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ABSTRACT: As the only circadian oscillator that can be reconstituted in vitro
with its constituent proteins KaiA, KaiB, and KaiC using ATP as an energy source, —N—
the cyanobacterial circadian oscillator serves as a model system for detailed

Day . . " . Night
mechanistic studies of day—night transitions of circadian clocks in general. The £dgS Al
day-to-night transition occurs when KaiB forms a night-time complex with KaiC to o4 {AS
sequester KaiA, the latter of which interacts with KaiC during the day to promote 3
KaiC autophosphorylation. However, how KaiB forms the complex with KaiC S—— A
remains poorly understood, despite the available structures of KaiB bound to c BC, (=1.5) B.C,

hexameric KaiC. It has been postulated that KaiB-KaiC binding is regulated by
inter-KaiB cooperativity. Here, using spin labeling continuous-wave electron
paramagnetic resonance spectroscopy, we identified and quantified two subpopulations of KaiC-bound KaiB, corresponding to the
“bulk” and “edge” KaiBC sites in stoichiometric and substoichiometric KaiB,C4 complexes (i = 1—5). We provide kinetic evidence to
support the intermediacy of the “edge” KaiBC sites as bridges and nucleation sites between free KaiB and the “bulk” KaiBC sites.
Furthermore, we show that the relative abundance of “edge” and “bulk” sites is dependent on both KaiC phosphostate and KaiA,
supporting the notion of phosphorylation-state controlled inter-KaiB cooperativity. Finally, we demonstrate that the interconversion
between the two subpopulations of KaiC-bound KaiB is intimately linked to the KaiC phosphorylation cycle. These findings enrich
our mechanistic understanding of the cyanobacterial clock and demonstrate the utility of EPR in elucidating circadian clock
mechanisms.

B INTRODUCTION domain (B-loops)."® This KaiB-binding competent KaiC state
stabilizes a fold-switched conformer of KaiB (fs-KaiB)'® that is
capable of sequestering KaiA into a ternary KaiABC
complex.'”"” The fs-KaiB-bound KaiA adopts an autoinhibited
conformation that is incapable of binding to the KaiC A-
loops,"” thus inhibiting KaiC autokinase activity and allowing
the autophosphatase activity to dominate. The oscillator
returns to the dawn state once hyperphosphorylated KaiC
dephosphorylates and KaiA and KaiB are released from
KaiABC complexes.

The KaiB-KaiC binding event is key to closing the negative
feedback loop"” to the rhythmic oscillation of the Kai system
by deactivating KaiA."” Furthermore, KaiB provides temporal
regulation of the phosphorylation levels of RpaA, the master
transcription regulator,'® through two cognate histidine
kinases, SasA'? and CikA* (Figure 1b). At dusk, SasA is
activated on binding to KaiC,s,r and autophosphorylates at

Circadian clocks are endogenous biochemical oscillators that
align diverse organisms’ physiology with periodic day—night
cycles,' thereby improving their survivability.” To study the
molecular mechanisms governing circadian clocks, we turned
to the cyanobacterial clock expressed by Synechococcus
elongatus (PCC 7942) as its oscillator is entirely post-
translational and can be reconstituted in vitro® in the absence
of transcription or translation.* The circadian oscillator in S.
elongatus consists of three proteins, KaiA, KaiB, and KaiC
(Figure la), that when combined with ATP, generate a
circadian rhythm in serine 431 (S431) and threonine 432
(T432) phosphorylations in KaiC via the cyclic sequence S;T
— $;pT — pS;pT — pS;T — S;T — ... (p: phosphorylated)™°
(Figure 1la). During the day, KaiA acts as a nucleotide
exchange factor of KaiC”® by binding KaiC at the C-terminal
loop region (A-loops)” and facilitating KaiC autokinase
activity. At night, S431 phosphorylation in KaiC leads to
changes in the flexibility of the C-terminal domain of KaiC Received:  August 3, 2021
(CII) and subsequent CII-CI ring—ring stacking (CI, N- Published: January 3, 2022
terminal domain of KaiC).'”"'" This stacking interaction, along

with ADP binding in CI enabled by CI ATPase activity,'>"”

biases KaiC toward an alternative conformation that is KaiB-

binding competent'”'* at the loop region of the N-terminal

=JACS

© 2022 American Chemical Society https://doi.org/10.1021/jacs.1c08103

W ACS PUblicationS 184 J. Am. Chem. Soc. 2022, 144, 184—194


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+K.+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Archana+G.+Chavan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel+Heisler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yong-Gang+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ning+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andy+LiWang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+David+Britt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+David+Britt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c08103&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08103?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08103?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08103?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08103?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08103?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/144/1?ref=pdf
https://pubs.acs.org/toc/jacsat/144/1?ref=pdf
https://pubs.acs.org/toc/jacsat/144/1?ref=pdf
https://pubs.acs.org/toc/jacsat/144/1?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c08103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

(b)

SasA

Class 1
genes

~ar
B

QB

KaiA 1
o

&

@J

./

KaiC

Figure 1. Model of the cyanobacterial circadian clock (Kai clock). (a)
Interactions among the three core proteins, KaiA (red/brown), KaiB
(orange), and KaiC (cyan) as represented by their cartoon depictions.
The phosphostate of the KaiC phosphosites, serine 431 (S431) and
threonine 432 (T432), cycles through the sequence $;T — S;pT —
pS;pT = pS;T — S;T (p: phosphorylated). gs-KaiB and fs-KaiB
represent the ground state and fold-switched state of KaiB,
respectively. (b) Coupling of the core proteins with SasA (green)
and CikA (yellow) to regulate RpaA phosphorylation (phosphory-
lated RpaA: p-RpaA), which in turn upregulates class 1 genes and
downregulates class 2 genes.

SasA-H161,”" followed by phosphotransfer to aspartyl residue
53 of RpaA and upregulation of class 1 (dusk-peaking) gene
expressmn ¢ As the night progresses, KaiB-KaiC interactions
replace that of SasA-KaiC as KaiCg,r dephosphorylates to
KaiC,gr, deactivating SasA. Concurrent to sequestration of
KaiA, KaiC-bound KaiB recruits CikA and activates its
phosphatase activity toward RpaA.”’ At dawn, KaiB-KaiC
complexes dissociate on KaiCgr dephosphorylation to KaiCgr,
releasing KaiB-associated CIkA (and KaiA) and completing an
RpaA activation—deactivation cycle. On the structural level,
although the N-terminal domains of SasA and KaiB share the
KaiC B-loops as their binding sites,'”'® their differential
temporal associations with KaiC gate RpaA activation via (i)
the faster SasA-KaiCg,r versus KaiB-KaiC,g,r binding kinetics
due to KaiB fold- sw1tch1ng and (ii) SasA-facilitated KalB-
KaiC,g,r binding as a result of heterotropic cooperativity.””
Conversely, the gating of RpaA deactivation is accomplished
via cooperative CikA-KaiB-KaiC binding, with the 2 motif of
fs-KaiB'” (Figure 1b) capable of binding to either CikA or
KaiA. This competition underhes the observations that CikA
shortens oscillation period'® and compensates for low levels of
KaiA.”»*® Given the pivotal role of KaiB-KaiC binding-
dissociation to clock input and output, understanding the
regulation of KaiB-KaiC binding at the molecular level is of
prime interest to elucidating cyanobacterial circadian rhythms
in general.

It has been postulated that inter-KaiB cooperativity is
fundamental to regulating KaiB-KaiC binding.'”**** Previous
native mass spectrometry only detected KaiC4 B,Cg and
B¢Cs* hinting at cooperativity while leaving open the
question of existence of other stepwise B,C, intermediates, i
=2, 3, 4, or S. More recently, crystal structures of the KaiB-
KaiC complex revealed that the KaiB-KaiB interface contains a
salt bridge between individual KaiB protomers facilitated by
R22," a residue that when mutated to alanine in the Anabaena
analogue weakened KaiB-KaiC interactions.”® However,
questions remain as to the importance of cooperativity from
a kinetic standpoint as well as the strength of contributions
from nearby charged residues that were not well resolved in
either crystal or cryo-EM structures.'””” In this study, we
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investigate the role of cooperativity in KaiB-KaiC binding by
site-directed spin labeling (SDSL) of KaiB at K2S. We show
that KaiB-KaiC binding is a multistep process, resulting in two
spectroscopically distinct populations of KaiC-bound KaiB.
One population corresponds to KaiC-bound KaiB that has an
adjacent KaiB on its a1 interface (“bulk sites”, B,), whereas the
other corresponds to KaiC-bound KaiB with adjacent KaiC
sites unoccupied (“edge sites”, B_). We demonstrate that edge
sites are intermediate states capable of recruiting KaiB for
cooperative KaiB-KaiC binding, thereby reducing edge and
increasing bulk sites, and that antagonization of KaiB-KaiC
interactions increases edge and decreases bulk sites. We further
show that the bulk = edge equilibrium is tuned via KaiC
phosphorylation status and KaiA. The implications of these
results are discussed in the context of the full oscillator.

B RESULTS

Spin Labeling Reveals Two Subpopulations of KaiC-
Bound KaiB. Wild-type KaiB does not possess native
cysteines and is therefore amenable to site-directed muta-
genesis to cysteine followed by spin labeling. To investigate
inter-KaiB cooperativity, we spin-labeled KaiB at K25, a
residue that is solvent exposed in tetrameric ground-state KaiB
(gs-KaiB, Figure 2a)*® but contributes to the KaiB-KaiB
interface in KaiB¢Cy4 (Figure 2b),"”*" to give KaiB-K25C-3IAP
(K25C;iap hereafter; 3IAP: 3-iodoacetamido-PROXYL).
K25C;4p was determined to be fully labeled by intact mass
spectrometry (Figure S1), and it served as a functional
surrogate of WT-KaiB for the reconstitution of the in vitro
KaiABC oscillator and for the binding kinetics of KaiC-KaiB, as
indicated by fluorescence anisotropy (Figure S2) and native-
PAGE (Figure S3), respectively.

The continuous-wave electron paramagnetic resonance (cw-
EPR) spectrum of K25C;,p alone displayed at least two
motional dynamics states and could be simulated as such
(Figures 2c and S4). Both motional components possessed
isotropic rotational correlation times (Table S1) faster than
twice the Eredlcted value derived from the Stokes—Einstein
relation,””” suggesting that the observed motions are due to
local dynamics. Plausible explanations to multiple nitroxide
motional components with differing mobilities at a single
labeling site include 1ntrahehcal interactions”' and diastereo-
meric spectroscopic resolution.”

K25C;4p responded spectroscopically to KaiCgyz5, 14328
(KaiCgg), a phosphomimetic that mimics the dusk state
(Figure 2c), suggesting local environment perturbation around
the nitroxide moiety on binding KaiCgg. Curiously, stoichio-
metric KaiCgz (as monomer:monomer ratio) resulted in a
decrease in h, transition intensity (~329 mT), whereas its
intensity was partly restored with excess KaiCgy (Figure 2c).
Further analysis revealed that the spectra of free K25C;,p,
with stoichiometric or 10-fold KaiCgp, were linearly
independent (Figure SS). Such linear independence behavior
was not observed when KaiCgpz was substituted with a
monomeric KaiCI construct (Figure S6)'° or in our previous
work with N19Cj,p.”” The formation of nonequivalent spectra
upon adding differing ratios of KaiCgg to K25C;,p implies the
formation of KaiBCgg complexes of differing stoichiometries
and the existence of substoichiometric KaiB,Cq, i < 6. This
conclusion is qualitatively consistent with previous native mass
spectrometric results which suggested that KaiB could bind to
KaiC as B,Cg or B4C4 complexes,”* with stoichiometric KaiCgy
favoring B4C,, whereas excess KaiCygp favoring B,Cy instead.

https://doi.org/10.1021/jacs.1c08103
J. Am. Chem. Soc. 2022, 144, 184—194
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Figure 2. Site design for probing the role of cooperativity in the Kai oscillator. (a) Free KaiB (bright orange) with the side chain of labeling position
K25C;4p shown in red. (b) KaiB4Cg and presumed substoichiometric KaiBC intermediates prior to KaiB4Cg4 formation. KaiC is shown as a light
blue surface. The two types of KaiBC sites, “bulk” (B,) and “edge” (B_), are shown in green and light purple, respectively. Part of the side chain in
chain B, K26 of the crystal structure of KaiB¢Cy, is missing. For (a) and (b), the side chain atoms of K25 (K26 in T. elongatus) are shown as spheres
with lysyl nitrogen atoms shown in blue. Cartoon models are shown along the bottom. Bottom left box shows legend for spin labels and their
corresponding spectroscopic classification. (c) Comparison of spectra of K25C;,p alone (red) versus incubation with stoichiometric (dark yellow)
and 10-fold excess (purple) KaiCgp. (d—f) Reproduction of K25Cs;,p-KaiCgr (d), KaiCyp (e), and KaiCg, (f) reaction spectra (black) using a
linear combination of free K25Cy;4p and K25C;5p-KaiCgy, spectra in (c) (blue). For (c—f), reaction spectra shown are averaged between ¢ = 15—18
h after reaction initiation, and the residual from the fit are shown in magenta.

Furthermore, the spectra of K25Cj,p in the presence of
stoichiometric unphosphorylated KaiC (KaiCgy, Figure 2d),
and KaiCgy3pr4ne (KaiCyp, Figure 2e) and KaiCgysp i3
(KaiCpgy, Figure 2f), two constructs mimicking, respectively,
the dominant phosphostates KaiCg,r and KaiCgp during the
day and at night,” could all be fit by linear combinations of free
KaiB, 1:1, and 1:10 KaiB:KaiCgy spectra. Like N19C;pp,””
K25C;up did not show a cw-EPR spectral response at
physiological ratios of KaiB to KaiA (Figure $7).°%**
Combined, these results suggest that K25C;,p serves as a
probe for cooperative KaiB-KaiB interactions by distinguishing
free KaiB from two subpopulations of KaiC-bound KaiB.
These subpopulations are assigned as arising from contribu-
tions from “neighbored” (B,) and “neighborless” (B_) fs-KaiB,
analogous to bulk and edge sites found in materials (Figure
2b). Under this assignment, B, corresponds to fs-KaiB that is
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bound to KaiC and has an adjacent fs-KaiB on KaiC on the al
interface (green pentagons in Figure 2b), whereas B_ is bound
to KaiC and has no adjacent fs-KaiB on the al interface (light
purple pentagons in Figure 2b). Thus, our EPR results suggest
that there are two distinctly different KaiB populations when
bound to KaiC, B, and B_.

Stepwise Assembly of the KaiBC Complex. A long-
standing question concerns the steps involved in the assembly
of the dodecameric KaiB¢C4 complex starting from hexameric
KaiC and tetrameric KaiB. To facilitate modeling of the
binding kinetics and comparison of multiple kinetic models, we
estimated the spectra of B, and B_ via spectral simulations (see
SI text 1.1 and Figure S8—18). We focused on KaiCgp and
KaiC phosphomimetics (Figures 3 and 4) in the absence of
KaiA to preclude changes in KaiC phosphostate from
contributing to any observed KaiB-KaiC binding kinetics.

https://doi.org/10.1021/jacs.1c08103
J. Am. Chem. Soc. 2022, 144, 184—194
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Figure 3. Stepwise assembly of KaiB-KaiC complexes as revealed by B, and B_ kinetics. (a) cw-EPR derived KaiB-KaiCgy/gp/gs kinetics using
K25C;4p as a probe. Black solid lines show fits to model (SI Appendix, Table S13). Green circles and light purple squares correspond to the
percentages of B, and B_, respectively. Shaded areas: 95% CI (KaiCgr, signal-to-noise, n = 1; KaiCgg g, inter-replicate, n = 6). (b) Scheme for
modeling. KaiC is assumed to adopt two conformations, inactive (gray) and active (black). Free KaiB (Bg,,, orange) forms an encounter complex
with inactive KaiC as a weak complex (B,,.,) that possesses identical cw-EPR spectrum as B,.. The encounter complex can either dissociate or
change conformation to give a stably bound B,C4 complex in which KaiC is activated and KaiB is fold switched, giving rise to B_ (light pink).
Further, KaiB binding occurs in a fashion described by Koda and Saito and give rise to B, (green).
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Figure 4. KaiC,g,1, not KaiCg,r, seeds KaiB-KaiC interactions in the
day-to-night transition. (a) The effective dissociation constants for
each step in KaiB-KaiC binding in the encounter complex-stepwise
binding model are plotted as bar graphs for KaiCgp (turquoise),
KaiCg (purple), and KaiCp, (orange). Error bars show standard
deviation estimated by bootstrap resampling the original data set 20
times (see Table S14). Best fit results are shown as black open circles.
(b) cw-EPR-derived kinetics of KaiB-KaiC,; binding with KaiA
spiking at t = 24 h. Green circles and light purple squares correspond
to the percentages of B, and B_, respectively. Shaded areas: 95% CI
(signal-to-noise, n = 1). (c) and (d) Fluorescence anisotropy-based
KaiB-KaiC,g binding assays under (c) 1X and (d) SX Kai protein
concentrations with full-length KaiA (yellow) or buffer (gray) spiking
at t = 24 h (black line in all panels) using SO nM KaiB-K25C-6IAF as
fluorescence probe. In both panels, basal anisotropy based on KaiB
alone were subtracted. Shaded areas show inter-replicate 95% CI (n =
3).

KaiB was capable of binding to KaiCgr, KaiCgg, or KaiCg, in
the absence of KaiA (Figure 3a). Here, B, was observed as the
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dominant steady-state species, whereas B_ was only present in
small quantities (<10%), with the latter reaching maximum
concentration at approximately ¢ = 4 h after initiation (Figures
S19 and 20). Whereas initial B_ formation could be described
by a pseudo-first-order reaction, the formation of B, displayed
sigmoidal kinetics, consistent with native PAGE data (Figure
S3) as well as N19C;4p-KaiCpy, binding data.” Furthermore,
our data support the intermediacy of B_ as a precursor to B, as
apparent from overlay plots of d[B,]/dt and [B_] showing
similar time dependencies (Figure S19).

To evaluate the mechanism of KaiB-KaiC binding, we
considered the model employed by Koda and Saito® as a
starting point due to its explicit treatment of hexameric KaiC
with each possessing varying amounts of KaiC-bound KaiB
(Figure S21a). Briefly, this model assumes a fixed KaiB-KaiC
binding rate k,,, but the dissociation rate kg, is suppressed by
adjacent KaiB subunits m (= 0, 1, or 2) in any KaiC-bound
KaiB by a factor @”. Although the sigmoidal shape of the B,
kinetics observed in our experiments were recovered (Figure
S21b,c, Table S7), their model also produced “burst-phase”
behavior in B_ formation at t = 0.1 h and failed to approach
steady-state by t = 15 h. To address this discrepancy, we first
considered four additional models that couple with the Koda—
Saito model with previously known phenomena typically
associated with conformational selection, namely KaiB fold-
switching,16 KaiB tetramer-monomer equilibrial,24 and CI
ATPase activity'”'* or combinations thereof (see SI text 1.2,
Figures $22—25, and Tables S8—S11). However, these models
resulted in fits that overestimated the initial B_ formation in
the time window ¢ = 0—3 h.

As incorporation of previously known phenomena into the
Koda—Saito model failed to explain the observed kinetics,
alternative models were sought. As a first attempt, we assumed
that the initial KaiB-KaiC nucleation event (Bg,, + C4 = B;Cy)
possessed different rate constants from subsequent binding
(Figure S26, Table S12). In effect, this nucleation event
“primes” KaiC and locks KaiC into some KaiB-binding-
compatible state. Curiously, this model reduced the over-
estimation of initial B_ formation as compared to conforma-
tional selection-based models. To expand upon this observa-
tion, we considered the formation of an encounter complex

https://doi.org/10.1021/jacs.1c08103
J. Am. Chem. Soc. 2022, 144, 184—194
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between KaiB and KaiC followed by induced fitting for the
nucleation event (Figure 3b, Table S13), with subsequent
binding kinetics following that described by Koda and Saito.”
In this model, KaiC initially exists in an inactive state that is
unable to bind to KaiB strongly (gray in Figure 3b),
presumably due to slow ATP hydrolysis in CL'*'* However,
this inactive KaiC can form a weak encounter complex with
KaiB (BCi,,cive in Figure 3b) in which the K25C;,p spectral
signature is identical to that of free KaiB. This weak encounter
complex then establishes an equilibrium with the KaiB
binding-competent state (BC, black in Figure 3b), a
process in which B_ (light purple in Figure 3) is generated.
This B,C,.. complex acts as a nucleation site to allow further
KaiB-KaiC interactions in a manner described by Koda and
Saito.”> Such a model could satisfactorily reproduce the
experimental KaiB-KaiCgrp/pp/pa binding kinetics for both B,
and B_ (Figure 3a, Table S13). Thus, apart from confirming
the stepwise nature of KaiB-KaiC complex formation from Cg
to B4<Cg via intermediates B,Cs (i = 2, 3, 4, or 5), our data also
hint at the existence of an encounter complex, with its nature
to be examined in the future (see Discussion section).
KaiCpspr, not KaiCs,r, Promotes KaiB-KaiC Interac-
tions in the Day-to-Night Transition. The day-to-night
transition is characterized by KaiC S431 phosphorylation and
an increase in KaiB-KaiC interactions.”® To determine which
of the KaiC phosphostate, pS;pT or pS;T, is most responsible
for nucleating KaiB-KaiC interactions, we quantified the
effective equilibrium constants for KaiCgr/gg/ps by defining
koff,l X kc,off
kon,l k
model, see derivation in text associated with Figure S27) or
a"’knm

either Kp . = (nucleation event in induced fit

c,on

Kpgsm = - (Koda—Saito steps, m = 0, 1, or 2). In all

models considered, KaiCgg possessed the smallest initial
dissociation constants Kp ,,. and/or Kp -9 among KaiCgr,
KaiCgg, and KaiCy, (Figure 4a, Figure S27a, and Table S14).

As KaiCg,r precedes KaiCpg,r in the KaiC phosphorylation
cycle,”® we also investigated the potential contribution of
KaiCg,r in seeding KaiB-KaiC interactions by reacting
K25C;pp with KaiCyg. Unlike in the cases of KaiCgr/gg/pa,s
K25C;jp alone was incapable of binding to KaiC,p (Figure
$28), consistent with immunoprecipitation'* and fluorescence
anisotropy results.”” To mimic midday conditions in which
KaiCg,p associates with KaiA, KaiA was added to the KaiB-
KaiC,g reaction mixture. Inclusion of KaiA led to a sigmoidal
increase in B_ and B, concentrations (Figure 4b), an
observation that was paralleled by the analogous N19Cs,p-
KaiC,p (Figure S29a) and fluorescence experiments carried
out at 5X Kai protein concentrations but not at the standard
1X concentration (1.2 uM KaiA, 3.5 uM KaiB, and 3.5 uM
KaiC, Figure 4c,d, Figure S29b). The cw-EPR formation
kinetics of B_ preceded that of B, in the ternary KaiA-KaiB-
KaiC,g system, as revealed by the nonlinear correlation
between them (Figure S28c), reinforcing the intermediate
status of B_ as a bridge between free KaiB and B,. The C-
terminal domain of KaiA (KaiA;g;_,g4, henceforth referred to
as C-KaiA), a KaiA construct devoid of the KaiB-binding motif,
is less effective at driving KaiB-KaiC, binding (Figure $29a),
hinting at the role of ternary complex formation'>'” in
stabilizing KaiB-KaiC,y interactions. However, parallel real-
time ATPase assays~ (Figure S29¢) and fluorescence assays at
reduced ATP/ADP ratios (Figure S29b) suggest that KaiA-
promoted KaiC ATPase activity”**® and consequent ATP
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depletion at the SX concentration contributed to the observed
KaiB-KaiC 4 interactions. Since the [ATP]/([ATP] + [ADP])
levels in cyanobacterial cultures have been estimated to fall to a
minimum of 40% even in prolonged darkness,*” this
cooperative KaiA-KaiB-KaiC,y binding is unlikely to be the
main pathway in seeding KaiB-KaiC interactions during the
day-to-night transition in vivo. Combined, our data imply that
KaiCpgpr is the most competent KaiC phosphostate in
initializing KaiB-KaiC interactions by stabilizing KaiBC
nucleation sites.

Freed KaiA Enhances Night-to-Day Transition by
Promoting Dissociation of KaiB from KaiCgr. Apart from
KaiC dephosphorylation, the night-to-day transition of the Kai
oscillator is also characterized by a reduction in KaiB-KaiC
interactions and KaiBC-sequestered KaiA.** To examine the
role of KaiA during the night phase, we subjected equilibrated
K25C;14p-KaiCgg s mixtures to KaiA spiking (Figures Sa, S30,
and S31). Although previous KaiA-induced transient antago-
nization of KaiB-KaiCgg interactions™ was successfully
reproduced with K25C;,p (Figures Sa, S30, and S31), this
antagonization was far more pronounced in analogous KaiCg,
experiments (Figure Sb). Notably, preformed B, diminished
over 8 h with concurrent generation of B_ (Figures Sb and
S30). The correlation between the decrease in B, and the
increase in B_ (Figure S32), suggests that B_ is a product of B,
when KaiB-KaiC interactions are antagonized. Hence, our data
establish B_ as an intermediate between free KaiB and B, in
both reaction directions.

To dissect the molecular basis of this antagonization, we
subjected pre-equilibrated K25C;,p-KaiCg, mixtures to the N-
and C-terminal domains of KaiA (N-KaiA: KaiA,_,;5; C- KaiA
as above; Figure Sc). While N-KaiA was incapable of
antagonizing KaiB-KaiCg, interactions, the C-terminal domain
of KaiA was found to be more effective than full-length KaiA
(Figure S33). As C-KaiA contains an a-helical bundle capable
of binding to KaiC CII A-loops™*’ but lacks the KaiB-binding
linker in the ternary KaiABC structure,'” the enhancement in
antagonization of KaiBC interactions by C-KaiA relative to
full-length KaiA suggests an allosteric mechanism involving
KaiA-CII interactions, possibly through CII-CI coupled
nucleotide exchange.8 Thus, contrary to previous assumptions
of inactivation through ternary KaiABC complex formation,"
our data suggest that nonsequestered KaiA released during
stochastic dephosphorylation of KaiCsy facilitates the night-
to-day transition by interacting with the CII-A loops in night-
state KaiABC, s complexes.

Bulk « Edge Interconversion in the Core Oscillator. It
has been illustrated above that the B, and B_ subpopulations
of KaiC-bound KaiB (Figure 2b) possess different reactivities.
The bulk KaiC-bound KaiB (B,) is the preferred steady-state
species formed when pS431 phosphomimetics mimicking the
dusk and night states or, to a lesser extent, unphosphorylated
KaiC, KaiCgr, are present (Figure 3a). On the other hand, the
edge KaiC-bound-KaiB (B_) is preferentially formed when
KaiB-KaiC interactions are initiated (Figures 3a and 4b) or
antagonized by KaiA (Figure Sb). To study the roles of the two
populations in the Kai oscillator, we measured variations in B,
and B_ concentrations in real time in the reconstituted
oscillator (Figure 6a) and compared their rhythms against the
previously known sequential KaiC phosphorylation program™®
(Figure Sb). The cw-EPR spectra oscillated as evidenced by
the periodic variation in the central transition intensity (Figure
S34). When the spectra were quantitatively interpreted (Figure
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Figure 5. Nonsequestered KaiA triggers the night-to-day transition in
KaiCgr. () and (b) cw-EPR derived kinetics of (a) KaiB-KaiCgy and
(b) KaiCp, binding with KaiA spiking at t = 24 h. Green circles and
light purple squares correspond to the percentages of B, and B_,
respectively. Shaded areas: 95% CI (inter-replicate, n = 3). (c)
Efficacy of KaiA and its domains in antagonizing KaiB-KaiCgg/ga
interactions. The KaiB-KaiCgg/py reaction mixtures were incubated
for 24 h and then spiked with buffer, full-length KaiA (KaiA),
KaiA;_j;s (N-KaiA), or KaiA;g_ye (C-KaiA). Spectra were then
collected within the 3.5—4 h window after spiking, and the results
were binned. Top subpanel shows Tukey’s HSD test (n = 3): n.s., not
significant; ¥, p < 0.05; **, p < 0.01; ***, p < 0.001. Each green circle
and light purple square were derived by taking the mean of spectral
modeling of individual spectra. Refer to SI Appendix, Figure S30 for
representative spectra. The crystal structure of full-length KaiA (PDB
1R8J) and cartoon depiction of domains tested (N-terminal domain,
red; C-terminal domain, brown; linker segment, brownish-olive) are
shown below.

Sa), the highly reproducible dynamics (Figure S35) could be
divided into an initialization phase (t = 0—12 h) and oscillation
phase (t = 12—72 h, Figure S36). During initialization,
sigmoidal B, binding was observed, with B_ concentration
peaking at about 6 h and coinciding with the time at maximum
B, rate of formation. This initialization behavior is similar to
the dynamics observed in K25C;p,p-KaiCgr/pp/ps binding
(Figure 4a) and consistent with our model that B_ serves as
a nucleation site. Once the reaction enters oscillation phase,
however, B, and B_ are essentially out of phase as verified by
fitting both traces to sum of cosines (Figure S37 and Table
S15).

To gain further insight into the inner workings of the Kai
oscillator and relate these findings to clock output, the real-
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time cw-EPR dynamics of KaiB were converted to phase angles
to enable comparison with a previous KaiC-phosphorylation-
derived model with implicit KaiB treatment by Rust et al.
(Figure 6b).” Alignment of the phases with respect to maximal
KaiB-KaiC interactions was performed under the assumption
that KaiB-KaiC binding was completely described by B, and
B_ (Figure Sb). Under this assumption, the interconversion of
B, to B_ between ¢ = 0° to 180° occurs concurrently with
KaiC,gr dephosphorylation to KaiCgp and subsequent
phosphorylation to KaiCg,r. As KaiB-KaiCg, interactions can
be antagonized by KaiA to produce B_ (Figure Sb), concurrent
B, decomposition and B_ formation observed during this
phase imply that KaiA is involved in promoting this phase of
the clock. Our phosphomimetic data also indicated that
KaiCpg,r promotes KaiB-KaiC interactions. pST — ST — SpT
events thus ensure that sequestered KaiA can be released for
the next cycle while freeing up KaiC B-loops for eventual SasA
binding.”* The buildup of B_ is facilitated by (i) a reduction in
the initial Kp g (m = 0) in KaiCg,p relative to KaiCgy or
KaiCsr (Figure S27) and to a lesser extent (ii) cooperative
ternary KaiABC(,)s,r complex formation.”” B_ eventually
reaches a maximum at about ¢ = 180°. As demonstrated in
KaiCpgg/gs phosphomimetic experiments and kinetic modeling
(Figure 4a,b), B_ is capable of recruiting B, and is responsible
for the sigmoidal kinetics in those experiments. Thus, it is
inferred that the buildup of B_ aids in promoting KaiB-
KaiCg,r/ps7 binding by acting as nucleation sites for further
KaiB binding during the day-to-night transition between ¢ =
180° and 360°. Furthermore, KaiB-KaiCgg interactions are not
as susceptible to KaiA-induced antagonization as is KaiCgy
(Figure Sc). Hence, the pSpT — pST dephosphorylation event
gates the clock toward the dawn state and allows sufficient time
for CikA to interact with KaiC-bound KaiB.'”**

B DISCUSSION

As KaiB-KaiC binding indirectly regulates gene expression in
vivo via controlling the activity of two cognate histidine kinases,
SasA and CikA,”*** that modulate the activity of RpaA, a
master transcription factor (Figure 1b), the ability of the core
oscillator in regulating KaiB-KaiC interactions, is of
fundamental interest. We have demonstrated that differ-
entiating the roles of “bulk” versus “edge” KaiC-bound KaiB
sites is an important mechanism for regulating KaiB-KaiC
interactions. The concept of differing reactivities between
“bulk” and “edge” sites is a kinetic manifestation to
cooperativity that has been characterized in the Kai
system.'”** From a functional perspective, the autocatalytic
nature of KaiB-KaiC binding creates a temporal delay between
maximal rate of binding and maximal binding (i.e, KaiB4Cg
ring completion). Such delay is likely to be important for
ensuring a proper activation window for the output histidine
kinase SasA, the latter of which preferentially binds to KaiCpgg
than KaiCg,,” establishes steady-state binding to KaiCg, in
approximately 5 h,'® and shares a thioredoxin fold domain with
fs-KaiB.'® Unlike KaiB which exhibits edge nucleation effects,
SasA displays little inter-SasA homocooperativity™> and fails to
occupy all six binding sites on the KaiC hexamer.”” Thus, our
results suggest that, in addition to fold switching between its
inactive stable tetrameric fold to the active but unstable
thioredoxin fold, KaiB-KaiC cooperativity provides an extra
layer to regulate KaiB-KaiC binding in generating such delay."®

Gaps in Knowledge in How KaiB-KaiC Complexes
Assemble. Our KaiB-KaiC binding data can be explained by
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Figure 6. Dynamics of KaiC-bound KaiB subpopulations in the reconstituted Kai oscillator. (a) cw-EPR-based kinetics of B, and B_ as a function
of time. Shaded areas represent 95% CI due to imperfect signal-to-noise. Fit to sum of cosines is overlaid as solid black lines (See SI Appendix,
Table S14). (b) Stacked plot of phase relationships. The KaiC-bound KaiB populations are B, (green circles) and B_ (light purple squares). The
KaiC phosphostates are KaiCgy (black dash-dot line), KaiCg,r (dark yellow dashed line), KaiCg,r (purple solid line), and KaiCgr (turquoise
dotted line). The SEM (n = 3) shown as shaded areas is visible at higher magnification. (c) Model of events governing KaiB-KaiC binding in the
Kai oscillator. (i) During the day, KaiC (blue) is predominantly in the KaiCg,y state with gradual buildup in KaiC,g,r. The former can bind to KaiB
(orange) only in ATP-depleted conditions, whereas the latter can bind to KaiB unaided. This constitutes the nucleation event in KaiB-KaiC
binding. (i) As time progresses, KaiC g, builds up. Pre-existing KaiC-bound KaiB recruits further KaiB binding which provides additional fs-KaiB
for sequestering KaiA (red/brown). (iii) The KaiB¢Cy ring completes. With KaiA sequestered, KaiC autophosphatase activity dominates. (iv)
Unlike KaiC,g,r, KaiB-KaiC g1 binding is sensitive to antagonization by KaiA. KaiA triggers the release of fs-KaiB from KaiC, creating nucleation
sites for the next cycle.

complementing the Koda—Saito model with an encounter KaiB improves upon previous implicit treatments”'* and shall
complex formation step (Figure 3b). Further experiments will complement previous KaiC-phosphostate based assays.

be necessary to confirm the existence of the encounter complex The ability to quantify trace amounts of B_ via cw-EPR
and elucidate its nature. Nevertheless, our data further provides the first kinetic data to support inter-KaiB
reinforce the notion that inter-KaiB cooperativity plays a cooperativity. This was accomplished through detection of
critical role in KaiB-KaiC interactions. We point out that the intermediate substoichiometric KaiBC complexes that were
induced-fit model introduced in this work is distinct from invisible to previous native mass spectrometry approaches.”"**
either the conformational selection model presented in our Specifically, under all reaction conditions with typical KaiB-to-
previous work, where KaiB and KaiC were assumed to KaiC ratios considered, B_ never exceeded 10% of total KaiB.

Using the augmented Koda—Saito model (Figure 3b), we

establish individual equilibria to form active states prior ) ) |
estimated the fractional concentrations of strongly bound

combining to form the KaiBC complex,'® or the two-site e ) ) i
cooperative binding model, where KaiC was assumed to have substoichiometric KaiB,Cq complexes (i = 1,2, 3,4, or 5) to be
N . . S
two types of sites, with occupation of the first site by either fs- <10é of total KaiC (Figure $27b). Similar results were
KaiB or N-SasA facilitating further KaiB-KaiC binding.”* The obtained when the encounter complex was neglected or when
necessity to use different models to explain the data mav lie in conformational selection models were assumed instead (Figure
the cchentrations of the rotein:P sed with lo Y KaiB S27b). The low fractional concentrations of these substoichio-
trati (50 nM) Pb . u. t, . W, . tW KaiB metric complexes coupled with limited mass resolution in the
concen 1jaA10ns . n . obscurnng 1‘n r1n.51c mn er-. a124 original experiments by Snijder et al** might have prevented
cooperativity while promoting monomeric KaiB formation. 1 . . o
It is olausible that ® KaiB micht b to fold their direct detection. These experiments should be revisited in
is plausible that monomeric KaiB might be prone to fold-

LS 1 4 b ] } formi the future as technological advances in native mass
switching and could bind to KaiC without forming an spectrometry are made.

encounter complex. Indeed, while the oligomeric distribution KaiC Phosphostate-Mediated Affinity and Coopera-
between monomeric, dimeric, and tetrameric KaiB have been tivity Tuning. Cooperativity within KaiC hexamers was
estimated by native mass spectrometry,”’ the distribution demonstrated by Lin et al,'* where mixtures of KaiC,g and
between ground-state versus fold-switched KaiB has only been KaiCg,r phosphomimetics were combined and assa)}:ed for

estimated via fitting of burst-phase KaiB-KaiC binding their resultant KaiB binding affinities. In this study, apart from
kinetics,"® but not directly observed. Furthermore, conforma- establishing the importance of inter-KaiB cooperativity in
tional selection and induced fit pathways are not mutually controlling KaiB-KaiC binding, we also observed phosphos-
exclusive and can depend critically on protein concentra- tate-dependent KaiB-KaiC binding in the order of KaiC, <
tions.*' Despite these shortcomings in our model, the use of KaiCgr < KaiCpggjps. Furthermore, the presence of KaiA
K25C;14p in quantifying two subpopulations of KaiC-bound attenuates the relative populations of B, and B_. These
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observations imply that both KaiA and the phosphostate in CII
can modulate inter-KaiB cooperativity in CI tens of angstroms
away.

The computed Kp . is lowest in KaiCgg for the nucleation
step (Bgee + Cs = B1Cg) in all models considered (Figure
S27a), suggesting that KaiC,g,r is more effective at KaiB-KaiC
binding nucleation than KaiC,gr. This conclusion is distinct
from that drawn from fluorescence anisotropy using S0 nM
fluorescently labeled KaiB and variable KaiC concentrations in
that the Kp between KaiB and KaiCygp versus KaiCp, were
similar.”> We speculate that this difference originates from the
low concentration of KaiB used in fluorescence anisotropy
experiments that might bias KaiB toward its monomeric state
while precluding the observation of intrinsic inter-KaiB
cooperativity, as discussed above. On the other hand, NMR
spectroscopy demonstrated that KaiB-KaiC binding is enabled
by an increase in CII rigidity'' and subsequent stacking on
CL,"" which stabilizes the posthydrolysis state of CL As T432
phosphorylation reduces CII rigidity, an explanation for the
counterintuitive observation that KaiC,g,r has comparable or
potentially higher KaiB-KaiC affinity than KaiC,gr does
(Figure 3a) is warranted but awaits more detailed studies.
The B¢Cs"™* complex has previously been crystallized,'”
whereas B4C¢™® has not. Additional experiments will be
necessary to determine the structural basis of these
observations.

As KaiC is a member of the AAA+ ATPase family,"” many of
which are hexameric but capable of breaking their Cg4
symmetry by means of differential nucleotide incorporation,*’
inter-KaiB cooperativity is likely tuned by KaiC phosphostate
distribution within individual KaiC hexamers. Asymmetry in
KaiC can then be introduced by intrinsic ATPase activity of
CI'? and/or nucleotide exchange in CIL® both of which are
modulated by KaiC phosphostate.”® Nucleotide exchange in
CII has recently been modeled by molecular dynamics
simulations to result in a split washer structure, with this
asymmetry propagating toward cL® Experimental verification
of this symmetry breaking and its impact on inter-KaiB
cooperativity shall be addressed in the future.

The Function of KaiA during Night-to-Day Transition
and Plausible Mechanisms. Our KaiA-spiking experiments
suggest that KaiA is not a passive player during the night state
that is solely inactivated from promoting nucleotide exchange
in KaiC.”® Rather, KaiA plays an active role in antagonizing
KaiB-KaiC,gy interactions (Figure Sc). Furthermore, a
reduction in KaiB-KaiC g interactions implies a reduction in
available fs-KaiB for sequestering KaiA in the form of ternary
KaiABC complexes.'””” Consequently, a single KaiA dimer
may trigger an autocatalytic cascade of KaiA release and further
antagonization of KaiB-KaiCpsr interactions by creating a
positive feedback loop, a model to be tested. In the context of
the full oscillator, this cascade is likely initiated by and
enhanced during stochastic KaiC,sr dephosphorylation to
KaiCgp (Figure 6b), a phosphostate that is a poorer binding
partner to KaiB than KaiC¢p (Figures 3a and 4a).

The dissociation of KaiBC complexes is a possible
prerequisite to providing functional output of the oscillator
by regenerating CI sites for SasA binding”® during the next
cycle. As SasA and fs-KaiB compete for overlapping binding
sites with CL'® the ability for SasA activation by binding to
KaiC depends on CI availability. KaiA-induced KaiBC,gr
antagonization provides an avenue to generate open CI sites.
Coupled with the delayed KaiB-KaiC,s,r binding kinetics
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(Figure 4a) as compared to N-SalsA,16 a robust SasA activation
rhythm can be generated.”

The molecular origin of KaiA-induced KaiBC,gr antago-
nization has yet to be discovered. However, our data that C-
KaiA is sufficient to antagonize KaiB-KaiC interactions (Figure
Sc) lend support toward an allosteric pathway involving the
interactions between KaiC CII A loops and the C-terminal
domain of KaiA. We thus propose an antagonization pathway
where (1) KaiA interacts with CII A-loops, resulting in (2)
nucleotide exchange in CI, the former of which is the direct
cause of dissociation of KaiBC complexes. In the first step,
KaiA is presented with two potential sites for binding to binary
KaiBC, s complexes. While most of KaiA is sequestered by fs-
KaiB, a small fraction binds to the C-terminal A-loop and tail
residues of KaiC instead."”** This binding occurs as a
consequence of weak but nonzero intrinsic A-loop exposure
in KaiCgr and is enhanced on stochastic $431 dephosphor-
ylation to unphosphorylated KaiCgy.'> Whether KaiA-induced
antagonization is more potent in KaiC,gr or KaiCgr is
unknown at the moment due to the inability to perform
analogous antagonization experiments on KaiCgr without
reconstituting the oscillator, but this question may be irrelevant
given the mixed-phosphostate nature of KaiC hexamers in the
oscillator."* In the second step, the KaiA-CII A-loop and tail
interaction promotes nucleotide exchange in CII” and weakens
KaiB-KaiC interactions through two mechanisms. First, KaiA-
A loop interactions loosen the hexameric CII ring, which
disrupts the stacking between CII and CI'' and breaks the
symmetry within KaiC.® Unstacking of the rings leads to
withdrawal of KaiB-binding sites in KaiC, which weakens KaiB-
KaiC interactions and hence inter-KaiB cooperativity. Second,
the CI-CII linker has been hypothesized to behave as a
nucleotide exchange factor for CI, analogous to the A-loop and
tail residues to CIL® As stable KaiB-KaiC,gr interactions
require B-loop exposure in CI which in turn depends on CI to
be in a posthydrolysis state,'”” coupled CII-CI nucleotide
exchange leads to KaiBC,sr antagonization.

Our work supports the idea that the CI and CII rings of
KaiC are coupled such that KaiA-CII interactions and KaiB-CI
interactions are mutually exclusive — A-loops are maximally
hidden when B-loops are maximally exposed and vice versa.
Thus, KaiC might have evolved to separate daytime and
nighttime activities through this long-range coupling. Fur-
thermore, our model explains the relative strengths of various
KaiA constructs in antagonizing KaiB-KaiCg, interactions
(Figure Sc) that C-KaiA > KaiA > N-KaiA ~ control. Full-
length KaiA consists of N- and C-terminal domains that are
joined by a linker segment.* In the ternary KaiABC crystal
structure, a truncated KaiA construct missing the N-terminal
domain was found to be in an autoinhibited state in which the
KaiA-a5 helix is bound to the C-terminal helix bundle,'” the
site implicated in KaiA-CII A-loops + tail interactions.*>*® As
this helix bundle is the active site for antagonizing KaiB-KaiC
interactions, simultaneous removal of KaiA-aS5 and the N-
terminal domain results in the C-KaiA construct (Figure Sc)
that is incapable of binding to and consequently uninhibited by
fs-KaiB. This results in a constitutively active KaiA construct
that is more effective at antagonizing KaiB-KaiCpg, interactions
relative to full-length KaiA. On the contrary, the N-terminal
pseudo-receiver domain is capable of redox state sensing"” but
otherwise unable to regulate KaiB-KaiC interactions when
isolated. Instead, its paradoxical role in full-length KaiA may lie
in its ability to activate the nucleotide exchange factor activity
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of C-terminal domain of KaiA***® by competing for KaiA-a$
and exposing the C-terminal helix bundle to KaiC A-loop + tail
binding.

Evolutionary Adaptations in KaiA Confer Fitness in
Diverse Environments. Although the loss of KaiA results in
arrhythmia in S. elongatus®” and consequently a loss in fitness
in light—dark cycles, its absence in Prochlorococcus marinus
MED4* or truncation in strains such as Nodularis spumigena
CCY9414" suggests evolutionary advantages to such mod-
ifications.”® How fitness is conferred by the loss of KaiA in P.
marinus has recently been addressed by Chew et al.*> — the
marine environment might provide a higher regularity of cues
to P. marinus, whereas its smaller cellular volume renders the
Kai oscillator susceptible to stochastic noise. These factors
result in a KaiA-less timing mechanism that behaves as an
hourglass rather than a clock.>® In vivo, P. marinus KaiC
(ProKaiC) might be able to directly respond to cellular ATP
concentrations without an external nucleotide exchange factor
as evidenced by its hyper- and hypophosphorylation when P.
marinus is subjected to constant light or darkness,
respectively.”® This is possibly achieved by ProKaiC’s intrinsi-
cally higher autokinase activity compared to KaiC in S.
elongatus.”’ Does the elevated autokinase activity imply an
increased intrinsic CI nucleotide exchange rate in ProKaiC that
prevents ProKaiB-ProKaiC binding even in hyperphosphory-
lated ProKaiC except in ATP depleted conditions during
nighttime? If so, the loss of ProKaiB-ProKaiC interactions
during the night-to-day transition in P. marinus would be
entirely dictated by photosynthetic ATP influx. Analogous
ProKaiB-ProKaiC experiments are necessary in understanding
the diversity in clock mechanisms within cyanobacteria. On the
other hand, the biofilm-forming N. spumigena is found in
brackish water and possesses a truncated KaiA (NodKaiA)*°
that is homologous to the C-terminal KaiAg; ¢, (C-KaiA)
used in our experiments (Figure Sc). The lack of the N-
terminal pseudoreceiver domain as well as the fs-KaiB-binding
motifs likely lead to constant activation of NodKaiA as a
nucleotide exchange factor for KaiC as well as weakened KaiB-
KaiC interactions. Does this truncation lead to enhanced ATP
sensitivity in N. spumigena and render it an hourglass, not
unlike P. marinus? Further experiments will be necessary to
understand the evolutionary advantages conferred by these
modifications.

Bl CONCLUSIONS

First, by spin labeling at KaiB-K25 via site-directed muta-
genesis, we demonstrated the existence of B_ and B,, two
subpopulations of KaiC-bound KaiB corresponding to edge
and bulk sites, respectively. The intermediacy of B_ between
free KaiB and B, was verified by reacting K25C;,p with KaiC
phosphomimetics. Second, we showed that KaiBC complexes
assembled via a stepwise fashion, with hyperphosphorylated
KaiCg,r being the most effective at initiating KaiBC complex
formation. We showed that the binding kinetics could be fitted
to an induced-fit model involving an encounter complex.
Third, we demonstrated the role of KaiA in antagonizing KaiB-
KaiCr interactions and facilitating the night-to-day transition.
The ability of a truncated KaiA construct to antagonize KaiB-
KaiC interactions suggested long-range allosteric coupling to
be a contributing mechanism. Lastly, we developed a
multiobjective optimization approach to extracting kinetics
from experimental cw-EPR data by coupling spectral
simulations with physicality constraints. This approach extends
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the applicability of cw-EPR as a bioanalytical technique to
interrogate biochemical systems.
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1 Supporting Text

1.1  Estimation of the spectra of B, and B_

We previously demonstrated the use of cw-EPR in quantifying the fraction of KaiC-bound
KaiB using N19C;14p by determining the spectrum of KaiC-bound KaiB under saturating
conditions.! Unlike our previous work, pure B; and B_ in the absence of free KaiB could
not be obtained without further manipulating the KaiB construct and/or sample preparation
which could lead to loss of function or generalizability. Instead, the real-time cw-EPR data
were interpreted by estimating the spectra of B, and B_ via spectral simulations (Fig. S8-
S17). We used the spectrum of free KaiB and the binned spectra (z = 15-18 hrs) of 1:1
KaiB-KaiCgg (dominated by B;) and 1:10 KaiB-KaiCgg (dominated by B-) as our proxy
spectra (Fig. S8). Direct fitting with the Naive spectral model (Methods Section 2.7, eq.
4.1) of the spectra to the Brownian motion model?> with a single nitroxide component
describing either B, or B_ led to negative B_ kinetics in the stoichiometric K25C;2p-
KaiCgg reaction (Fig. S9). Expansion of the parameter search space to incorporate two
motional components for each of B, and B- akin to free K25C;14p (Fig. S4) resulted in
negative B kinetics in the K25C;;4p-KaiCgg reaction with excess KaiCgg (Fig. S10).
Although these observations hinted at oversimplification of the Brownian motion model,
they also revealed the lack of physical constraints in the basic fit-and-quantify strategy, a
problem that we deemed will likely persist on further parameter search space expansion
even if more sophisticated motional models are employed.

To introduce nonnegative constraints to the data analysis, a modified fitting procedure was
developed to explicitly penalize negative kinetics (eq. 4.2 and Figs. S11-16). Spectral fits
that led to negative kinetics were penalized based on the magnitude of the negative kinetics
they produced. The spectral fit residual and the negative kinetics penalty constituted a
multiobjective optimization problem that required a compromise between the two
objectives? that could be resolved by finding the “corner” or closest-to-origin point> on
the Pareto front. This compromise is quantified by a scaling factor, A, that reduces the
optimization problem to a single objective at either A = 0 or co. Using this strategy, we
estimated the spectra of B, and B_ as shown in Fig. S17a and their respective kinetics in
partial reactions with unphosphorylated KaiC as well as KaiC phosphomimetics (Fig.
S17b). Importantly, these penalized spectral fits no longer produced kinetic fits that had
statistically significant excursions into negative concentrations. We note that the
multiobjective optimization procedure led to fictitious levels of KaiC-bound KaiB
populations in KaiC-free control experiments (Fig. S18) that could explain the apparent
nonzero binding observed in K25C;14p-KaiCag experiments. This minimal KaiB-KaiCxg
association is consistent with previous fluorescence anisotropy experiments.® Nevertheless,
the ability to interpret real-time cw-EPR data to obtain physically plausible kinetics affords
additional insight by enabling comparison against kinetic models.



1.2 Evaluation of the mechanism of KaiB-KaiC binding

To evaluate the mechanism underlying KaiB-KaiC binding, we considered a total of 7
models. A summary and description of individual models is provided here for reference:

ii.

1il.

1v.

vi.

Vil.

Fig. S21 and Table S7 described the Koda-Saito model in which KaiC was assumed
to possess 6 independent sites for binding to monomeric KaiB. There were 2° = 64
states of KaiBC complexes ranging from B,C¢ to B4Cg. The k,, was independent for
all binding events whereas k¢ was dependent on the number of adjacent KaiC-bound
KaiB. This model was identical to the original publication by Koda and Saito (2020).”
Fig. S22 and Table S8 described the addition of KaiB fold-switching to model (i).
The fold switching is implemented by assuming that KaiB is in equilibrium between
two forms, gs-KaiB and fs-KaiB, that are spectroscopically equivalent and switches
between the two folds at rates described by two rate constants. Only fs-KaiB is
capable of binding to KaiC.

Fig. S23 and Table S9 described the addition of KaiB monomerization to model (i).
KaiB was assumed to exist as a combination of tetramers, dimers and monomers in
solution that are spectroscopically indistinguishable from one another. Its
interconversion is described by four rate constants. Only the monomer is capable of
binding to KaiC.

Fig. S24 and Table S10 described the addition of KaiC conformational equilibrium to
model (i). This model assumed that KaiB(Cs existed as two states, Cg.incomp and Cg.
comp that are respectively incompetent and competent to KaiB binding, resulting in a
total of 26+1 = 65 possible states of KaiBC complexes. The interconversion between
CB-incomp and Cp_comp 18 described by two rate constants.

Fig. S25 and Table S11 described the addition of both KaiB fold-switching (v) and
KaiC conformational equilibrium (iv) to the model (i).

Fig. S26 and Table S12 described the modification of model (i) to allow the
nucleation event (Bge. + C¢ = BCg) to possess different k,, and k¢ from subsequent
binding/dissociation events. The biochemical justification for this difference is that
the first binding event “locks” or activates KaiC into a KaiB-binding competent state
once nucleation occurs. This model adds two parameters to model (i).

Fig. 3 and Table S13 described the encounter complex model shown in the main text.
In addition to the 26 states of KaiBC (B(C¢ to BsCg) as in (i), we introduced the B;Cg
encounter complex denoted as BCi,aciive in Fig. 3b. The total number of BC
complexes from B(Cg to B¢Cg is then 26+6 = 70. We assumed that KaiB in the
encounter complex was spectroscopically indistinguishable from free KaiB. This
model required 4 additional rate constants to describe respectively the rate of
encounter complex formation/dissociation and interconversion between the encounter
complex and stably bound KaiB;Cg state.



2  Methods

2.1 Cloning, protein expression, purification, and fluorescence / spin labeling

All genes were cloned into pET-28b using the Ndel/HindlII restriction sites for
production of SUMO-fusion proteins. The pET-28b plasmids harboring the kaiA, kaiB
and kaiC genes were used to transform Escherichia coli BL21 (DE3) cells (Novagen).
Details of the cloning,? expression, purification® and fluorescence!? / spin labelling!
protocols have been described previously.

2.2 Protein characterization

The concentrations of all protein stock solutions were determined by Bradford assay
using bovine serum albumin (ThermoFisher) as a concentration standard. All
concentrations refer to the monomer unless otherwise stated. Labeling efficiency of
KaiB-K25C-3IAP (K25C;14p) was determined by electrospray ionization high resolution
liquid chromatography mass spectrometry (ESI-HR-LCMS) using an LTQ Orbitrap XL
mass spectrometer equipped with an electrospray ionization source (ThermoFisher, San
Jose, CA) operating in positive ion mode. Details have been described previously.!

2.3 In vitro Kai protein reactions sample preparations

All reactions were performed at 30°C in reaction buffer (20 mM Tris, 150 mM NaCl, pH
8.0, 0.5 mM EDTA, 5 mM MgCl, and 1 mM ATP). The in vitro 1x oscillator was carried
out using 1.2 pM KaiA, 3.5 uM KaiB and 3.5 uM KaiC and that of 5x reactions were
scaled accordingly without adjusting ATP concentration. Fluorescence samples at 1x
protein concentrations were prepared as 100 uL samples with an additional 50 nM of
KaiB-K25C-6IAF included as described previously.!? For real-time cw-EPR
characterization, 20-40 pL samples at 5x protein concentrations were prepared by
replacing WT-KaiB with spin labeled KaiB. For NMR samples at 5% protein
concentrations, solutions were prepared to contain a final concentration of 5% D,0 and
10 uM DSS. Unphosphorylated KaiC (KaiCgr) was prepared by incubating WT-KaiC at
30°C for 48 hours whereas KaiCS431E,T432E (KaiCEE), KaiC543lE,T432A (KaiCEA) and
KaiCga314 14328 (KaiCxp) were used as purified. Evaluation of the effect of KaiA on KaiB-
KaiC binding was done by spiking KaiA to the reaction mixture at # = 24 hours after
equilibration of the KaiB-KaiC mixture. Native-PAGE samples were prepared as 200 uL.
reaction mixtures at 1x protein concentration and incubated at 30°C for 0 hours to
overnight. Details of Native-PAGE sample preparation, electrophoresis, staining and
imaging procedures have been described previously.!

2.4 1H-NMR based ATPase assays

One-dimensional proton NMR spectra were measured at 30°C every 2 minutes for 2
days, all NMR data were processed with NMRPipe.!! The ATP and ADP peak were fit
using a parabolic interpolation function. Peak intensities were normalized to total peak
intensities and plotted as a function of time. ATPase activity pre-KaiA spiking was
determined by linear regression.
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2.5 cw-EPR spectroscopy

X-band (9.2 GHz) spectra were collected using a Bruker ECS 106 spectrometer equipped
with an SHQE cavity as previously described.! The sample temperature was controlled
using an FTS XR401 Air-jet Crystal Cooler (SP Scientific, Stone Ridge, NY) and
monitored by an external type T thermocouple (Omega Inc., CT) connected to a
Universal Thermocouple Connector Direct USB to PC Connection (Omega Inc., CT).
Microwave frequency was continuously monitored externally via an EIP 578B frequency
counter (National Instruments, Santa Clara, CA).

2.6 cw EPR data preprocessing

EPR data were preprocessed by microwave frequency drift correction and background
subtraction as described previously.! For quantitative cw-EPR, “B-shift” correction was

accounted for by solving the nonlinear least squares problem
T

Z shift(Bw,,s;),s¢

i=1

Y, = shift +e..(1.1)

as previously described where Y is the real-time cw-EPR data, B; is the EPR spectra of
the i component out of a total of » components, w; is the weight of the i component, s;
is the spectrum-dependent “B-shift”, s, is the time-dependent “B-shift” and & represents
noise. To solve (1.1), experimental spectra at various timepoints Y; - ., and/or across
multiple datasets can be used as surrogates (B*) for B;. This treatment isolates “B-shift”
from weight/concentration consideration. Further analysis will assume that “B-shift” is no
longer present and that the data Y consisting of n, spectra collected at 1024 magnetic field
positions can be written as

Y1024 x n, = B1024 x *Wr x n, + €1024 x n,---(1.2)
As pointed out previously,! double integration to scale B, is avoided due to susceptibility
to noise.!? In the two-component system seen in N19C;1ap, Bgee (= B)) Was scaled via a
scaling factor @ for quantification purposes. The scaling equation can be extended to
accommodate an r-component system by replacing 6 with 6; for the (» — 1) components to
be scaled:

W1

Yy component — (Bl By ".)1024 X r(ezwz) ..(2.1)

XN
where u subscript in B;, refers to the unscaled spectrum of the i component.
Concentration conservation of spin labeled KaiB gives
w1 + 62W2 + -+ err = C<—>02W2 + -+ 9rwr —C=— W1(22)

for some constant C that is dataset specific. Rewriting (2.2) in matrix form,
w2

(02 97« C)lxr w, = (_Wl)lxnt'"(z'g)
—1
X ng
Equation (2.3) can be solved directly. Alternatively, information from m datasets each
with their respective data lengths n; and conservation constants C;, (= 1...m) can be
incorporated simultaneously:



W2 set 1 W2 set 1 e W2 setm

Wy set 1 Wy set 2 T Wy setm
62 = 6, Ci = Cw) o =Tixe, 0 0
1X(r+m—1) 0 —11><n2 0

0 0 0 —1lixn,

=(_W1,set1 _Wl'setm)1><2n["'(2'4)

r+m-1)x Znt
The scaled spectra B,...B, in equation (1.2) can then be determined by solving for 6,...6,
as a linear regression problem. After scaling, w can be solved again for the correctly
scaled weights.

2.7 Quantitative cw EPR via change-of-basis from surrogate basis

The weights determined above using experimental spectra at various timepoints Y, — ;.
and/or across multiple datasets as surrogates (B*) to B; only give rise to proxy
weights/concentrations w* (see Fig. S8). Specifically, the true spectra (B) and weight (w)
of the components can be related to the surrogate spectra B* via a change-of-basis matrix
R,y

Y = B1o24 x Wy xcn, = (BR) 1024 x (R ~'w),. n,=B"w"..(3.1)

B=B*R Lw=Rw*..(3.2)

There are two rationales that constrain the elements of R: (i) Bg.. = B; should not be
changed and (ii) Zw; is constant after change of basis. (1) is satisfied when R;; = 1 and R;;

=0 for i > 1. (1) is satisfied when ZZRI- j = 1. Hence, R has the following structure:

1 R1i> Ry,
R=|. 22 r (3.3)
0 1—Riz—Ryp— .. =+ 1—Ryp—Rpr— ...

rXr
This leaves R with ( — 1)> unknown elements. Further analysis can be divided into two
classes: (I) Naive spectral model and (II) Spectral model with nonnegativity constraint.

2.7.1 (I) Spectral model

In the naive spectral model, the elements of R are further constrained by the assumption
that B = B * R ~! represents the true spectra of spin labeled species. Consequently, B can
be modeled via spectral simulations by solving the Stochastic Liouville Equation (SLE)
for nitroxide radicals with some motional parameters P given the experimental
parameters Exp. The corresponding objective function is then

Y|B*R~1 — SLE(P,Exp)|’
argmin & = 5
RP Y|B*R71

(4.1)



& 18 then interpreted as spectral error and measures how well the cw-EPR spectra fit to
those simulated from the given spin parameters. There exist multiple motional models
(e.g. Brownian motion,? slowly relaxing local structure!?) to simulate nitroxide spectra.
The Brownian motion model? was chosen in this work due to its relative ease of
computation and implemented with the MATLAB (Natick, MA) EPR simulations
package EasySpin'“ via the function chili. Each nitroxide component spectrum was
assumed to be described by 3 rotational correlation times (1) and Gaussian and
Lorentzian linewidths (I'), resulting in 5 variables per component. If £ nitroxide
components are necessary to describe a single species, the number of variables increases
to 6k — 1 to account for non-unity weight of the 24 to k& components. Values of k=1 and
2 were used in this study, corresponding to respectively a single (Fig. S9a) or two
nitroxide component(s) (Fig. S10a) per cw-EPR-distinguishable component.

2.7.2 (II) Spectral model with nonnegativity constraint

In practice, (I) could lead to overfitting of the data to the assumed nitroxide spin model
and negative values of w as predicted by eq. (3.2) (also see Fig. S8-9b-c). As w represents
the true concentration of underlying species and thus cannot have negative values, a
penalty is imposed on the fitting procedure to penalize values of R that lead to negative
w, resulting in the spectral model with nonnegativity constraint (II). The corresponding
objective function is
Y|B*R~1 — SLE(P,Exp)|’
S =
argmin ’ Z|B”‘R_1|2 ..(4.2)

R,P
A, = AZKRW* <0)[?

The added objective ¢, corresponds to negative concentration penalty. The prefactor 41s
treated as an adjustable weight parameter as both constraints are not strictly correct due to
respectively imperfect modeling and noise-induced excursion of w into small negative
values during quantification due to noise. For the fit, experimental triplicate values of B*
and w* obtained from 1:1 K25C3]Ap—KaiCEE, 1:10 K25C3]Ap—KaiCEE and 1:1 K25C31Ap-
KaiCga experiments were used.

2.7.3 Solutions to multiobjective optimization

There exist two objectives for class (II) data analyses. In general, optimization problems
with multiple objectives cannot be simultaneously optimized. A decrease in & leads to an
increase in ¢, and vice versa and the system forms a Pareto front.3 To determine the best
solution that forms a compromise between the two objectives, the objective functions in

egs. (4.2) can be scalarized to a single objective function:?
(ID:argmin [&4(R,P) + A&, (R)]...(5.1)
RP

&s and g, can be computed at each value of A to generate the Pareto front when ¢ and ¢,
are plotted against one another in a log-log plot of coordinates

(x,y) = (log10 £5(2),10810 £x(1)) ...(5.2)
Two strategies are employed to determine the best compromise (“nadir-utopia point™)
between the two objectives. The first approach was described by Cohanim et al.’> and is
based on the generation of a “utopia point” by means of “anchor points” where only one
of the two objectives are optimized irrespective of the other (A—0 and A—o0). The
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Euclidean distance between the utopia point and points on the curve can be computed. A
is then chosen by finding the minimum distance for the “nadir-utopia point”. In the
second approach, the corner of the Pareto front is computed by computing the curvature
k. A is then chosen by finding the maximum curvature ,,,.* Both procedures are
analogous to the L-curve criterion implemented in regularization.!3

Both approaches to determine A and their respective change-of-basis matrices R were
collected. This procedure was repeated using both a single nitroxide mobility component
(k= 1) and two mobility components (k = 2) per species, resulting in four change-of-basis
matrices and four spectral estimates B*R! per [1:1 K25Cs314p-KaiCgg, 1:10 K25C;14p-
KaiCgg and 1:1 K25C;514p-KaiCg,a| technical replicate dataset. This procedure was
repeated with two other replicates (three technical replicates), resulting in a total of
twelve spectral estimates of B. Uncertainty in quantification were propagated using these
twelve spectral estimates by assuming that the intra-dataset uncertainty (i) originating
from spin modeling and inter-dataset uncertainty (s, originating from inter-sample
variability are independent of one another:

f=ft \/(t0.975, df = 4Sintra)” + (too7s, df = 3Sinter)” + (20.97505/1\1)2 ..(6.1)
where f is the best estimate for f, #9975, 4r and z are respective ¢- and z-values for 95%
confidence with df refers to the degrees of freedom in the evaluation of R. oy refers to
uncertainty due to imperfect signal-to-noise. Eq. (6.1) is used in the uncertainty reported
in Fig. S17. For experiments where inter-experiment comparisons are of interest (Fig. 3-
6), results from the mean of all models are taken. The inter-model uncertainty is ignored,
and the reported fractions are B
fn=1=f £ 2097505/N...(6.2)
for single-trial experiments and
fn>1=f % to975df=n— 1Srep---(6.3)
for experiments with multiple technical replicates where s, refers to the inter-replicate
SEM.

2.8 Fitting of kinetic data to models

KaiB-KaiC binding kinetics predicted by models described in the main text are solved
numerically by MATLAB (Natick, MA) function ode45. Rate constants were determined
via coupling ode45 with the least squares solver lsqnonlin.
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3 Supplementary Figures and Tables

3.1 K25Csiap is a functional surrogate of WT-KaiB

SPECTRUM - MS, 6833_K25C raw, FTMS + p ESI Full ms [110.00-2000.00], Scan # 41-1402, RT- 0.32-9.99, AV- 1362, m/zntensityRelative,
NL: 1.40e+006 S/N: 70 K25C, 0p

Center Area  Width A12603.0
12603.1 92.35% 14.51
126251 1.75% 6.14
123723 234% 913
126420 3.57% 15.00

K25C
B12372.0 ‘
T T T T T T T T T 7 T T T T
12200 12250 12300 12350 12400 12450 12500 12550 12600 12650 12700 12750 12800 12850
Mass
NL: 3.76e+005 S/N: 655
1051.28
A12
97047
A13 1146.74
A11
901.22
A14 1261.31
A10
1401.38
A9 1576.39
698.26 5;]‘,20 L AB 1801 52 1963.02
Ang 78387 3 11 || 510 1 do a J\
700 800 900 1200 1300 1400 1500 1600 1700 1800 1900 2000
mz

Fig. S1. Intact LCMS of K25C514p shows complete spin labeling.

Top: transformed spectrum. Bottom: raw spectrum. LCMS masses: K25C51ap (Calc:
12603.6; Found: 12603.1).
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Fig. S2. Fluorescence anisotropy assay on functionality of K25C;;4p in the in vitro
oscillator.

(a) Real-time fluorescence anisotropy traces of 1x oscillator reactions using K25C;j4p

(3.5 uM) as a surrogate of WT-KaiB and 50 nM KaiB-K25C-6IAF as the fluorescence

probe. The three traces of varying brightness show results from technical triplicates. (b)

Corresponding periodograms computed using maximum entropy spectral analysis
(MESA) with the mean and SEM of the periods shown (n = 3).
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Fig. S3. Native-PAGE analysis of WT-KaiB and K25C5;ap binding to KaiCgg.

(a) Native-PAGE of samples collected at various time points from initial mixing of KaiB
and KaiCgg as indicated on top of the images. Only KaiC-containing bands are shown.
Species assignment is shown on the right. (b) KaiB-KaiCgg complexation estimated by
densitometry. Traces refer to WT-KaiB (blue crosses) and K25C;15p (yellow diamonds).
The WT-KaiB data has previously been published in Biochemistry' (accessible at
https://pubs.acs.org/doi/10.1021/acs.biochem.0c00279) and is reproduced here for
comparison. Further permissions related to the material excerpted should be directed to
the ACS.
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3.2  cw-EPR of K25C;p distinguishes two populations of KaiC-bound KaiB

(a) K25C,,p in the rigid limit
(-40°C, 20 Bx)

(b) K25C,,, as purified, 30°C and simulated with isotropic, axial and rhombic rotational diffusion models

dy"IdB

NRMSD
= 0.064866

Expt

325 330 335
Field / mT

(i) [ 1sotropic NRMSD | i) [ Axial NRMSD | (iii)| Rhombic NRMSD
= 0.20362 = 0.18671 = 0.077555
Expt Expt Expt
/\/‘-— Sim /\/-— Sim [ Sim
1] I m m f‘
= A c1| = c1 |2 A c-1
& - & — F e L ‘_/ \,—
| ‘[ V ]
‘ \
325 330 335 325 330 335 325 330 335

Field / mT

Field I mT

Fig. S4. K25C55p displays at least two motional dynamics state.

(a) cw-EPR spectrum of K25C;14p at -40°C in 20% sucrose solution (black). Simulation
of the near-rigid state spectrum is shown in blue. (b) Simulation (blue) of cw-EPR
spectrum of K25C;14p (black) at ambient conditions (30°C) using (i) isotropic, (ii) axial
and (ii1) rhombic rotational diffusion models. The two motional components C-1 and C-2
are shown in red and yellow respectively. Refer to Table S1 for simulation parameters.
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Table S1. Summary of best fit motional parameters for free K25C5;ap.

The g and 4 determined at -40°C, 20% sucrose (= 20 Bx) are listed in the order of xx, yy
and zz. For 1, axial values are listed in the order of t,, and 1. whereas rhombic values are

listed in the order of 1, 1, and t.. Square brackets indicate magnetic field bootstrap
estimated 95% CI, ny0tstrap = 200.

K25Cs1ap Figure g A/ MHz TP/ ns Lw*/mT Fraction/% NRMSD
0.18,
Near-rigid 0.29;
Limit [0.12,
(20Bx, S4a - 0.25]. - 0.065
233K) [0.27,
0.30]
1.40; ) 50;
. 1.29, 1.51] [45, 56]
. [
S4bi 9.7: ] 50: 0.204
2.0085, 16.3, [8.2, 11.3] [44, 55]
1.37, 10 49.6;
2.0065, 12.4, [1.32, 1.44] ) [49.5
2.00249; 102.24; [#] 49.8]
. i
S4bii [2.0084. [0s.1, 8.8083,78.601 : 50.4: 0.187
20087,  17.1], g o } [50.2,
[2.0063,  [11.6, g l 50.5]
—_— 2. 14.
g, A fixed 0065], 3], 10%, 0.338,
[2.00246, [102.07, 1303,
2.00255 102.49 e
] 1 [#], 52.2;
[0.314, - [49.6,
0.354], 54.5]
[1.274,
S4biii 1.369] 0.078
3.1, 620,
5.5; 47.8;
[2.9,3.3], - [45.5,
[520, 780], 50.4]
[5.0, 6.4]

* Phenomenological Gaussian and Lorentzian peak-to-peak linewidths in mT.

# Poorly constrained (reached lower or upper bound of parameter search space).

1 The rotational correlation time of tetrameric KaiB was previously estimated to be 10.6
or 13.1 ns based on application of the Stokes-Einstein relation' and thus slower than that
estimated by spectral simulations.
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Fig. S5. Two components are insufficient to explain K25C;;4p-KaiCgg reaction spectra.

(a) Reproduction of Fig. 2¢ in the main text showing the spectrum of free K25Cs5p (red)
and its spectra when incubated with stoichiometric (dark yellow) and tenfold excess
(purple) KaiCgg. The reaction spectra are binned spectra for the time window #= 15— 18
hrs. (b) The experimental spectrum of 1:1 K25C;;5p + KaiCgg (dark yellow) was
attempted to be reproduced (black dotted line) by summing up spectra of free KaiB (red
in (a)) and KaiB in tenfold excess KaiCgg (purple in (a)). The smoothness of the low-field
transition could not be reproduced in the weighted sum spectrum, suggesting that two
spectral components are insufficient to explain the stoichiometric K25C5;2p-KaiCgg

spectrum.
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Fig. S6. K25C;;4p-KaiClI reaction spectra at stoichiometric and 1:10 excess KaiCgg ratios.

(a) Experimental spectra of K25C55p alone (red) and in the presence of tenfold excess
KaiClI (cyan). (b) Reproduction of the experimental spectrum of K25C;14p in the presence
of stoichiometric KaiCI (black) with a sum of the spectra of free K25C3;5p (red) and the
1:10 CI spectrum (cyan). (c) Semiphenomenological fitting (black) of the 1:10 K25C5;ap-
KaiCI spectrum (cyan) using a sum of the spectrum of free K25C;4p (red) and a
nitroxide species undergoing rhombic rotational diffusion (turquoise, see Table S2). The
K25C514p-ClI reaction spectra shown are averaged between ¢ = 15-18 hrs.
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Table S2. Estimation of KaiB-CI direct binding dissociation constant.

The g and A4 values were fixed from Table S1 whereas rhombic 1. and weight were
floated. Values of 1. are listed in the order of 1, 1, and t.. Square brackets indicate

magnetic field bootstrap estimated 95% CI, npootsirap = 200.

Figure TP/ ns Weight / % Kp¥? / uM* NRMSD
1.45,0.32, 800;
K25C3E§CJ})IOX “ S6c [1.41,1.50] 46, 190; 0.0475
[0.29. 037 [42, 52] [150, 230]
[100, 1100]
# Estimated by assuming the reaction
B + CI=BCLK#? = w
T [BCI]

without accounting for KaiB tetramer-monomer equilibrium, [B]y = 17.5 uM and [CI], =

175 uM.
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Fig. S7. K25C;15p 1s insensitive to direct KaiA-KaiB interactions.

(a) and (b) Comparison of cw-EPR spectra acquired with 17.5 uM K25C;4p (red) against
K25C51ap equilibrated with 6 uM (a) and 175 uM (b) KaiA (blue). Spectra were
normalized by their maximum intensity. The difference multiplied by 10 is shown in
magenta below.
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Fig. S8. Surrogate basis spectra (B*) and their respective proxy weights/concentrations

(W*).

The use of experimental spectra as basis spectra (B*) for quantification leads to proxy
weights (w*) that can be negative. (a) Reproduction of Fig. 2¢ in the main text showing
the spectrum of free K25C51ap (red) and its spectra when incubated with stoichiometric
(dark yellow) and tenfold excess (purple) KaiCgg. The reaction spectra are binned spectra
for the time window ¢ = 15 — 18 hrs. (b)-(e) Single-trial proxy kinetics of KaiB-KaiC
phosphomimetic binding using the experimental spectra in (a) as basis spectra. The proxy
weights sum up to 100% so the proxy weight of free K25C;14p was not shown.
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(a) Spectral Fit
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(b) Kinetics fit, 1:1 KaiB+KaiC. using experimental spectra and change-of-basis
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Fig. S9. Unconstrained single-component fitting of K25C5;4p-KaiCgg reaction spectra.

Using the assumption that the spectra of B, and B- are approximated by spectra of
nitroxides undergoing rhombic Brownian rotational diffusion as the only objective
function via eq. (4.1) in the main text leads to negative kinetics. The spectra were fit to
determine P and R using a single nitroxide component for each of B, and B_. In (a), the
estimated spectra in green (B.) and light purple (B-) are overlaid with the spectral fit as
black dashed lines. The normalized residual mean squared deviation (NRMSD) of the
spectral fit is shown in the upper right. Refer to Table S3 for fitted parameters. In (b), the
proxy kinetics (w*, left) and resultant kinetics by performing the change-of-basis
operation (w = Rw* right) in the 1:1 KaiB+KaiCgg reaction are shown. Proxy kinetics:
Biree (red), 1:1 KaiB+KaiCgg (yellow) and 1:10 KaiB+KaiCgg (purple). Refer to Fig. S8a
for their respective spectra. The statistical significance of the negative excursions in the
kinetic traces of B_ in (b) were examined in (c). Estimation of the uncertainty in the fitted
kinetics by computation of the 7-point moving average (black in left panel) and the
residual (blue in both panels) versus the change-of-basis fit (crosses) are shown. The
normality of the residuals was tested by performing a y?> goodness-of-fit test and the p-
values for deviation from Gaussian distribution as well as the standard deviations of the

residuals are shown.
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(b) Kinetics fit, 1:10 KaiB+KaiCg using experimental spectra and change-of-basis
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Fig. S10. Unconstrained two-component fitting of K25C;;2p-KaiCgg reaction spectra.

Using the assumption that the spectra of B, and B_ are approximated by spectra of
nitroxides undergoing rhombic Brownian rotational diffusion as the only objective
function via eq. (4.1) in the main text leads to negative kinetics. The spectra were fitted to
determine P and R using fwo nitroxide components for each of B, and B_. In (a), the
estimated spectra (B) in green (B;) and light purple (B-) are overlaid with the spectral fit
as black dashed lines. Individual nitroxide mobility components contributing to the
spectra are shown as grey dash-dot lines. The normalized residual mean squared
deviation (NRMSD) of the spectral fit is shown in the upper right. Refer to Table S3 for
fitted parameters. In (b), the proxy kinetics (w*, left) and resultant kinetics by performing
the change-of-basis operation (w = Rw*, right) in the 1:10 KaiB+KaiCgg reaction are
shown. Proxy kinetics: By, (red), 1:1 KaiB+KaiCgg (yellow) and 1:10 KaiB+KaiCgg
(purple). Refer to Fig. S8a for their respective spectra. The statistical significance of the
negative excursions in the kinetic traces of B, in (b) were examined in (c). Estimation of
the uncertainty in the fitted kinetics by computation of the 7-point moving average (black
in left panel) and the residual (blue in both panels) versus the change-of-basis fit (crosses)
are shown. The normality of the residuals was tested by performing a y? goodness-of-fit
test and the p-values for deviation from Gaussian distribution as well as the standard
deviations of the residuals are shown.
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Table S3. Summary of single-objective best fit motional parameters for B, and B_.

The g and 4 determined are fixed to those from Table S1. For 1., rhombic values are
listed in the order of 1, 1, and ..

K25Cs1ap Component  Figure 10t / ns Lw*/mT Fraction/% NRMSD
Single B. 1600, 0.9, 1.7 0.08, 0* -
nitroxide B_ S9a 1.9,04, 13 0.03, 0.004 - 0.0414
B 8000,0.9,1.5 0.08,0.002 82
. * 4000, 3.3, 13 0.02, 0# 18
Two nitroxides 5 S10a 2.0.04. 13 0.04, 0.004 79 0.0365
B 1.6, 74,4.0 0.07, 0.09 21

* Phenomenological Gaussian and Lorentzian peak-to-peak linewidths in mT.
# Poorly constrained (reached lower or upper bound of parameter search space).
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(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S11. Multiobjective optimization-based determination of change-of-basis matrix R
using a single nitroxide mobility component per species: A dependence.

(a) Determination of optimal A to balance spectral error (&) and negative penalty (&,).
Left shows the plot of ¢, against ¢ on a log-log plot. Right shows the computed distance
squared (D?, red) and curvature (k, purple). (b)—(e) plots of spectral fits (left) and their
associated kinetics derived from change-of-basis (right) in the three experiments used for
computing the negative kinetics penalty. (b): insufficient penalty (A = 10-). (¢): excess
penalty (A = 10%). (d): optimal penalty based on maximum curvature on the L-curve (A =
56.2). (e): optimal penalty based on minimum Euclidean distance from the Utopia point
(A =178). The color scheme in (b)—(e) are free KaiB (dark orange), B, (green) and B
(light purple). Refer to Table S4 for fitting parameters.

Table S4. Summary of A-dependent best fit motional parameters using a single nitroxide
mobility component per species derived from one replicate dataset.

One replicate dataset consists of the K25Cs14p experiments (i) 1:1 KaiB + KaiCgg, (ii)

1:10 KaiB + KaiCgg and (iii) 1:1 KaiB + KaiCga. The g and A determined are fixed to

those from Table S1. For 1., thombic values are listed in the order of 1, 7, and ..

A Component  Figure t.fit / ng Lw* /mT NRMSD
10° R LT R e
o2 s 0% Coroons 00462
oy n o ste R0 ooe boor 00563
o B S T oo 028

* Phenomenological Gaussian and Lorentzian peak-to-peak linewidths in mT.
# Poorly constrained (reached lower or upper bound of parameter search space).
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(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S12. Multiobjective optimization-based determination of change-of-basis matrix R
using two nitroxide mobility components per species: 4 dependence.

(a) Determination of optimal A to balance spectral error (&) and negative penalty (&,).
Left shows the plot of ¢, against ¢ on a log-log plot. Right shows the computed distance
squared (D?, red) and curvature (x, purple). (b)—(d) plots of spectral fits (left) and their
associated kinetics derived from change-of-basis (right) in the three experiments used for
computing the negative kinetics penalty. (b): insufficient penalty (A = 10-). (¢): excess
penalty (A = 10%). (d): optimal penalty based on maximum curvature and minimum
Euclidean distance from the Utopia point on the L-curve (A = 100). The color scheme in
(b)—(d) are free KaiB (dark orange), B, (green) and B_ (light purple). Refer to Table S5
for fitting parameters.

Table S5. Summary of A-dependent best fit motional parameters using two nitroxide
mobility component per species derived from one replicate dataset.

One replicate dataset consists of the K25Cs14p experiments (i) 1:1 KaiB + KaiCgg, (ii)
1:10 KaiB + KaiCgg and (iii) 1:1 KaiB + KaiCga. The g and A determined are fixed to
those from Table S1. For 1., thombic values are listed in the order of 1, 1, and t.. Each
row describes one mobility component contributing to the overall spectrum of the
respective species.

. - Weight
fit %
A Component Figure "/ ns Lw*/mT Fraction / % NRMSD
B 300,0.8, 1.4 0.20%, 0# 83
* 2900, 2.6, 560 0.16, 0* 17
-5 [ ) ) )
10 B $12b 1.7,0.4, 1100 0.06, 07 76 0.0345
B 0.7,210, 21 0.20%,0.18 24
B 58,0.9,1.4 0.18, 0* 83
100 * 800, 2.1, 1100 0.20%, 0* 17
(D?in; Kmax) B S12d 1.6,0.4, 10* 0.06, 0# 92 0.0442
B 0.2,2100, 2800 0.03, 0.17 8
B 79,1.5,0.9 0.11, 0# 84
* 9000, 0.6, 7000  0.20% 0.11 16
4 ) ) k)
10 B S12c 1.2,0.2,210 0.08, 0% 95 0.185
B 0.1, 7000, 760 0.13, 0.01 5

* Phenomenological Gaussian and Lorentzian peak-to-peak linewidths in mT.
# Poorly constrained (reached lower or upper bound of parameter search space).
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(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S13. Multiobjective optimization-based determination of change-of-basis matrix R
using one nitroxide mobility component per species in second technical replicate.

(a) Determination of optimal A to balance spectral error (&) and negative penalty (e,).
Left shows the plot of ¢, against & on a log-log plot. Right shows the computed distance
squared (D?, red circle) and curvature (k, purple square). (b)—(c) plots of spectral fits
(left) and their associated kinetics derived from change-of-basis (right) in the three
experiments used for computing the negative kinetics penalty. (b): optimal penalty based
on maximum curvature (A = 100). (c): optimal penalty based on minimum Euclidean
distance from the Utopia point on the L-curve (A = 178).The color scheme in (b)—(c) are
free KaiB (dark orange), B. (green) and B_ (light purple). Refer to Table S6 for fitting
parameters.
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(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S14. Multiobjective optimization-based determination of change-of-basis matrix R
using two nitroxide mobility components per species in second technical

replicate.

(a) Determination of optimal A to balance spectral error (&5) and negative penalty (&,).
Left shows the plot of &, against &5 on a log-log plot. Right shows the computed distance
squared (D?, red circle) and curvature (x, purple square). (b)—(c) plots of spectral fits
(left) and their associated kinetics derived from change-of-basis (right) in the three
experiments used for computing the negative kinetics penalty. The nitroxide mobility
components are overlaid in gray. (b): optimal penalty based on minimum Euclidean
distance from the Utopia point on the L-curve (A = 56.2). (¢): optimal penalty based on
maximum curvature (A = 100). The color scheme in (b)—(c) are free KaiB (dark orange),
B, (green) and B_ (light purple). Refer to Table S6 for fitting parameters.
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(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S15. Multiobjective optimization-based determination of change-of-basis matrix R
using one nitroxide mobility component per species in third technical replicate.

(a) Determination of optimal A to balance spectral error (&) and negative penalty (e,).
Left shows the plot of ¢, against & on a log-log plot. Right shows the computed distance
squared (D?, red circle) and curvature (k, purple square). (b)—(c) plots of spectral fits
(left) and their associated kinetics derived from change-of-basis (right) in the three
experiments used for computing the negative kinetics penalty. (b): optimal penalty based
on maximum curvature (A = 100). (c): optimal penalty based on minimum Euclidean
distance from the Utopia point on the L-curve (A = 178).The color scheme in (b)—(c) are
free KaiB (dark orange), B. (green) and B_ (light purple). Refer to Table S6 for fitting
parameters.

31




(a) Determination of A in multiobjective optimization based quantitative cw-EPR
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Fig. S16. Multiobjective optimization-based determination of change-of-basis matrix R
using two nitroxide mobility components per species in third technical replicate.

(a) Determination of optimal A to balance spectral error (&) and negative penalty (&,).
Left shows the plot of &, against &5 on a log-log plot. Right shows the computed distance
squared (D?, red circle) and curvature (k, purple square). The curvature at around A = 1
was manually pruned during analysis to preclude selection of local curvature maximum
in the Pareto front. (b)—(c) plots of spectral fits (left) and their associated kinetics derived
from change-of-basis (right) in the three experiments used for computing the negative
kinetics penalty. The nitroxide mobility components are overlaid in gray. (b): optimal
penalty based on minimum Euclidean distance from the Utopia point on the L-curve (A =
56.2). (¢): optimal penalty based on maximum curvature (A = 100). The color scheme in
(b)—(c) are free KaiB (dark orange), B (green) and B_ (light purple). Refer to Table S6
for fitting parameters.
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Table S6. Summary of multiobjective optimization based best fit motional parameters of
B and B_ in replicate datasets.

One replicate dataset consists of the K25C;5p experiments (i) 1:1 KaiB + KaiCgg, (ii)
1:10 KaiB + KaiCgg and (iii) 1:1 KaiB + KaiCga. The g and A4 determined are fixed to
those from Table S1. For 1., rhombic values are listed in the order of 1, 1, and t.. Each
row describes one mobility component contributing to the overall spectrum of the
respective species.

Dataset;

o . . Weight
fit *
. O(Irnn;::ll‘;;};s) A Species  Figure T/ ns Lw*/mT Fraction / % NRMSD
100 B, 300, 1.0, 1.7 0.08, 0* -
, () B S13b 1.8,04,29 (())83‘1 ) 0.0434
(1-component) 178 B. 300, 1.0, 1.7 0.09, 0* -
S13c 0.03, 0.0464
(Drin) B_ 1.7,0.4, 35 0.005 -
970,09, 15 (0 o
56.2 B, 200, 2.5, 0.19, 0 16
D ) ) S14b 4000 T 0.0380
i B 1.8,04,26  0.05, 0* 81
2 - 1.5,2100,32 0.2 0.14 19
(2-component) 840,0.9, 1.5 0.2¢, 07 36
00 B 9000, 2.3, 4 19, o 14
(o) Sl4c 1800 o 0.0418
max B 1.7,0.4, 41 0.05, 0* 84
B 1.2,2200,39 0.2%,0.14 16
100 B, 1100, 1.0, 1.7 0.1, 0% -
—Q —— SI5b = 2 0.0452
3 ) B 1.8,04,44  0.04, 07 -
(1-component) 178 B. 570,1.0,1.8 0.14, 0* -
(D) B SI3¢ 71804.77  0.04.0° - 0.0492
10,0915 (o, o o5
B. 3100, 2.6, i3
562 720 0.2%,0 15
“, —— Sl6b 0.0393
(Diin) 1.8,0.4,41 .
B 0.9, 9000 0.04, 0 920
3 - s 02402 10
(2-component) 190,09,1.6  02% 0% <
100 B. 5000, 2.7, 0.2%, 13
() Sléc 2800 0.003 0.0405
max B 1.8,0.4, 59 0.04, 0* 90
- 0.9, 105, 10%  0.2¢, 0.2* 10

* Phenomenological Gaussian and Lorentzian peak-to-peak linewidths in mT.
# Poorly constrained (reached lower or upper bound of parameter search space).
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Fig. S17. Summary of spectral fit of B, and B_ and associated kinetics.

(a) Estimated spectra of B (i, green), B_ (ii, light purple), and overlay with free KaiB
(brown). Shaded areas show 95% CI (visible at higher magnification). Note that the
spectrum of free KaiB also possesses uncertainty as the spectrum as shown is an average
from technical triplicates. (b) Estimated kinetics of B.. and B_ using spectra obtained
from the negative kinetics-penalized spectral fits. Shaded areas show single-trial 95% CI
based on spectral modeling (A dependence) and imperfect signal-to-noise.
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Fig. S18. Determination of fictitious KaiC-bound KaiB populations.

The baseline B, and B_ populations were determined by quantifying them in reaction
samples containing only K25C;4p in the absence of KaiC (i.e., false positives). (a) KaiB-
KaiC binding kinetics in control experiment without KaiC. Shaded areas show 95% CI
derived from a combination of modeling uncertainty and inter-replicate variability (n =
3). B;: green circles. B_: light purple squares. (b) and (c) Histograms of B, and B_
concentrations in (a). Legend shows median and 95% CI (2.5" and 97.5" percentiles) as
well as y* goodness-of-fit test against Gaussian distributions. (d) Representative spectral
fit (blue) of the experimental spectra (black). The residual is shown in bright magenta.
The components are free KaiB (orange), B, (green) and B_ (light purple).
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3.4 B_is an intermediate between B, and free KaiB

(@) | KaiCg; (b) 12| Kaic,, 12 (¢) 12| Kaic,, 6
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Fig. S19. Overlay of dB./dt and B_ in K25C;14p-KaiCgsr/g/ea reactions.

(a) KaiCgr; (b) KaiCgg; (¢) KaiCga. Green circles: dB./dt (% hr!); Light purple squares:
B_ (%). For (a), shaded area for B_ indicates single-trial 95% CI due to imperfect signal-
to-noise (n = 1). The uncertainty in rate of B, formation could not be directly computed
and was not shown. For (b) and (c), shaded areas represent inter-replicate 95% CI (n = 6).
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(a) Incubation of K25C, ,, with stoichiometric KaiCg
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(b) Incubation of K25C,,,, with stoichiometric KaiC
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(c) Incubation of K25C, ,, with stoichiometric KaiC_,
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Fig. S20. Spectral simulations of K25C;14p-KaiCgr/gg/Ea reactions.

(a), (b) and (c) correspond to KaiCgr, KaiCgg and KaiCgy, respectively. Experimental
spectra are shown in black and overlaid with simulations in blue. The residual is shown in
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bright magenta. The components are free KaiB (orange), B, (green) and B_ (light purple).
Representative spectral model (out of 12 spectral models) shown in the fits.
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Fig. S21. The Koda-Saito model does not adequately explain the observed KaiB-KaiC
binding kinetics.
(a) Basic premise of the Koda-Saito model. KaiC hexamers (shown as hexagons here)
contain six KaiB-KaiC binding sites represented by the six vertices of the hexagons. Sites
occupied by KaiB are denoted with the letter B, with “edge” sites (B-) colored in light
purple and “bulk” sites (B.) colored in green. The bimolecular binding rate k,, is
independent of the KaiBC stoichiometry. The unimolecular dissociation rate of any KaiB
monomer from the KaiBC complex ko 1s given by some basic dissociation rate k¢ that
is suppressed by a factor a for each neighboring KaiB in the KaiBC complex. (b) and (c)
Fitting of the K25C;14p-KaiCgg 5x reaction to the model. B.: green circles. 10 x B_: light
purple squares. The data was fitted as is in (b) whereas the concentration of B was
shifted downwards by 5% whereas that of free KaiB was shifted upwards by 5% in (c) to
potentially account for baseline B, (see Fig. S18). Shaded areas show 95% CI due to
inter-sample variability (n = 6). Best fits of the kinetic traces are shown as solid black
lines. See Table S7 for rate constants.
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Table S7. Rate constants derived from the basic Koda-Saito model.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The 95% confidence
interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of
the components for the fitting procedure were [1, 1, 10] for free KaiB, B, and B_ due to
the low concentration of B_.

. . Fitted parameter
Experiment Figure Parameter / unit  Best fit 95% CI NRMSD
kon / tM-Thr! 0.037 0.034 0.039
K25Cs14p + KaiCgg, 1:1 S21b kofro / hr! 18 16 19 0.353
a 10-6* # #
Ayl
K25Csinp + KaiCg, 1:1, S21¢ ko],;/ ul>/Ihr}»1'r O.? g ’ O'? 731 0.;) ; i 0.308
B, and By, Shifted by 5% °ff°a L0 m # '

# Poorly constrained (reached lower or upper bound of parameter search space).
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(a) Koda-Saito Model Coupled with
KaiB Fold Switching
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Fig. S22. Koda-Saito with monomeric KaiB fold switching.

(a) Koda-Saito model with monomeric KaiB fold switching. This model combines the
monomeric KaiB fold switching model by Chang et al. (2015) with the Koda-Saito
model. Fold switching is characterized by two rate constants, forward fold switching (k)
and reverse fold switching (k). The two forms are assumed to be spectroscopically
indistinguishable. Fold-switched KaiB can then bind to KaiC in the fashion described by
Koda and Saito (2020, see Fig. S21). (b) Fitting of the K25C;;4p-KaiCgg 5% reaction to
the model. B.: green circles. 10 x B_: light purple squares. Shaded areas show 95% CI
due to inter-sample variability (n = 6). Best fits of the kinetic traces are shown as solid
black lines. See Table S8 for rate constants.

Table S8. Rate constants derived from the Koda-Saito model with monomeric KaiB fold
switching.

Nonlinear least squares fitting of the parameters was performed on the mean of the

experimental data based on multiple replicates and multiple models. The 95% confidence

interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of

the components for the fitting procedure were [1, 1, 10] for free KaiB, B and B- due to

the low concentration of B_.

Fitted Parameter

Experiment Figure Pare;rrr:iez[ter/ Best fit 95% CI NRMSD
kon / UM 'hr! 62.1 583 66.0
koff() / hr! 87.1 75.7 100.2
II((:{SCC“A;: S22b o 0.0246 0.0239 0.0254 0.177
EEs 2+ ke / hr! 0.137 0.131 0.144
keg / hr! 10.5 8.3 13.2
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(a) Koda-Saito model with KaiB oligomeric equilibrium (b) 100} — — — — — — — — |
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Fig. S23. Koda-Saito with tetramer-dimer-monomer KaiB equilibrium.

(a) Koda-Saito model with KaiB tetramer-dimer-monomer equilibrium. This model
combines the tetramer-dimer-monomer equilibrium of KaiB with the Koda-Saito model.
The tetramer-dimer-monomer equilibrium is characterized by 4 rate constants, ky,, k24, k21
and ky,, and 2 equilibrium constants, K4, = k4o/k4 and K>y = ky1/ky,. The three forms of
free KaiB are assumed to be spectroscopically indistinguishable. Monomeric KaiB can
then bind to KaiC in the fashion described by Koda and Saito (2020, see Fig. S21). (b)
Fitting of the K25C514p-KaiCgg 5% reaction to the model. B.: green circles. 10 x B_: light
purple squares. Shaded areas show 95% CI due to inter-sample variability (n = 6). Best
fits of the kinetic traces are shown as solid black lines. See Table S9 for rate constants.

Table S9. Rate constants derived from the Koda-Saito model with tetramer-dimer-
monomer KaiB equilibrium.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The 95% confidence
interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of
the components for the fitting procedure were [1, 1, 10] for free KaiB, B, and B_ due to
the low concentration of B_.

Fitted Parameter

Experiment Figure Parameter / unit Best fit 95% CI NRMSD
kon / UM Thr! 33.0 21.1 51.7
kogro / hr! 119 101 141
. o 0.0259  0.0253  0.0266
KZSC”A;; KaiCer, S23b Ky / yM 0.019 & & 0.148

) kyy / hrl 440 & &
Ky / uM 0.12 & &

ki / hrl 35 7.9 154

& Poorly constrained (Jacobian-derived 95% CI spans over 3 orders of magnitude).
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(a) KaiC conformational equilibrium
with Koda-Saito model
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Fig. S24. Koda-Saito with KaiC conformational equilibrium.

(a) Koda-Saito model with KaiC conformational equilibrium. This model combines KaiC
conformational equilibrium with the Koda-Saito model. KaiC has previously been
modeled as existing in an equilibrium between two states, one of which is KaiA-binding
competent whereas the other is KaiB-binding competent (Lin et al., 2014). This is
incorporated by describing this equilibrium with two rate constants, ks and k., alluding
to the necessity of CI ATPase activity for converting to the KaiB-binding competent
state. Monomeric KaiB cannot bind to the KaiB-binding incompetent state (Cg_incomps
grey) but it can bind to the KaiB-binding competent KaiC (Cg_comp, black) in the fashion
described by Koda and Saito (2020, see Fig. S21). (b) Fitting of the K25C;14p-KaiCgg 5%
reaction to the model. B,: green circles. 10 x B_: light purple squares. Shaded areas show
95% CI due to inter-sample variability (n = 6). Best fits of the kinetic traces are shown as
solid black lines. See Table S10 for rate constants.

Table S10. Rate constants derived from the Koda-Saito model with KaiC conformational
equilibrium.

Nonlinear least squares fitting of the parameters was performed on the mean of the

experimental data based on multiple replicates and multiple models. The 95% confidence

interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of

the components for the fitting procedure were [1, 1, 10] for free KaiB, B, and B_ due to

the low concentration of B_.

Fitted Parameter

Experiment Figure Parameter / unit  Best fit 95% CI NRMSD
kon / WM Thr! 0.0581  0.0566 0.0596
) kogo / hr! 0.77 0.54 1.10
KZSC”";: KaiCg, S24b o 0.085 0.070  0.103 0.148
: keie/ hr! 0.35 0.27 0.46
ke, / hr! 4.8 2.8 8.2
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(a) Koda-Saito Model with
KaiB fold-switching and
KaiC conformational switching
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Fig. S25. Koda-Saito with KaiB fold switching equilibrium and KaiC conformational
equilibrium.
(a) Koda-Saito model with KaiB fold switching equilibrium and KaiC conformational
equilibrium. This model combines KaiC conformational equilibrium (Fig. S24) and KaiB
fold switching equilibrium (Fig. S22) with the Koda-Saito model (Fig. S21). (b) Fitting of
the K25C;14p-KaiCgg 5% reaction to the model. B,: green circles. 10 x B_: light purple
squares. Shaded areas show 95% CI due to inter-sample variability (n = 6). Best fits of
the kinetic traces are shown as solid black lines. See Table S11 for rate constants.

Table S11. Rate constants derived from the Koda-Saito model with KaiB fold switching
equilibrium and KaiC conformational equilibrium.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The 95% confidence
interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of
the components for the fitting procedure were [1, 1, 10] for free KaiB, B, and B- due to
the low concentration of B_.

Fitted Parameter

Experiment Figure Parameter / unit Best fit 95% CI NRMSD

kon / UM Thr! 0.06 & &

koo / hr! 0.77 0.50 1.18

o 0.085 0.070 0.104

K25C;1ap + KaiCgg, 1:1 S25b ki / hr! 10 & & 0.184

ke / hr! 0.009 & &

keie / hr! 0.35 026 0.49
kcib / hr! 4.8 2.7 8.7

& Poorly constrained (Jacobian-derived 95% CI spans over 3 orders of magnitude).

44



(a) KaiBC nucleation-induced
activation model
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Fig. S26. Koda-Saito with KaiB-KaiC nucleation-induced KaiC activation model. (a)
Koda-Saito model with KaiB-KaiC nucleation-induced KaiC activation model.

This model assumes that KaiB-KaiC binding follows the Koda-Saito model (Fig. S21)
but the nucleation event (Bge. + Cs = B1Cg) possesses different binding and dissociation
rates from further binding and dissociation events. The nucleation event thus “activates”
KaiC for further KaiB binding and can be framed as an induced fit model. (b) Fitting of
the K25C;14p-KaiCgg 5% reaction to the model. B,: green circles. 10 x B_: light purple
squares. Shaded areas show 95% CI due to inter-sample variability (n = 6). Best fits of
the kinetic traces are shown as solid black lines. See Table S12 for rate constants.

Table S12. Rate constants derived from the Koda-Saito with KaiB-KaiC nucleation-
induced KaiC activation model.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The 95% confidence
interval were derived using the Jacobian matrices. Unless otherwise stated, the weights of
the components for the fitting procedure were [1, 1, 10] for free KaiB, B. and B- due to
the low concentration of B_.

Fitted Parameter

Experiment Figure Parameter / unit Best fit 95% CI NRMSD
kona / pM-Thr! 0.00231 0.00224  0.00237
kofr1 / ! 0.023 0.010 0.051
K25C;1p + KaiCgg, 1:1 S26b kona / pM-Thr! 0.0744 0.0719  0.0770 0.174
kofro / ! 160 90 290
a 0.00174 0.00101  0.00299
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Table S13. Rate constants derived from the Koda-Saito model coupled with KaiB-KaiC
encounter complex formation and induced fit nucleation.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The 95% confidence
intervals were derived using the Jacobian matrices. Unless otherwise stated, the weights
of the components for the fitting procedure were [1, 1, 10] for free KaiB, B. and B_ due
to the low concentration of B_.

Fitted Parameter

Experiment Figure Parameter / unit Best fit 95% CI NRMSD
kony / UM-Thr! 0.007 0.002 0.025
koffl / hr! 0.04 & &
ke on / ! I 0.008 200
E:fCC;‘AlP M ey opr/ hr! 20 0.1 3000 0.112
’ fona / UM-Thr! 0.18 0.15 021
forr / B! 210 100 430
o 0.0079 0.0048 0.013
font / UM Thr! 0.007 0.0002 0.24
koffl / hr! 0.02 & &
ke on / ! I 0.009 100
gls(i:f*ﬂ 3a ey opr/ hr! 42 0.20 85 0.143
fona / UM ThET 0.091 0.068 0.122
ko / B! 18.0 115 28.0
o 0.016 0.012 0.022
fons / UM ThE! 0.004 0.0003 0.05
koffl / hr! 0.09 0.007 1
keon / ! 1 0.02 60
II((:ISCCE:A‘;J; koonr/ ! 10 1 100 0.094
’ fona / UM ThE! 0.15 0.12 0.18
ko / B! 133 9% 184
o 0.0060 0.0047 0.0077

& Poorly constrained (Jacobian-derived 95% CI spans over 3 orders of magnitude).
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Fig. S27. Hyperphosphorylated KaiC is more competent in KaiB-KaiC binding
nucleation than unphosphorylated or S431-phosphorylated KaiC.

(a) The effective dissociation constants for each step in KaiB-KaiC binding are plotted as
bar graphs for KaiCgr (turquoise), KaiCgg (purple) and KaiCg, (orange). Error bars show
standard deviation estimated by bootstrap resampling the original dataset 20 times (see
Table S14). Best fit results are shown as black open circles. (i) Encounter complex
induced fit model (Fig. 3a-b). Figure reproduced from Fig. 4a. (ii) Nucleation-induced
activation model (Fig. S26). (iii) Conformational selection via KaiB fold switching (Fig.
S22). (iv) Conformational selection via KaiC conformational equilibrium (Fig. S24). (b)
Speciation of KaiB-KaiCgg complexes predicted by respective KaiB-KaiC binding
models. The definitions of the dissociation constants in (a) are as follows: In (i) and (ii),
two classes of dissociation constants can be defined: The initial (seeding / nucleation)
dissociation constant Kp . can be defined for the following reaction:

B
+ Bfree O
CB-incomp BCactive
_ [Bfree] [CB — incomp]
Duc = [Blcactive]

For (i), the overall dissociation constant accounts for both the encounter complex
equilibrium and the induced fit step:

[Bfree] [CB — incomp]

[Bweakcinactive]

[Bweakcinactive]
[B 1 Cactive]

D,nuc = X
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X X ko1 keoft
= Kpweaklc =7
wea kon,l kc,on
For (i1), the dissociation constant for the single nucleation-activation step is
Kofe1
K D,nuc — k

on,1
The subsequent Koda-Saito dissociation constants Kp ks, (m =0, 1 or 2) can be defined
by the reactions:

[Bi + 1C] kon

The latter dissociation constants also apply to conformational selection models in (iii) and
(iv). However, these dissociation constants require corrections for the associated
conformational equilibrium. For (iii), the effective dissociation constants are
[Bgs] [Bic] mkoff kfsb
i Y i

[Bi + 1C] kon kfsf
For (iv), the effective dissociation constants are
K [B] [Bic] [Cinactive] mkoff kcib

KS,eff(m) B [Bi + 1C] % [Cactive] - kon % kcif

Kxs eff(m) =
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Table S14. Bootstrap resampling derived KaiB-KaiC dissociation constants.

Nonlinear least squares fitting of the parameters was performed on the mean of the
experimental data based on multiple replicates and multiple models. The dissociation
constants shown were derived via bootstrap resampling the original data (7yeotstrap = 20)
and displayed in the format of mean =+ standard deviation. Unless otherwise stated, the
weights of the components for the fitting procedure were [1, 1, 10] for free KaiB, B, and
B_ due to the low concentration of B_.

. log10(Kp/ Experiment
Model Flgure ll.M) KaiCST KaiCEE KaiCEA
Kb nuc 1.86£0.19 0.56 £0.76 2.326 £0.039
Kpxsm=o 3.09+£0.11 2.326+0.063 2.961 +0.043
Encounter Complex dab e emt 097740026 0497+0011  0.732%0.010
Induced Fit S271 : 1497 +
Kpxsm= -1.142 £ 0.062  -1.332+0.047 ()"029
Kb nuc 2.793 £0.027 0.77 £0.55 2.394 +£0.034
Kb xS0 3.670 + 0.066 3.37+0.17 3.604 + 0.049
Nucleation-induced S26 0.8166 +
Activation ST Kpxsm=1 1.150 £0.012 0.566 +£0.011 0.0068
-1.971 +
Kpxsm= -1.400 + 0.045 -224+0.17 0.051
3.0302 + 2.8431 +
Conformational Kossog 0.0094 201001 0.0080
. . S22 1.0058 + 0.4197 +
:::;:tcctlll(i):, :(alB fold S27ii Kpksm=1 0.0045 0.0086 0.751 £0.012
& © Looso00  CL1792% 1341+
D.KS,m=2 ' ) 0.0076 0.023
Conformational Kp ks.m=0 3.314 + 0.025 2.249 +0.031 3.059 +0.016
selection, KaiC S24 Kb ksm=1 1.738 £ 0.070 1.180 £ 0.018 1.710 £ 0.026
conformational SATV 016+0.12  0.111+£0.029 0360+ 0.054
equilibrium .

* KaiB fold switching rate constants were fixed to best-fit values obtained from KaiCgg

(Table S8).
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3.5 KaiCgyr is ineffective at seeding KaiB-KaiC interactions during the day-to-night

transition
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Fig. S28. KaiB-KaiC,g binding requires the presence of KaiA.

(a) and (b) Plot of concentration (in % relative to total KaiB) of B (green circles) and B
(light purple squares) over time with (a) buffer or (b) KaiA spiking at ¢ = 24 hrs. The
concentration of B_ has been multiplied by 10 for illustration purpose. In both panels,
shaded areas represent 95% CI due to imperfect signal-to-noise. (c¢) Correlation of B, and
B_ in the ternary KaiA-KaiB-KaiCg mixture in (b). From black to purple to yellow: 24
hrs (0 hrs post-KaiA spiking) to 48 hrs (24 hrs after KaiA spiking). (d) and (e) Spectral
simulations of K25C;14p-KaiCxg reactions in the absence (d) and presence (e) of KaiA.
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Experimental spectra are shown in black and overlaid with simulations in blue. The
residual is shown in bright magenta. The components are free KaiB (orange), B, (green)
and B_ (light purple).
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(c) NMR monitoring of ATP consumption in 5x WT-KaiB + KaiC ;. reaction
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Fig. S29. KaiA drives KaiB-KaiC,g interactions by multiple mechanisms.

(a) KaiB-N19C-3IAP cw-EPR based KaiB-KaiC4g binding assays under (1) 1% and (i1)
5x Kai protein concentrations with full-length KaiA (yellow), KaiA g, 534 (C-KaiA,
brown) or buffer (grey) spiking at = 24 hrs (black line in both panels). (ii1) shows
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experimental cw-EPR spectra (black) and fit (blue) to free KaiB (red) and KaiC-bound
KaiB (yellow), with residual shown in magenta. (b) Fluorescence anisotropy based KaiB-
KaiC,g binding assays under (i) and (ii1) 1x and (i1) 5x Kai protein concentrations with
full-length KaiA (yellow) or buffer (grey) spiking at # = 24 hrs (black line in all panels)
using 50 nM KaiB-K25C-6IAF as fluorescence probe. In (iii), 200 uM ATP and 800 pM
ADP was used in place of | mM ATP in all other panels. In all three panels, basal
anisotropy based on KaiB alone were subtracted. Shaded areas show inter-replicate 95%
CI (n=3). (c) NMR based ATPase assay to determine ATP consumption in the 5x KaiB-
KaiC4g reaction. (i) Fraction of ATP to total ATP + ADP in reaction mixture before (dark
blue) and after (blue) KaiA addition at # = 24 hrs. The pre-KaiA spiking ATPase activity
per molecule of KaiC is estimated by linear regression and reported as mean + 95% CI.
(ii) Representative 'H NMR spectra at = 0, 24, 25 and 28 hrs, the chemical shifts of
ATP and ADP are 8.499 ppm and 8.506 ppm, respectively. Note that the ATP
concentration in (i) is likely overestimated by the fitting algorithm at # = 25 hrs.
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3.6 KaiA triggers the night-to-day transition by antagonizing KaiB-KaiCpsr
interactions

(a) K25C,, + KaiCp, + KaiA/Buffer

1+HKaiA |+Buffer
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Fig. S30. cw-EPR derived kinetics of KaiB-KaiCggga binding when exposed to KaiA.

(a) and (b) Plot of concentration (in % relative to total KaiB) of B. (green circles) and B-
(light purple squares) over time with between K25C;;5p and (a) KaiCgg or (b) KaiCga
with KaiA (left panels) or buffer (center panels) spiking at ¢ = 24 hrs. In both panels,
shaded areas represent inter-replicate 95% CI (n = 3). The right panels show two-tailed ¢-
tests for B, and B_ concentrations after spiking. Spectra were then collected within the
3.5-4 hour-window after spiking and the results were binned. The data in (a) were

identical to the ones shown in Fig. 4e in the main text whereas the data in (b) were from a
separate series of experiments.
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(a) Effect of KaiA spiking (at ¢ = 24 hrs) on K25C,,.-KaiC reaction mixture

t=23 hrs t=28 hrs t=32 hrs
Data/Sim Data/Sim Data/Sim
Resi Resi Resi
U 29% Free | 38% Free I 35% Free
% o/ — o Vir—
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(b) Effect of KaiA spiking (at t = 24 hrs) on K25C, ,.-KaiC_, reaction mixture
t=23 hrs t=28 hrs t=32hrs

Data/Sim Data/Sim Data/Sim
==l | it " Resi| 1\ Resi]
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Fig. S31. Spectral simulations of K25C;;4p-KaiCggea reactions with KaiA spiking.

Experimental spectra are shown in black and overlaid with simulations in blue. The
residual is shown in bright magenta. The basis components are free KaiB (orange), B
(green) and B_ (light purple).
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Technical Replicate 1

Technical Replicate 2

Technical Replicate 3

X

f+%_ =24% f+%_ =19% | X‘XX f+%_ =29% |
X X
X X % % % 1
Xx ; % X@ b % O
P § E
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B+I°/n B+I% B+I°/o

Fig. S32. B_ formation is linearly correlated with B, degradation on KaiA-induced
antagonization of KaiB-KaiCg, interactions.

The concentration of B_ (light purple) is plotted against that of B.. (green). Red circles
represent kinetics between ¢ = 23.5 hrs to 24 hrs (30 minutes to immediately before KaiA
spiking) whereas purple to blue crosses represent kinetics between ¢ = 24 hrs to 25 hrs (0
to 1 hour after spiking). Black dotted line shows fit to linear model. From left to right: 3
technical replicates are shown. The fractional B. to B_ conversion rate, f_,—, for the t =
23.5 — 25 hrs window is shown in each plot.
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Fig. S33. The C-terminal domain of KaiA is most effective in antagonizing KaiB-KaiCgx
interactions.

From left to right: buffer (control), full-length KaiA, N-terminal domain KaiA (KaiA;_;3s)
and C-terminal domain KaiA (KaiAg;_2s4). EXperimental spectra are shown in black and
overlaid with simulations in blue. The residual is shown in bright magenta. The basis
components are free KaiB (orange), B, (green) and B_ (light purple).
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3.7 Interconversion of B_ and B, in the Kai oscillator
dy"/dB

Binned stacked plot Binned subtraction plot
@ © (b) ‘n (c) 1hr
- | /1 e o
/]‘ 11 hr 21 hr
« %i 21 he ___wm_w‘_ﬁlw 31hr
£ 30 @ /1} T AR SR
o £ /: 4 hr & e 41 hr
E 40 _é-i ) v _g& e
="
50 / f r i -1 ] P
:/ I 71 hr PR R
60 74 8lhr [ T1hr
: e
70 i 4«#1[\/— 81hr
325 330 335 325 330 335 325 330 335
Field / mT Field / mT Field / mT

Fig. S34. cw-EPR of K25C5;5p oscillator.

(a) and (b) Surface and stacked plots of cw-EPR spectra of K25C;4p 5% oscillator (17.5
UM K25C;514p, 17.5 uM KaiC and 6.0 uM KaiA). (c) Subtraction spectra to emphasize
spectral changes by subtracting the spectrum at # = 1 hrs. For (b) and (¢), the spectra were
binned by 1-hour bins.
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Fig. S35. Reproducibility of reconstituted K25C5;4p oscillators.

(a)-(c) show three independent technical replicates of the reaction carried out during three
different weeks. The subpopulations are B, (green circles) and B_ (magenta squares).
Green and magenta shaded areas represent 95% CI as a combination of inter-model
uncertainty and S/N error. The black line centered at 87 hours and the grey region to the
right of the line refers to time at which ATP is expected to be depleted based on
published ATP consumption rate of KaiC at 15.8 £ 1.9 ATP molecules per KaiC per day
(SD, n = 10).'¢ Gradient shade on the left of the black line shows SEM derived from
published data.
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(a) Initialization phase (t=0 - 12 hrs)
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Fig. S36. Spectral simulations of the K25C;;5p reconstituted in vitro oscillator.

Representative cw-EPR spectral simulations of the 5x K25C5;4p in vitro oscillator. (a)
and (b) show respectively the initialization phase (¢ = 0 — 12 hrs) and oscillation phase (#
=12 — 72 hrs). Experimental spectra are shown in black and overlaid with simulations in
blue. The residual is shown in bright magenta. The basis components are free KaiB
(orange), B. (green) and B_ (light purple).
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Fig. S37. Fit of dynamics of subpopulations of KaiC-bound KaiB to sum of cosines
(MFourFit) using 1-4 cosines.

B.: green circles. B_: magenta squares. B_ has been multiplied by 10 for illustration
purpose. See Table S15 for fitting parameters.
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Table S15. mFourfit parameters of K25C;;5p 5% oscillator.

K25C;14p 5% oscillator mFourfit parameters for oscillation of fraction of KaiC-bound
KaiB over time determined by nonlinear least squares for three independent trials.
Parameters shown were determined from unbinned data between ¢ = 24 — 72 hrs (~0.125
hour per point). Errors shown are 95% confidence interval (CI) via the Jacobian matrix.

Trial 1 (09122019, Fig. S35a)

B, 10 x B_
q 1 2 3 4 1 2 3 4
C/% 234+ 235+ 235+ 235+ 393+ 393+ 394+ 394+
0.2 0.2 0.2 0.2 0.7 0.7 0.7 0.7
T/hr 1948+ 1948+ 1949+ 1948+ 1899+ 1931+ 1921+ 1928+
0.12 0.12 0.12 0.12 0.36 0.39 0.35 0.33
4% 9.7+ 9.6+ 9.6+ 9.6+ 11.0+ 1.1+ 1.1+ 112+
! 0.3 0.3 0.3 0.3 1.0 1.0 1.0 1.0
/e 272+ 272+ 2.70 £ 271+ 3.19+ 245+ 2.66 £ 253+
7 0.29 0.28 0.28 0.28 0.89 0.95 0.88 0.82
Ay | % - 03+03 03+03 03+03 - 25+1.0 23+10 23+1.0
02/t 1.52+ 1.65+ 1.65+ ] 0.38 + 0.61 + 0.46 £
2 1.44 1.49 1.50 1.16 1.10 1.03
. 0.2+ 02+ -1.0+ -0.9 +
A3 /% ) ) 0.3 0.3 ) ) 1.0 1.0
o3/t ] ] 033+  -024+ ] ] 0.02 + 0.08 +
3 1.42 1.45 1.43 1.43
Aa! % ; ; ; 'Odl; ; ; ; 1341.0
0s/ ] ] ] 1.04 + ] ] ] -0.85+
4 1.68 0.97
Apza}";z 19.3 19.3 18.9 18.9 22.0 24.0 25.1 23.9
__peak
RSS 0.149 0.147 0.146 0.146 2.02 1.91 1.89 1.86
p(AIC) 5 7 9 11 5 7 9 11
AIC -2020.3 22021 -2019.1  -2015.9  -973.19  -992.25  -992.03  -995.42
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Trial 2 (09202019, Fig. S35b, also seen in Fig. 5 and S37)

B, 10 x B_
q 1 2 3 4 1 2 3 4
C/% 243+ 243+ 243+ 243+ 36.8 + 36.9 + 36.9 + 36.9 +
0.2 0.2 0.2 0.2 0.6 0.6 0.6 0.6
T/he 18.83+ 1884+ 1884+ 1885+ 1879+ 1881+ 1877+ 1876+
0.13 0.12 0.12 0.12 0.37 0.32 0.31 0.30
Ay % '%ii '%%i '%ii '%?3* 89+09 9.0+08 9.1+08 9.1+08
o1/ 321+ 3.17+ 3.17 + 3.15+ 293+ 2.76 + 2.87+ 2.90 +
0.31 0.31 0.31 0.31 0.93 0.82 0.81 0.79
Ay /% ; '%.3; '0()"3; '%éi ; 31408 30408 3.0+08
02/t -11.63+  -11.46+ -11.50+ ] 0.59 + 0.72 + 0.75 +
1.54 1.47 1.46 0.94 0.91 0.89
0.3+ 0.3+ -0.8 + 0.7+
A3 /% ) ) 0.3 0.3 ) ) 0.8 0.8
o3/t ] ] 0.28 + 0.25+ ] ] 009+ -007+
3 1.00 1.07 1.30 1.37
Ayl % - - - 02+03 - - - 0.6+0.8
0s/ ] ] 0.71 + ] ] ] 0.53 +
4 1.29 1.16
AP:*‘}‘-;Z 17.8 17.7 17.1 17.2 17.8 21 21.7 21.7
__peak
RSS 0.17 0.168 0.166 0.166 1.52 1.34 1.32 1.32
p(AIC) 5 7 9 11 5 7 9 11
AIC -1966.6  -1966.7  -1967  -1964.5 -1087.4  -11349  -11347  -1133.2

63



Trial 3 (10242019, Figure S35¢)

B. 10 x B_
q 1 2 3 4 1 2 3 4
/o 194+ 194+ 19.4 + 194+ 381+ 380+ 380+ 381+
? 0.3 0.3 0.3 0.3 0.7 0.7 0.7 0.7
T/ne 2037+ 2043+ 2040: 2041 1962+ 1998% 1995+ 1991+
0.16 0.16 0.15 0.15 0.47 0.42 0.41 0.41
2103+ -104+  -104+  -104+
0
A, 1% 04 04 04 04 89+1.0 94+09 94+09 94+09
S 2A4LE 226+ 233x 231 296  222% 228+ 238
P 0.37 0.37 0.37 0.37 1.13 1.00 0.99 0.99
05+ 05+ 05+
0 _ -
Ay 1 % o oa o 36+09 36+09 3.6+09
hr 260+ 254+ 256+ ] 001+ 009+ 020+
P2 1.35 1.23 1.20 1.11 1.11 1.11
03+ 03+
. ] ] ] ] . .
Az 1% 05+04 05+04 09 09
b ] ] 091+ 086+ ] ] 109+ 083+
¢s 0.83 0.87 3.98 3.44
02+ 05+
0 - - - - - -
A4/ % 0.4 0.9
e 0.40 = 20.08 =
P4 i ) i 1.58 i ) i 1.85
AP“*;—;;- 20.7 20.7 20.7 20.7 17.8 226 22.7 23
peak 0
RSS 027 0.267 0.262 0.261 1.92 1.66 1.66 1.66
p(AIC) 5 7 9 11 5 7 9 11
AIC 21780 -1781.4  -17852  -17823  -994.64  -1047.9 -10442  -1041.2
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