolution of 100 pm. ImageQuant
TL 7.0 software was used for analysis.

Fluorescence anisotropy competition

Fluorescence anisotropy competition experiments were carried
out using a FluoroMax-4 spectrofluorometer (Horiba Scientific) at
30 °C. Excitation and emission wavelengths for KaiB labelled with
6-iodoacetamidofluorescein (6-1AF, Thermo Fisher Scientific) at Cys29
were set at 492 nm (5 nm bandwidth) and 520 nm (5 nm bandwidth),



Article

respectively, with fixed G factor (G factor of KaiBs_6IAF alone) to elimi-
nate instrumental bias. The average anisotropy and standard error were
calculated from ten replicate measurements.

KaiBgs—6IAF was prepared by mixing degassed KaiBys (100 pM) with
20-fold excess of 6-1AF (stock10 mMin 50% DMSO) in20 mM Tris-base
(pH 7.0), 50 mM NaCl and 1 mM TCEP (degassed). The reaction was
incubated at room temperature for 4 h and dialysed against 20 mM
Tris-base (pH 7.0),50 mM NaCland1 mM TCEP ina 3.5 kDa dialysis cas-
sette overnight at 4 °C to remove unreacted 6-IAF and small amounts
of DMSO. The crosslinked sample was passed through a 0.22 pm
Spin-X centrifuge tube filter and loaded onto Superdex-7510/300 GL
pre-equilibrated with 20 mM MOPS (pH 7.0), 50 mM NaCland 1 mM
TCEP witha 0.2 ml min™ flow rate to remove leftover unreacted 6-1AF.
The sample was aliquoted and flash-frozenin liquid nitrogen and stored
at—80 °C until use. All the crosslinked reactions were performed in
the dark.

For the fluorescence anisotropy competitive binding experiment,
KaiBgs—6IAF (0.2-0.4 pM) was firstincubated with wild-type or mutant
KaiCys (1 1M, 60% increase in anisotropy in comparison to KaiBys—6IAF
alone) in 20 mM MOPS (pH 6.5), 50 mM NaCl, 2 mM TCEP and 10 mM
MgCl,in the presence of 4 mM ADP or 4 mM ATP with an ATP-recycling
system (2 U ml™ pyruvate kinase and 10 mM phosphoenolpyruvate),
then unlabelled KaiBgg (0-50 uM) was added to the samples. The sam-
ples were incubated at 30 °C for 4 h or 12 h before measurement.

The decrease in fluorescence anisotropy (FA) versus concentration
of unlabelled KaiBgg was fitted to equation (1) using the Levenberg-
Marquardt nonlinear fitting algorithm included in KaleidaGraph
(Synergy Software) to obtain the half-maximuminhibitory concentra-
tion (IC,) value. The K value can then be calculated from the IC5, value
using equation (2) as previously described®.

B (my—my)
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Pull-down assays

Pull-down assays probe the interaction between KaiCgs (wild type and
mutants) with KaiBys (His,-MBP-TEV-KaiB). The His,-MBP-TEV-KaiB
was expressed and purified as described above but without the TEV
protease cleavage step. Wild-type or mutant KaiCyg (3.5 M) was mixed
with KaiBgs-tag (3.5 pM) in 20 mM MOPS (pH 6.5), 50 mM NaCl,2 mM
TCEP and 10 mM MgCl, inthe presence of 4 mM ADP or 4 mM ATP with
an ATP-recycling systemin afinal volume of 400 pl. The samples were
incubated at 25 °C for 4 h or 24 h before loading onto a 500 pl spin
column with 200 pl (prepared from 400 pl of 50% slurry) Talon beads
(Takara) pre-equilibrated with sample buffer. The samples were incu-
bated with the Talon beads for 30 min with gentle shaking, after which
the flow through was collected by gravity into1l ml Eppendorftubes. The
beads were washed three times with 400 pl sample buffer by gravity,
thenthe samples were eluted with200 pl of 0.5 Mimidazole buffer by
centrifugationat1,000g for 1 min. The protein mixture, flow through,
wash and eluted samples were run on a Bis-Tris 4-12% gradient SDS-
PAGE gel with a molecular weight marker. The gels were stained with
Coomassie blue and were imaged on a ChemiDoc Imager (Bio-Rad).
Image Lab Software (Bio-Rad) was used for analysis.

The following control experiments were performed: (1) fusion
KaiBgs protein in the absence of KaiCgg; and (2) KaiCgg in the absence
of fusion KaiBgs. All the fusion KaiBgs proteins came out only in the
elution buffer in the first control experiment, which indicated that
fusion KaiBgs binds to Talon beads and the amount of KaiBgs used did
notoverload the column. All KaiCys protein came outin the flow through

in the second control experiment, which indicated there is no specific
binding between KaiCys and the Talon beads.

Thermofluor assay

KaiCgsand SYPRO Orange (Thermo Fisher Scientific) were used at final
concentration of 3 pM and 10x%, respectively. The experiments were
carried outin 20 mM MOPS (pH 6.5), 50 mM NaCl,2 mM TCEP, 10 mM
MgCl,and 4 mM ADP or ATP. The samples were prepared to afinal vol-
ume of 20 plin aMicroAmp Fast Optical 96-well reaction plate (Applied
Biosystems Life Technologies), and the plate was sealed with Axygen
UltraClear sealing film (Corning). The assay plate was runinaStepOne
Real-Time PCR instrument (Applied Biosystems Life Technologies)
with melt curve set up. The temperature was continuously increased
from25°Cto95°Cby0.3 °Cevery15s. The data were fit with nonlinear
fitting in KaleidaGraph (Synergy Software) to a Boltzmann sigmoidal
curve (equation (3)).

(Top - Bottom)
(Tm’T) (3)
1+exp\ ©

Y=Bottom+
where Yis the fluorescence intensity at temperature T, T is the tem-
perature in degrees Celsius, Bottom is the baseline fluorescence at
low temperature, Top is the maximum fluorescence at the top of the
truncated data, cis the slope or steepness of the curve, and T, is the
melting temperature of the protein.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Structure factors and refined models obtained using X-ray crystal-
lography have been deposited into PDB under accession codes SDBA
(wild-type KaiCgs) and 8DB3 (KaiCys-Acoil). Cryo-EM maps and refined
models have been deposited into the Electron Microscopy Data Bank
(EMDB) and PDB, respectively. The composite map and model for the
KaiCgs-S413E/S414E dodecamer reconstruction are submitted under
entries EMD-29505 and 8FWI, respectively. The composite map and
model forthe KaiCRS-S413E/S414E-KaiBys dodecamer reconstruction
are submitted under entries EMD-29506 and 8FW]J, respectively. The
focused KaiCrs-S413E/S414E hexamer refinement mapis available under
accession EMD-29507 and the focused KaiCrs-S413E/S414E-KaiBgs hex-
amer refinement mapis available under accession EMD-29508. The full
KaiCgs-S413E/S414E dodecamer refinement is available under accession
EMD-29509 and the full KaiCgs-S413E/S414E-KaiBys dodecamer refine-
ment is available under accession EMD-29510. Other datasets used
are all publicly available in public community or discipline-specific
repositories (for example, PDBidentifiers 5)WQ,1WO0J, 1TF7 and 7S65).
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Thioalkalivibrio halophilus  SENDEEMBREC -IF-DI\ -\.A‘I'ITI K MATEETA GGLAAGERCM | FAFEESR® LVRNARGWVNE DYAPAEGAGN LAIRCODYREA AGEEDHEVRI KQENDRFRED
Candidatus Magnetomorum | GNKKIDEMT Ml ISGPTECE Kl LMCATEVN NACONNEK I VPAYEES<® LVRNAKSWGH DFEKFEKAGL LKVVCLYREA VGEEEHELLI OKEMK | FKBR
Roseiflexus sp GGVRRGERCHE L FAFEESRCQ LFRNATGWGHE DFEQVERDGL LRVVCEYRET AGHE! M KKL
canonical Gloeomargarita lithophora NACORGERAN | FAYEESR@ LSRNASSWGH DFERFERQGL LKIICAYRES

Thermosynechococcus elongatus TGCQOGERAE L FAYEESR @ LSRNASSWGH DFEELERRGL LRI ICAYRES

KaiC1 and KaiC3 Coleofasciculus chthonoplastes PCC 7420 DACLNEERAN LFAYEESR/Q LTRNGLSWGH DFEEMEEKGL LKILCSYRES
Geitlerinema sp. PCC 7407 NAC | NGEKAM | FAYEESR/@ LFRNAYSWGH DFEEMERKGL LRILCAYRES
Synechococcus elongatus PCC 7942 NACANKERAN L FAYEESR @ LLRNAYSWGHW DFEEVERQNL LKIVCAYRES
Leptolyngbya sp. O-77 NACONGERAN L FAYEESR @ LSRNAYSWGH DFEDLEQRGL LKIICAYRES
Oscillatoriales cyanobacterium NACVNGBRAN L FAYEESR @ LFRNAYSWGH DFEEVEQKGL LKIICSYRES
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Gallionellales bacterium AGYNR ABTB AACRRGERAE Y AFEES- @ |VRNVRS |GE DLEPWWQKGL LQFQASRBSL HKMANAFKEQ

Pseudorhizobium pelagicum VGGEFNR AACEAGERAI YFSFEESSO@ TVRNVRS IGY DLKPWOQGL FRH I AARRTF LRENTRFKRS

species with Synechococcus sp. PCC 7502 DG STCORGERCE Y LATEEAPC® I LRNQRS |GH DLNHYIDSGL LRLEAVRRTA LAVNINE FQRT

N . Rhodobacter sphaeroides AGCEFER AACARGERAN YFSFEEAACQ AVRNVRSLGE DLGRWRDAGL LRFMATRRTF LRENVRF ES
C-terminal extension Microcoleus sp. PCC 7113 GGKGYER WG TAGTE ATCORGERCHE Y LAFEEAPCQ | LRNVSS IGE DLEPFLNQGL LRFOATRRTA HRWHSE LGS

‘GIBE L HEAK
Opitutaceae bacterium /ML GKR@I AAARRGERVIl FFSFEESP\G | SRNVAS (GE RLEPLVRSGL LRFHAARRTL YGEEVHEATM FRENATFKRD
Acidobacteria bacterium & | ARBBGHML GGKGFNMRGSS MEVSGTTGETE KWSE/AHEVD AACRRGERSE YFAFEESP@ |VRNVRS |G DLEPWRKGL LHFEAARRSY GGENEQVELET HKWISSFQRS

Walker B 422-loop P-site  438-444

Thioalkalivibrio halophilus  RVABBSMTAL ERVASPRGFR EFMISHTSE | KERQEAGLEN ASTPSLVGGA SVTEAHNSHE TBS MVERYV EVRBRVHRGL ANMLKVRGAGH DAGNRCENED DRBVHEGORE

Candidatus Magnetomorum ~ RLVEBSMSAM ERVAG IRIFR EFMIGETSFV KQEEMCSLEN STTPQLAGGD SITEAHNSEN TB| |MLERYV ELRGDLRRGI AMIKVRGSOH OKSHYEETHD SNGLKMEKPE

Roseiflexus sp RVANBSBSAL ERVSTIRGFR EFMISHTSFE | KHQEMAGLEN ATTPSLVMGGE SVIETHESHE TDS NLERYV EMFGEVRRGL TMLEVRGS DKDEREMT NREVHEGRPE

ical Gloeomargarita lithophora ~ CF ABBSHSAL ARGVSNNAFR QFMIGNTGFA KQQENTGFEN NTLDQFLGSN SITESHESEN TDT ELEQYV EIRBE ISRAI NUFKVRESWE DK PDEQDSF
canonica Thermosynechococcus elongatus  RVANBSBSAL ARGVSNNAFR QFMIGNTGFA KQEENTGFEN NTTDQFVGSN S ITESHIESEN TBT ELEQYV EIRGEVS FRVRGSVE DK EKBAENRDSF
KaiC1 and KaiC3 Coleofasciculus chthonoplastes PCC 7420  RI AMBSHESAL ARGVSNNAFR QFMIGMTGYA KQEENTGFEN NTTOQFVGSN S ITBSHESEN TDT EMEQYV EIR AL FEVRGSVE DT KDBADMKDSF
Geitlerinema sp. PCC 7407 RIANBSHSAI ARGVSNNSFR QFWIGNTGFA KQEENTGFEN NTTDQFVGSH SITBSHESEN TDT EMEQYV EIRGEVSRAI NUFKVRGSWH DKCHIRENTMS EKGPENKDSE

Synechococcus elongatus PCC 7942 RIAMBSHSAL ARGVSNNAFR QFMIGNTGYA QEEITGL- NTSDQFVGAH S ITBSHISEN TDT I MLEQYV EIRGEVSRAI NUFKVRGSWVE DK DKBPDMKDSF

Leptolyngbya sp. 077 RIANBSHSAL ARGVSNNAFR QFMIGMTGYA N TDT | EMEQYV EIRGEVSRAI NUFKVRGSWH OKGHREN IMS ENGPENMKDSE

Oscillatoriales cyanobacterium ~ RTAMBSBSAL ARGVSNNSFR QFMIGETGEA TBT | EMEQYV [E IRBGEVSRAI FKVRGS\VH DKGHIREN T EKBPEMRDSF

Gallionellales bacterium W/ IMBPENSF VAGGNE |EVE SMEMREVOYL KSNQNTGLEN SLTSS-GGSL EQSEVCNSSE |BTWELERDI ESSBERNRGF YMLKSRG\VAH SNONREELET DHEVEERDVY

Pseudorhizobium pelagicum LV MBPHISAF | GNADQLEVE@ AVEILREVOFL KARCMTGVEN HLTHG-QGEA CISSE VDAVELELNR ESSBEFNREL VELKARGTAH SN NDI | KEVRPY

species with Synechococcus sp. PCC 7502 AVVEBPMISNL ATTETHNQTE NFEMRE IDLF KAQQNTVFIEN NLLQSGNLGE VBTWVEEBRTI ETNGERNRTL SHILKSREVNE SNOWREELMT SEGVEEVDVY

N . Rhodobacter sphaeroides VW \VIBBPMISAF TESGDRLE SVEEREVOEL ENRGHETG |Hl HLAHS--QNE LMLNR EVNGEFNREL LKARGVAH SNOMREELMS DRG|SHLPPH
C-terminal extension Microcoleus sp. PCC 7113 WI- NI HLGGNVTQAN GFMFREIDFL HSQQETVLEN NLTPG-GSAL VBTWVEENR |Q EGNBERNRVL FMILKSRBVER SNC PO | EBFDVY
Opitutaceae bacterium  VV INMBPBITSL LAAGTDSETR GVWTRE IDYL KGGONTSLEN SLTHG-GRAL | LEQEL EGNGERNRVL YMLKARG\VAH SNQMREELMS SRGVDEVDAY

Acidobacteria bacterium  VV/VEBPIITNL  IMVSTVNEAR SMETREVDFL KTQENTA BN SLTAA-GGS | TVELEKS | ERNRAL YMLKSRGVEH SNONREELET NDBLEBLDVY

A-loop Extended C-terminus
Thioalkalivibrio halophilus  SGVEGI

EMH PVHVQQGDED T
Candidatus Magnetomorum ~ NTV SN BT PVESTTDEKE QLSKIIFNNEV V
Roseiflexussp  RQVTG PIHIAPGE ID RMNQEFNDDE PQT

. Gloeomargarita lithophora ~ RNL ER PTRVMVDEKT ELSRIMRGVQ NPETLL 80 - 100% similar
canonical Thermosynechococcus elongatus  RNF EGIBISET PTRISVDEKT ELARIAKGVQ DLESE S
KaiC1 and KaiC3 Coleofasciculus chthonoplastes PCC 7420 RNYER! PSRITVDEKS ELSREVQGVR QKSTE 60 - 80% similar

Geitlerinema sp. PCC 7407 RNFER PTRVSVDEKM ELSRIVKNVQ GRSDEG L.
Synechococcus elongatus PCC 7942 RNFERIMISES PTRITVDEKS ELSRIVRGVQ EKGPES < 60% similar
Leplolyngbya sp. 077 RNFERIMISES PTRISVDEKN ELSRIVRGFQ EKSDGEV
Oscillatoriales cyanobacterium  RGYERIMSES PTRITINEKS ELSRIIKGVQ GQIGDGDD |
Gallionellales bacterium ~ VGASGVIIT@S ~LRLTQEAQE KAALMIRDOE VELRRIELER KRATLEAQNA VERAEFAVQE |ASVKIIGQE KAEKAQLVQG RVDMGL SROA BK
Pseudorhizobium pelagicum | GEGRAMTES ARRI-QEAQD RRREFERAAD AERKQAEISQ RRQRVKAENMD ANNAELEADE LELGRIRQNE EVYEAQAERD RLLIEQSRRA

species with Synechococcus sp. PCC 7502  LGAHGFTET -ARAAQQAQE KSDKLSQQQE FERKKRRFDY BRAF |RAQNA ABEVRLATER EELDMSNRQE KVNQQILFDD RDSMAELRNA B
N . Rhodobacter sphaeroides L GEGGATET -~ARKAEEARL RRAEIERQTE LGRLQQQIEQ RRRRARAQNE ANEAELQAEE |ALKALVESE SAHERQRLAD ADTLARSRGN ERFADLLVNK GE
C-terminal extension Microcoleus sp. PCC 7113 LGSEKVEITEA -ARA|IQEAKE KAASLNRQQE FERKRRELER A1 AQSQEA ANQAR | ETEA EEBEVMIQQE EVQQNLSLQD A BQADDLFR

Opitutaceae bacterium | GPGGVIITES -ARAAQTARE KAESLAALQE SARRKRELER AALEQQEA GERSHHEAGA EEERRVDEQV AMQTLLLTTG QA BAPVVAGARG KAGPANGEE
Acidobacteria bacterium  LGAEGVIITES -ARVSQEVRE KAVVTSRGQE QEGRRRELER KRR |FEARNMY MERAEFEEEE EINIQQTISES KLLGEEVVLD RGEMGRSREA BSSSYKKEGR APAARKR

T

Extended DataFig.1|Evolution of kaiCand sequence alignment of kaiC thebranches, thenumbersateachnoderepresent the aBayes bootstrap
subgroups. (a) Phylogenetic tree of kaiChomologs, where kaiC genes that values*®, and the legend for branch lengthis shown (see also Supplementary
have an approximately 50 amino acids C-terminal extension are labeled inred. Datasets1and2). (b) Asequence alignment of the Cll domain of the kaiC
Rhodobacter sphaeroides strain KD131studied here and Synechococcus subgroups annotated with its sequence similarity. Residue Glu490, the
elongatusPCC7942 (widely studied in the literature) are highlighted ingreen positionwhere the stop codonwasintroduced in the truncated KaiCys-Acoil

and pink, respectively. The accession code and organismareshownatthetipof  construct,isshowninred and marked with anarrow.
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Extended DataFig.2|Auto-phosphorylation and nucleotide exchange
rates of KaiC. (a) 10% SDS-PAGE gel of 3.5 uM KaiCys in the presence of 4 mM
ATPandusing an ATP-recycling systemat30°C.U,S,and Drepresent
unphosphorylated, singly, and doubly phosphorylated KaiCgg, respectively.
(b) Densitometric analysis of auto-phosphorylation (single + double
phosphorylation) from panel (a) over time yieldsarate of 6.5+ 1.0 h™. (c) 6.5%
SDS-PAGE gel of 3.5 uM KaiCg in the presence of 1.2 pM KaiAg. and 4 mM ATP at
30°C.UandPrepresentunphosphorylated and phosphorylated KaiCg,
respectively. (d) Densitometric analysis of auto-phosphorylation of KaiCg;
activated by KaiAg; (panel (c)) shows arate of 0.40 + 0.02 h™ and is substantially
slower than for KaiCys. The standard deviation for parametersin (b) and (d)
were obtained from datafitting. (e) 10% SDS-PAGE gels for experiments with

3.5pMKaiCgysinthe presence of 4 mM ATP and using an ATP-recycling system
between20and 35 °Cshowthat thelevel of phosphorylationincreases with
temperature. U, S,and D represent unphosphorylated, singly, and doubly
phosphorylated KaiCgs, respectively. For gel source datain (a), (c), and (e), see
Supplementary Figure 2. (f) Bar graphsindicating the nucleotide exchange rate
inthe Clldomain of KaiCysincubated with S0 pM ATP in the presence of an ATP-
recycling system, and then mixed with250 puM mant-ATP. Anincrease in
fluorescence intensity at 440 nmwas recorded and the single-exponential time
traces were fitted to obtain the exchange rate constants: 3.6 + 0.8 h™ (20 °C),
12.2+1.0h™?(25°C),18.5+1.5h? (30 °C),and 25.2 + 0.2 h™! (35 °C). Experiments
were performedintriplicate and dataare presented as meanvalues + s.d.
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Extended DataFig. 3| Oligomericstates of KaiCps and effect of coiled-coil
domainonrates of nucleotide exchange and auto-phosphorylation.

(a) Oligomerization analysis of KaiCys (dodecamer, greenline) and truncated
KaiCgs-Acoil (hexamer, cyan line) by analytical gel-filtration chromatography.
The protein size markers are indicated at the top. (b) Comparison of the elution
profiles of KaiCgs-Acoil (cyanline) and KaiCg (purple line) from size-exclusion
chromatography shows a hexameric state for both KaiCgs-Acoil and KaiCg;.

(c) Oligomeric states of KaiCys (dodecamer, greenline), KaiCgs-Acoil (hexamer,
cyanline), and KaiCg; (hexamer, purple line) were also measured by analytical
ultracentrifugation (sedimentation velocity at 30,000 rpm and 20 °C) and the
results agree with the datashownin panels (a) and (b). The graphin panel (c)
represents the sedimentation coefficient distribution [c(s)]. (d) The changein
fluorescence at 440 nm (AF, 4, represents the nucleotide exchange between
ATP and mant-ATP at 30 °C for KaiCys (greentrace, 18.0 1.5 h™) and KaiCgs-
Acoil (cyantrace,19.1+ 0.8 h™). Representative traces are shown and the fitted
parameters (mean +s.d.) were obtained from three replicate measurements.
(e) Zn** Phos-tag™ SDS-PAGE gel shows the level of phosphorylation over time
of KaiCgs (upper gel) and KaiCgs-Acoil (lower gel) at 35°C. Pand Urepresent

phosphorylated and unphosphorylated protein, respectively. (f) Phosphorylation
level over time of KaiCy (green circles, 7.4 + 0.3 h™) and KaiCgs-Acoil (cyan
circles, 5.5 + 0.4 h™) analyzed by densitometric analysis of Zn* Phos-tag™ SDS-
PAGE gelin (e). (g) First derivative of thermal-stability curves measured for
unphosphorylated KaiCys bound with ADP (brown line) and phosphorylated
KaiCrsbound with ATP (greenline). The extracted temperatures of
denaturationare 50 °C (unphosphorylated KaiCys in the presence of 1 mM ADP)
and 58 °C (phosphorylated KaiCgsin the presence of 1mM ATP), respectively.
(h) Dodecameric state of unphosphorylated KaiCys (40 pM) bound with ADP
measured by size-exclusion chromatography. (i) SDS-PAGE gel shows
dephosphorylation of Ser413 over time at 30 °Cin the presence of 4 mM ADP (U
and pSer413 representunphosphorylated and Ser413-phosphorylated KaiCgg,
respectively) with the corresponding kinetics shownin the right panel
(confirmed by MS/MS) with arate constant of 11.5 + 0.8 h ™. This result suggests
that the coiled-coil domain promotes KaiCys dephosphorylation. For gel source
datain (e) and (i), see Supplementary Figure 2. The standard deviation for
parametersin (f) and (i) were obtained from data fitting.
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Extended DataFig. 4 |Graphical description ofthe cryo-EM processing
workflow and validation of the final dodecamer structures. The workflow
(seedescriptionin Methods section) demonstrates a typicalimage (scalebar:
60 nm) and representative good class averages. The abinitio and final
reconstructions are shown. Shown alongside the final reconstructionisthe
angular plot demonstrating the distribution of particle views and the Fourier
shell correlation curve used for the global resolution estimation (a) KaiCpgs-
S413E/S414E alone and (b) KaiCrs-S413E/S414E:KaiBgs complex. To validate the

final combined dodecamer structures, the datawere reprocessed for the full
dodecamer. The figure shows representative good class averages, the final
reconstruction, angular distribution and Fourier shell correlation curve for the
(c) KaiCrs-S413E/S414E alone and (d) KaiCps-S413E/S414E:KaiBgs complex
dodecamers. (e) Comparison of the Cland D6 reconstructions of KaiCgs-S413E/
S414E alone and KaiCgs-S413E/S414E:KaiBgs, and Fourier shell correlation
curves for the Clreconstructions. The C1/D6 comparisons do not reveal
discernable differences, suggesting that these complexes have D6 symmetry.



20°

KaiC,, KaiC.,-S413E/S414E

Extended DataFig. 5| Correlationbetween the coiled-coil register shift

and phosphorylation, and model for consecutive phosphorylation/
dephosphorylation eventsin Cll domain of KaiCg. (a) Structural comparison
betweenKaiCyg (green) and KaiCgrs-S413E/S414E (orange, single-chain for clarity)
reveals that the coiled-coilin the phosphomimetic structure points outwards, with
anangle ofabout20°relative to the KaiCgs coiled-coil. (b) The conformational
changeinthe coiled-coil domainaffects the dimerinterface due to partner swaps
withthe opposite hexamer (see also Fig. 2). Froman “outside perspective”:the
C-terminal helixinKaiCgsinteracts with the right chain from the opposite
hexamer, whereas in KaiCys-S413E/S414E the interactionis with the chainon the
left. (c) Coiled-coil diagrams describe the heptad register shift thataccompanies
thisstructuralrearrangement. (d) Based onthe overlay of our structures, we
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propose the following model for the phosphorylation/dephosphorylation events.
First, the phosphorylationcycle starts with the transfer of the y-phosphate of ATP
tothehydroxyl group of Ser414 (1; green arrow) inunphosphorylated KaiCyg
(green) or KaiCgs-Acoil (cyan). Secondly, pSer414 of KaiCgs-Acoil (purple, singly
phosphorylated) moves away from the active site placing the hydroxyl group of
Ser413 closer tothe y-phosphate of ATP for the second phosphorylation (2; purple
arrow). Thirdly, the doubly phosphomimetic state (KaiCgrs-S413E/S414E, orange)
revealsthat the phosphorylgroup of pSer414 moves back towards the active site
fordephosphorylation (3; orange arrow). Lastly, we hypothesize that theindole
group of Trp419 “pushes” pSer413into the active site for the second
dephosphorylation event (dashed arrow), inagreement with the slower
dephosphorylationrate observedinthe KaiCgs-Acoil construct (cf. Fig. 2d).



Article

a Pyruvate kinase

0 06 16 14.717.0 24 24.7 25.7h

<+ VU
eSS Yos:

b

KaiC min

7 10 12515 17520 25 30 45 1 15 2

0 4

h
3 4 24

eESSssssssssssssl

KaiC, + KaiB,q

B U
%ATP  96% 0% 100% - s
6 6 b 100% TESEERsssssEaEEee
c .
= 04_ KaiC g
= —~ 350 _
c 8 I
~ 03 Q 300f §
c < L
= X o250
(6] 2 v L
2° < 200[ ¢
©
e = i é
a 0.1 g 150f
o © I
) : & 100__ o
< 0 <C 50 PR I SR NN SN (N SN N S|
15 20 25 30 35 40
d Temperature ("C)
KaiC_¢ + KaiB
s 2'5_' 35°C — 3000__
£ 2L O 2500 *
- | ©
S X 2000 [
5 19 -30°C ~
é < _§ 1500 [ ¢
o ~
S I 25°C o 1000 [ é
o 0.5 7]
o & 500 |
o] L
< |20 c |<_( 0 L ’ PR R R |
0 1 2 3 4 5 6 15 20 25 30 35 40
Time (h) Temperature (°C)
e f ) g
OEQE
= 1.4__ MW(kDa){.’b\{.’b\ N 3 -
c 12L 140 o5
£ =y €=t
1k -
S 0.8 i 70 '. 5 2 r
° r 50 w © 15[
3 o6l 40 S
o | o,/ 30 o 1 B
i 04 L ,/H’//" — i
o 02 & 25 - o 05 [
< 15 < 00,00 .0 .1 . Q.
- 0o 1 2 3 4 5
10 Time (h)

Extended DataFig. 6 |See next page for caption.

<

U
S
D



Extended DataFig. 6 | Effect of ATP-to-ADP ratio on KaiCysauto-
dephosphorylation and the dependence of temperature and KaiBy
binding onthe ATPase activity of KaiCgs. (a) 10% SDS-PAGE gel of 3.5 pM
KaiCpsand 3.5 pM KaiBsin the presence of 4 MM ATP and 10 mM
2-phosphoenolpyruvate at 30 °C shows that the auto-phosphorylation cycle
restarts uponregeneration of ATP by the addition of 2U mI™ pyruvate kinase at
the 24-hour time mark. (b) 10% SDS-PAGE gel of 3.5 uM KaiCys without (upper
panel) and with (lower panel) 3.5 uM KaiBgsin the presence of 4 mM ATP with an
ATP-recycling system added from the beginning showing that under these
conditions KaiB does notaccelerate dephosphorylation. For gel source datain
(a) and (b), see Supplementary Figure 2. (c) Representative curves for ADP
production of KaiCys (3.5 pM) alone and (d) in the presence of KaiBgs (3.5 pM) in
4 mMATP measured by HPLC. The data were analysed as described in the
Methods section and resultin ATPase activities of 108 + 10 day " KaiC™
(withKaiBys=176 + 29 day'KaiC™) at 20 °C, 163 + 16 day ™ KaiC™* (with

KaiBgs =1052 + 143 day ' KaiC™) at 25 °C, 208 + 19 day ' KaiC™ (with
KaiBgs=1557 +172 day'KaiC™?) at 30 °C,and 300 + 21 day ' KaiC™ (with

KaiBys=2584 +245day ' KaiC™) at 35 °C. The temperature coefficient, Q,, was
calculated using the data obtained at 25 °Cand 35 °Candyields a value of ~1.9.
Thestandard deviations of ATPase activity at each temperature (right panels)
were obtained from threereplicate measurements and data are presented as
mean values +s.d. (e) The comparison of ADP production of KaiCgsin the
absence (orange circles, datafrom panel (c)) and presence (orange diamonds,
datafrom panel (d)) of KaiBgsat 30 °Cindicatea7.5-fold increase in ATPase
activity for the complex. The binding of KaiBgsaccelerates the ATPase activity
of KaiCgsinboth the Cland Clldomains (see also Extended Data Fig. 8b, c). ()
The SDS-PAGE gel of KaiCgs (10 pg) and KaiBgs (10 pug) shows that both proteins
were purified to homogeneity and the measured ATPase activity is, therefore,
notdue toimpurities. (g) ADP production of KaiBgsin4 mM ATP at 30 °C shows,
asexpected, no ATPase activity for KaiBysalone and confirms the increase in
ATPase activity shownin panel (d) is due to complex formation. The standard
deviation for the representative curvesshownin panels (c-d, left), e,and gwas
setto 6% assuming the largest systematic error originates from the injector.
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Extended DataFig.7 | Dephosphorylation of KaiCysoccursviaan
ATP-synthase mechanism and the phosphoryl-transfer step isunaffected
by the binding of KaiBgs. (a) Possible mechanisms how KaiBgs could accelerate
KaiCpsdephosphorylationat nighttime. Binding of KaiBys on the Cl,s domain
directly accelerates the phosphoryltransfer from pSer tobound ADP to
generate transiently bound ATP. The cartoon represents the interface between
two monomersin the Cllsdomain. (b) Autoradiograph of separation of
32p-KaiCysat Ser413, transiently formed **P-ATP, and free **Pi via thin-layer
chromatography (TLC) with4 mM ADP at 30 °C, with the corresponding
kinetics shownin (c) where gray circle, purple triangle, and cyan diamonds
representtherelative concentrations of phosphorylated **P-KaiCgs, **P-ATP,
and free *Pi, respectively. (d) Comparison of transient **P-ATP formation and
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decayintheabsence (opentriangle) and presence (solid triangle) of KaiBgs and
free 2P formationin the absence (open circles) and presence of KaiBgs (solid
circles). Faster decay of transient *’P-ATP together with higher free 2P
productionin the presence of KaiBsindicated that KaiBys accelerates
hydrolysis in KaiCgs. (€) SDS-PAGE gel (10%) of dephosphorylation of
phosphorylated 3.5 tM KaiCys at Ser413 without (upper gel) and with (lower
gel)3.5uMKaiBgsin the presence of 4 mM ADP at 30 °C (for gel source data,
see Supplementary Figure 2). (f) Densitometric analysis of datain panel (e)
shows the decay of total KaiCys phosphorylationin the absence (gray circles)
and presence (red diamonds) of KaiBysand yields rates of 11.5+ 0.8 h ' and

11.0 £ 0.8 h™}, respectively. Thisresultindicates that binding of KaiBgs does not
accelerate the phosphoryl-transfer step in KaiCgs.
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Extended DataFig. 8 | Effect of KaiBysbinding on ATPase activity and
nucleotide exchangein the CIl domain of KaiCgs. (a) Second possible
mechanism to explain how KaiBgsaccelerates KaiCps dephosphorylation at
nighttime: binding of KaiBgs to the Clysdomain could increase the hydrolysis
rateinthe Cllygcdomain and, thereby, prevent the phosphoryl transfer back from
transiently formed or external ATP back to serine residues. (b) Representative
curves for ADP production of phosphorylated KaiCys with catalytic mutations
inthe Cldomain (KaiCgrs-E62Q/E63Q, 3.5 M) inthe absence (dark green circles)
and presence (light green circles) of 3.5 uM KaiBgsat 30 °C with4 mM ATP was
quantified using HPLC. From these data an ATPase activity in the Cll domain of
112+ 8 day'KaiC'and 195 + 16 day ' KaiCin the presence of KaiBgs was
determined. (c) Representative curves for ADP production measured by HPLC
asin panel (b) of KaiCys but with catalytic mutationsin the Cll domain (KaiCgg-
E302Q/E303Q,3.5uM)inthe absence (dark pink circles) and presence (light
pink diamonds) of 3.5 uM KaiBs. The corresponding ATPase activitiesin the CI
domainare110 +12 day'KaiC™in the absence and 320 + 22 day ' KaiC™in the
presence of KaiBgs. (d) Representative curves for ADP production of KaiClgs-
E62Q/E63Q (construct of only Cldomain with catalytic mutations)in4 mM ATP
at30°CshowsnoATPaseactivity indicating that Glu62 and Glué63 are the only
tworesiduesthatareresponsible for ATPase activity in Cldomain of KaiCgsand
confirms the ATPase activity shownin panelbisdueto ATPaseactivity in CIl

domain of KaiCrs. The standard deviation for the representative curves shown
inpanels (b-d) was set to 6% assuming the largest systematic error originates
fromtheinjector. The experimentsin panel (b-d) were performedintriplicate
and ATPaserate givenin the legend for panels (b) and (c) are presented as mean
values *s.d. (e) Third possible mechanism to explain how KaiBgs accelerates
KaiCysdephosphorylationat nighttime: binding of KaiBy to the Clzsdomain
could promote faster nucleotide exchange in the Cllzs domain to displace
transient ATP by ADP. (f) Time course of fluorescence intensity at 440 nm due to
binding of mant-ATP to KaiCg-S413E bound with ATP in the absence (solid blue
trace) and presence (red dotted trace) of KaiBys. KaiCgg-S413E (3.5 tM) was pre-
incubated with 3.5 uM KaiBgsfor16 hat 20, 25,30, and 35 °Cin the presence of
50 pM ATP and an ATP-recycling system and then mixed with 250 pM mant-ATP.
The observed exchangerates ateach temperature are listed in the table (g).

(h) Nucleotide exchange of KaiClgs (i.e., only Clgs domain) cannot be measured
sincethereis notryptophanresiduein close proximity of the nucleotide
binding site. In summary, KaiBgsaccelerates KaiCys dephosphorylation by
increasing the hydrolysis ratein the Cland Clldomains and does not affect the
nucleotide exchange rate. Representative traces are shownin (f) and (h) and the
fitted parameters (g; mean + s.d.) were obtained from three replicate
measurements.
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Extended DataFig.9|KaiB-KaiB interface in the KaiBCys complex affects the
solventaccessibility into theactive site of KaiCgs-CI. (a) Size-exclusion
chromatography of KaiBgs (blue) shows that itis monomericinsolutionin
contrast toKaiBg (gray), whichelutes as atetramer. Molecular-weight standards
areshown above the chromatogram. (b) Structural comparison of KaiB; (gray,
PDB 5jwq*®) and KaiBys (blue) when bound to their corresponding KaiC hexamers.
ThePISA software package® determines that for the KaiBC;; complex the
interface between the KaiB,; monomersis 255 A%, whereas the average interface
between KaiBzs monomersis only 45 A2in the KaiBCgs complex. (c) To understand
how KaiBgs binding to KaiCys-Cldomainincreases the hydrolysis rate, we
investigated whether conformational changes modulated substrate access to
theactivesite. The CAVER software® was used to calculate tunnels (gray mesh)

KaiC,.-S413E/S414E

leadinginto theactive site of the Cldomain of KaiCgs-S413E/S414E alone (orange)
and the KaiCys-S413E/S414E:KaiBys complex (yellow:blue) with varying probe
radii. Inboth structures, the active site was occupied by ADP:Mg?* (sticks and
greensphere, respectively). The crystal structure of bovine F1-ATPase in
complexwithatransition-state analogue (PDB 1w0j, chain D)**was used as a
reference to determine the position of the catalytic water moleculeinthe active
site (shownasaredsphere). The calculated tunnels connect bulk solvent to the
catalytic water when KaiBgs is bound for probe radiilarger than the default value
of 0.9 A, but neverinitsabsence. These results suggest that KaiBgs facilitates the
access of waterinto the active site of KaiCys-Cl vialong-range conformational
changes and thus enhances ATP hydrolysis.


https://doi.org/10.2210/pdb1w0j/pdb

Article

a b c
28 [ 60 hexamer 2
24 [ 50 [ <t ,
20 [ i = 15} £
I monomer excess ATP 40 ~
2 6L | I 8 I
< 301 o 1k
E 12 hexamer I GCJ
L 20 | 8 o5 I
i monomer (R
of 5 |
= 0
0o 5 10 m 20 e
Volume (mL 35 40 45 50 55 60
{mt) Volume (mL) Temperature (°C)
d o 2 lo @ e f
MW (kD 2, 822, 882 2or
O 2lo =
( a)mu_gu.lmu_gu.l g 3..05_’ 93 9%_’ ° 100-
O - 2,0 - 2|10 + 2,0 - 2
[aa I TR 1T} :m L Wio w w :cn b w -
140 > - | — —— -8 80
115 — P - - — | — —— — =
80 ww : : o 60
70 i < ADP - ATP ADP - ATP m
50 e wild type KaiC,-S413E/S414E 2 40
40 == o o
30 s g & 2 =0
o - 2 ; © - =2 L
25 I 0 | ]
> W T QQ
15 - > - - | <
10 ADP ' ATP S s*
< N
KaiB, -Tag| KaiC,, KaiC,-S413A/S414A
only only
9 o017 h <100
| =3
0.16 Q 80 |
2 8 !
o 0.15 % 60 | l
6 B o ° °
@D 0.14 o 40 5
c °
< i3] B 20 0
| Lo
0.12 g 0 oSS | 1 ] ]
0.01 0.1 1 10 100 z @ & @ &
Unlabeled KaiB (uM) &K ¥y R Ny
X N e N
& N
\

Extended DataFig.10|See next page for caption.
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Extended DataFig.10 | KaiBysbinds preferentially to the post-hydrolysis
state of KaiCys and affectsits stability. (a) Size-exclusion chromatography of
50 pM KaiCys-ClI (Clgsdomain) in the absence (black line, hexamer) and presence
(gray line, monomer) of 50 uM KaiBgs in1 mM ATP buffer. (b) Size-exclusion
chromatography of 50 pM KaiCgs-Acoil in the presence of 50 pM KaiBgs (purple).
Thereferencesample (50 puM KaiCgys-Acoil) isa hexamerinsolution (cyan) and
after the addition of 50 pM KaiBgs the mixture was incubated at 30 °Cfor3.5h
(purple) before running the samples again on a Superdex-20010/300 GL
columnat4 °C.These datashow that binding of KaiBgs resultsin (i) disassembly
ofthe hexameric KaiCyg-Acoil structure into its monomers and (ii) aggregation
asdetected by the elutionin the void volume of the column (v,). () Thermal
denaturation profiles for KaiCys-S413E/S414E in the presence of ImM ADP are
shown from dark to light blue for increasing concentrations of KaiBgs (between
0-4puM).Theblacklinerepresents KaiBgsalone (15 uM), which shows no
fluorescencessignal asitdoes notbind to SYPRO Orange duetoalackofa
hydrophobic core. The T, decreases upon the addition of KaiBgs, indicating that
binding of KaiBys destabilizes the KaiCys dodecamer. Likely due to loosening up
ofinterface and the KaiCys structure, thereby allowing for the formation ofa
tunnel that connects bulk solvent to the position of the hydrolytic waterin the
activesite (see Extended DataFig.9). (d) SDS-PAGE analysis showing the control
experiment for pull-down assay. The first four lanes after the molecular weight
marker are KaiBgs-Tag samples (red arrow) and show that KaiBgs-Tag binds
tightly to the column. Thelast four lanes are control pull-down assay
experiments for KaiCys (green arrow) and show that KaiCysaloneis unable to

bind to the column. Thelanesrepresent the initial sample used in pull-down
assay (Before), flow-through after loading sample onto the column (FT), flow-
through after washing the column three times with the binding buffer (Wash
#3),and sample after elution withimidazole (Elute). (e) SDS-PAGE analysis of
pull-down assay to measure the complex formation between KaiBgs-Tag and
wild-typeKaiCgs, KaiCrs-S413E/S414E, or KaiCgs-S413A/S414A in the presence of
4 mMADP or ATP (with an ATP-recycling system). For gel source data, see
Supplementary Figure 2. (f) Percentage of wild-type KaiCys bound to KaiBgys-Tag
protein for different ATP-to-ADP ratios (4 mM total nucleotide concentration)
at25°Casmeasured from pull-down assays. (g) Fluorescence anisotropy at

30 °Cof'unlabeled KaiBzs competitively replacing the fluorophore-labeled
KaiBgs (KaiBgs-61AF) from KaiCrs-S413E/S414E in the presence of 4 mM ADP (red
circles, K, value of 0.79 £ 0.06 M) and 4 mM ATP with an ATP-recycling system
(orangetriangles). Inthe latter experiment no change inanisotropy is observed,
indicating that only asmallfraction of KaiBgs-6IAF isbound under these
conditions. The average anisotropy and standard error were calculated from
tenreplicate measurements. (h) The mant-ATPyS or mant-ADP release is shown
asbargraphswithobservedratesof4.8 +0.2h"and 43.6 + 3.0 h™: for mant-
ATPyS and mant-ADP releasing from KaiCgps-S413E/S414E, respectively, and
21.0+3.0h™and 65 + 15 h™ for mant-ATPyS and mant-ADP releasing from KaiCgs-
S413A/S414A, respectively. The result shows that Cll domain of KaiCys prefers
binding of ATP over ADP. Experiments in panels (f) and (h) were performedin
triplicateand dataare presented as meanvalues +s.d.
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Extended Data Table 1| X-ray crystallography data collection and refinement statistics

KaiCrs KaiCrs-Acoil
PDB: 8dba PDB: 8db3
(oligomeric state: (oligomeric state:
dodecamer) hexamer)

Data collection
Space group
Cell dimensions

a, b, c(A)

o B,y ()
Resolution (A)
Rsym or Rmerge
1/ ol
Completeness (%)
Redundancy

Refinement

Resolution (A)

No. reflections

Rwork / eree

No. atoms
Protein
Ligand/ion
Water

B-factors
Protein
Ligand/ion
Water

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

P1

105.11, 136.09, 146.2
93.13, 94.43, 108.09
47.65 - 3.5 (3.625 - 3.5)*
0.2213 (1.372)

257 (0.73)

97.62 (94.08)

19 (2.0)

35
94151 (9047)
0.2323/ 0.2775
47510

46772

948

67

102.48
89.08
72.52

0.002
0.62

C2224

94.06, 197.28, 150.19
90, 90, 90,

53.89 - 2.9 (3.004 - 2.9)*
0.4267 (2.994)

554 (1.15)

99.89 (99.97)

7.2(7.3)

29
31344 (3102)
0.2308/0.2892
10293

10131

231

0

56.06
44.62

0.004
0.73

A single crystal was used for each structure. *Values in parentheses are for the highest-resolution shell.



Extended Data Table 2 | Cryo-EM data collection, refinement and validation statistics

KaiCrs-S413E/S414E KaiCrs-S413E/S414E:KaiBrs
(EMD-29505) (EMD-29506)
(PDB 8FWI) (PDB 8FWJ)
Data collection and processing
Magnification 79,000 79,000
Voltage (kV) 300 300
Electron exposure (e—/A?) 100 100
Defocus range (um) -05t025 -05t025
Pixel size (A) 1.074 1.023
Symmetry imposed C6 C6
Initial particle images (no.) 825,000 440,000
Final particle images (no.) 320,000 160,000
Map resolution (A) 29 27
FSC threshold 0.143 0.143
Refinement
Initial model used (PDB code) 8DBA 8DBA
Model resolution (A) 31 29
FSC threshold 0.5 0.5
Model composition
Non-hydrogen atoms 103236 60492
Protein residues 6576 7644
Ligands 48 48
B factors (A?)
Protein 63.44 104.75
Ligand 52.39 79.22
R.m.s. deviations
Bond lengths (A) 0.007 0.003
Bond angles (°) 1.262 0.720
Validation
MolProbity score 1.82 252
Clashscore 11.86 31.00
Poor rotamers (%) 2.04 345
Ramachandran plot
Favored (%) 98.16 97.31
Allowed (%) 1.84 2.69

Disallowed (%) 0.0 0.0
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Supplementary Figure 1
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Supplementary Figure 1 | Uncropped images for SDS-PAGE gels shown in Main Text Figures. (a)
Zn** Phos-tag™ SDS-PAGE gel for Fig. 2f showing auto-dephosphorylation of KaiCgs and KaiCrs-Acoil
over time. P and U represent phosphorylated and unphosphorylated proteins. (b) 10% SDS-PAGE gel for
Fig. 3a showing the oscillation of KaiCrs in the presence of KaiBgs at 30 °C. (¢) 10% SDS-PAGE gel for
Fig. 3¢ showing the oscillation of KaiCgs in the presence of KaiBrs with the ATP-to-ADP ratio that mimic
daytime and nighttime.



Pitsawong, Padua, & Grant et al., 2023

Supplementary Figure 2
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Supplementary Figure 2 | Uncropped images for SDS-PAGE gels shown in Extended Data Figures.
(a) 10% SDS-PAGE gel for ED Fig. 2a,e showing KaiCrs autophosphorylation over time at 20, 25, 30, and
35 °C. (b) 6.5% SDS-PAGE gel for ED Fig. 2¢ showing autophosphorylation of KaiCsg in the presence of
KaiAsg at 30 °C. (¢) Zn*" Phos-tag™ SDS-PAGE gel for ED Fig. 3e showing autophosphorylation of wild-
type KaiCrs and KaiCrs-Acoil at 30 °C. (d) 10% SDS-PAGE gel for ED Fig. 3i showing dephosphorylation
of KaiCrgs at 30 °C. (e) 10% SDS-PAGE gel for ED Fig. 6a showing auto-phosphorylation cycle restarts
upon regeneration of ATP at 30 °C. (f) 10% SDS-PAGE gel for ED Fig. 6b showing autophosphorylation
of KaiCgs with and without KaiBgs at 30 °C (with an ATP-recycling system). (g) 10% SDS-PAGE gel for
ED Fig. 7e showing dephosphorylation of KaiCgs with and without KaiBgrs at 30 °C. (h) SDS-PAGE gel
for ED Fig. 10e showing pull-down assay to measure the complex formation between KaiBrs-Tag and wild-
type KaiCrs, KaiCrs-S413E/S414E, or KaiCrs-S413A/S414A in the presence of 4 mM ADP or ATP (with
an ATP-recycling system). U, S, and D represent unphosphorylated, singly, and doubly phosphorylated
protein, respectively.
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Supplementary Table 1: Codon-optimized DNA sequence for KaiCgrs and KaiBgs constructs

Protein Plasmid DNA Sequence

ATGGGCATCGGCAAGAGCCCGACCGGCATTCAGGGTTTCGACGAACTGACCCTGGGTGGCCT
GCCGACCGGCCGTCCGAGCCTGGTTTGCGGTAGCGCGGGTTGCGGTAAAACCCTGTTCGCGA
GCACCTTTCTGATTAACGGCGTGCGTGATCACGGCGAACCGGGTGTTTTCGTGACCTTTGAG
GAACGTCCGGAGGACATCGTTAACAACGTGGCGAGCCTGGGTTTCGAACTGGATAAGCTGAT
CGAGGAAGAGAAAATCGCGATTGAGCACATTGCGGTTGACCCGAGCGAAGTGGCGGAGATCG
GCGACTACGATCTGGAGGGTCTGTTTCTGCGTCTGGAACTGGCGATTGACACCGTTGGTGCG
AAGCGTGTGGTTCTGGATACCATCGAAAGCCTGTTCAGCGCGTTTAGCAACCCGGCGATCCT
GCGTGCGGAGATTCGTCGTCTGTTCGACTGGCTGAAAGAACGTGGCCTGACCACCGTGATTA
CCGCGGAGCGTGGCGATGGTGCGCTGACCCGTCAAGGTCTGGAAGAGTATGTTAGCGACTGC
GTGATCCTGCTGGATCACCGTGTTGAGAACCAGATCAGCACCCGTCGTCTGCGTATTGTGAA
GTACCGTGGCACCGCGCACGGCACCAACGAATATCCGTTCCTGATCGACACCGATGGCTTTA
GCGTTCTGCCGGTGAGCGCGCTGGGTCTGCTGCACCAAGTTCACGAAGAGCGTATTGCGAGC
GGTGTGCCGGACCTGGATGCGATGATGGCGGGTGGCGGTTTCTTTCGTGGCAGCAGCATTCT
GGTTAGCGGTGTGGCGGGTGCGGGTAAAAGCAGCCTGGCGGCGCACTTTGCTGCGGCGGCGT
GCGCGCGTGGCGAGCGTGCGATGTACTTCAGCTTTGAAGAGGCGGCGGATCAGGCGGTTCGT
AACATGCGTAGCCTGGGCCTGGACCTGGGTCGTTGGCGTGATGCGGGTCTGCTGCGTTTCAT
GGCGACCCGTCCGACCTTTTATAGCCTGGAAATGCACCTGGCGGTTATTCTGCGTGAGGTGA
TGCGTTTCGAACCGAGCGTGGTTGTGCTGGACCCGATCAGCGCGTTTACCGAGAGCGGTGAT
CGTCTGGAAGTTCAAAGCATGCTGCTGCGTATTGTGGACTTCCTGAAGAACCGTGGCATCAC
CGGTATTTTTACCCACCTGGCGCACAGCCAAAACGAGGCGACCACCGATGCGGGCCTGAGCA
GCCTGATGGATGGTTGGGTTCTGATGCTGAACCGTGAAGTGAACGGCGAGTTCAACCGTGAA
CTGTACCTGCTGAAGGCGCGTGGTATGGCGCACAGCAACCAAGTTCGTGAGTTTCTGATGAG
CGATCGTGGTATTAGCCTGCTGCCGCCGCACCTGGGTGAAGGCGGTGCGCTGACCGGCACCG
CGCGTAAAGCGGAAGAGGCGCGTCTGCGTCGTGCGGAAATCGAGCGTCAGACCGAGCTGGGT
CGTCTGCAGCAACAGATTGAACAACGTCGTCGTCGTGCGCGTGCGCAGATTGAGGCGCTGGA
AGCGGAGCTGCAAGCGGAAGAGATCGCGCTGAAGGCGCTGGTTGAGAGCGAGAGCGCGCATG
AACGTCAACGTCTGGCGGATGCGGATACCCTGGCGCGTAGCCGTGGCAACGAACGTTTCGCG
GACCTGCTGATGAACAAAGGTGAG

KaiCrs pETM-41

ATGGGTCGTCGTCTGGTGCTGTATGTGGCGGGTCAAACCCCGAAAAGCCTGGCGGCGATTAG
CAACCTGCGTCGTATCTGCGAGGAAAACCTGCCGGGCCAGTACGAGGTGGAAGTTATCGACC

KaiBrs pETM-41 TGAAGCAAAACCCGCGTCTGGCGAAAGAGCACAGCATCGTGGCGATTCCGACCCTGGTGCGT
GAACTGCCGGTTCCGATCCGTAAGATTATTGGTGACCTGAGCGATAAAGAACAAGTGCTGGT
GAACCTGAAAATGGACATGGAG

Protein Sequence

*GAMGIGKSPTGIQGFDELTLGGLPTGRPSLVCGSAGCGKTLFASTFLINGVRDHGEPGVFV
TFEERPEDIVNNVASLGFELDKLIEEEKIAIEHIAVDPSEVAEIGDYDLEGLFLRLELAIDT
VGAKRVVLDTIESLFSAFSNPAILRAEIRRLFDWLKERGLTTVITAERGDGALTRQGLEEYV
SDCVILLDHRVENQISTRRLRIVKYRGTAHGTNEYPFLIDTDGFSVLPVSALGLLHQVHEER
IASGVPDLDAMMAGGGFFRGSSILVSGVAGAGKSSLAAHFAAAACARGERAMYFSFEEAADQ
AVRNMRSLGLDLGRWRDAGLLRFMATRPTFYSLEMHLAVILREVMRFEPSVVVLDPISAFTE
SGDRLEVQSMLLRIVDFLKNRGITGIFTHLAHSQNEATTDAGLSSLMDGWVLMLNREVNGEF
NRELYLLKARGMAHSNQVREFLMSDRGISLLPPHLGEGGALTGTARKAEEARLRRAEIERQT
ELGRLQQQIEQRRRRARAQIEALEAELQAEEIALKALVESESAHERQRLADADTLARSRGNE
RFADLLMNKGE

KaiCrs pETM-41

*GAMGRRLVLYVAGQTPKSLAAISNLRRICEENLPGQYEVEVIDLKQONPRLAKEHSIVAIPT

KaiBrs PETM-41 LVRELPVPIRKIIGDLSDKEQVLVNLKMDME

*GA are residues that are part of the after TEV protease recognition site and remain after cleavage. Residue numbering of both KaiCrs
and KaiBgs start counting after residues GA.
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Supplementary Table 2: Primers for site-directed mutagenesis and sequencing of KaiCgs

Mutation Primer
5' GCGACCACCGATGCGGGCCTGGAAAGCCTGATGGATGGTTGGGTTC 3' Forward
KaiCrs S413E
5' GAACCCAACCATCCATCAGGCTTTCCAGGCCCGCATCGGTGGTCGC 3' Reverse
KaiCrs 5' GCGACCACCGATGCGGGCCTGGAAGAACTGATGGATGGTTGGGTTC 3' Forward
S413E/S414E 5' GAACCCAACCATCCATCAGTTCTTCCAGGCCCGCATCGGTGGTCGC 3' Reverse
KaiCrs 5' GAGGCGACCACCGATGCGGGCCTGGCGGCGCTGATGGATGGTTGGGTTCTGATG 3' Forward
S413A/S414A 5' CATCAGAACCCAACCATCCATCAGCGCCGCCAGGCCCGCATCGGTGGTCGCCTC 3' Reverse
KaiCrs 5' CACGGCGAACCGGGTGTTTTCGTGACCTTTCAGCAACGTCCGGAGGACATCGTTAACAAC 3' Forward
E62Q/E63Q , !
5' GTTGTTAACGATGTCCTCCGGACGTTGCTGAAAGGTCACGAAAACACCCGGTTCGCCGTG 3 Reverse
KaiCrs 5' GTGCGATGTACTTCAGCTTTCAACAGGCGGCGGATCAGGC 3' Forward
E302Q/E303Q 5' GCCTGATCCGCCGCCTGTTGAAAGCTGAAGTACATCGCAC 3' Reverse
KaiCrs-Acoil 5' GCGGAAGAGGCGCGTCTGCGTCGTGCGTAAATCGAGCGTCAGACCGAGCTGGGTCG 3' Forward
(residues 1-489) 5' CGACCCAGCTCGGTCTGACGCTCGATTTACGCACGACGCAGACGCGCCTCTTCCGC 3' Reverse
KaiClrs 5' GACACCGATGGCTTTAGCGTTCTGTAGGTGAGCGCGCTGGGTCTGCTGCACCAA 3' Forward
(residues 1-230) 5' TTGGTGCAGCAGACCCAGCGCGCTCACCTACAGAACGCTAAAGCCATCGGTGTC 3' Reverse
“KaiClrs 5' CACGGCGAACCGGGTGTTTTCGTGACCTTTCAGCAACGTCCGGAGGACATCGTTAACAAC 3' Forward
E62Q/E63Q , !
5' GTTGTTAACGATGTCCTCCGGACGTTGCTGAAAGGTCACGAAAACACCCGGTTCGCCGTG 3 Reverse

Reading area

Primer sequence

From MBP-Val?®
to KaiCrs-Gly'®°

5' GGTGTAACGGTACTGCCGACC 3'

From Ala'° to
Lys“‘”

5' GCGATTGACACCGTTGGT 3'

From Leu®®° to
Ser568

5' AAGCATGCTGCTGCGTATTG 3'

*Using KaiClgs as a template for site-directed mutagenesis
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