bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586665; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Ligand-induced CaMKIlla hub Trp403 flip, hub domain stacking and
kinase inhibition

Dilip Narayanan®, Anne Sofie G. Larsen®, Stine Juul Gauger®, Ruth Adafia®<, Rikke Bartschick
Hammershgi®, Louise Hamborg®, Jesper Bruus-Jensen®, Nane Griem-Krey?, Christine L. Gee®*9, Bente
Fralund®, Margaret M. Stratton®, John Kuriyan®¢9"i Jette Sandholm Kastrup®, Annette E.
Langkilde®, Petrine Wellendorph®”, Sara M. @. Solbak®"

?Department of Drug Design and Pharmacology, Faculty of Health and Medical Sciences, University
of Copenhagen, Universitetsparken 2, DK-2100 Copenhagen, Denmark; "Department of Biochemistry
and Molecular Biology, University of Massachusetts Amherst, MA 01003; “Chemistry-Biology
Interface Training Program, University of Massachusetts, Amherst, MA 01003, USA; °HHMI,
University of California, Berkeley, CA 94720; *Department of Molecular and Cell Biology, University
of California, Berkeley, CA 94720; 'California Institute for Quantitative Biosciences, University of
California, Berkeley, CA 94720; Department of Biochemistry, Vanderbilt University School of
Medicine, Nashville, TN 37232; "Department of Chemistry, University of California, Berkeley, CA
94720; 'Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720.

*Main corresponding author: Sara M. @. Solbak, email Sara.Solbak@sund.ku.dk; corresponding
author on biochemistry and pharmacology: Petrine Wellendorph, email pw@sund.ku.dk;
corresponding author on SAXS: Annette E. Langkilde, email annette.langkilde@sund.ku.dk;
corresponding author on X-ray crystallography: Jette S. Kastrup, email jsk@sund.ku.dk.


https://doi.org/10.1101/2024.03.26.586665
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586665; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Abstract

y-Hydroxybutyric acid (GHB) analogs are small molecules that bind competitively to a specific cavity
in the oligomeric CaMKlla hub domain. Binding affects conformation and stability of the hub
domain, which may explain the neuroprotective action of some of these compounds. Here, we
describe molecular details of interaction of the larger-type GHB analog 2-(6-(4-
chlorophenyl)imidazo[1,2-b]pyridazine-2-yl)acetic acid (PIPA). Like smaller-type analogs, PIPA
binding to the CaMKlla hub domain promoted thermal stability. PIPA additionally inhibited CaMKlla
kinase activity by reducing CaM sensitivity. A high-resolution X-ray crystal structure of a stabilized
CaMKlla (6x mutant) hub construct revealed details of the binding mode of PIPA, which

involved outward placement of tryptophan 403 (Trp403), a central residue in a flexible loop close to
the upper hub cavity. Small-angle X-ray scattering (SAXS) solution structures and mass photometry
of the CaMKlla wildtype hub domain in the presence of PIPA revealed a high degree of ordered self-
association (stacks of CaMKlla hub domains). This stacking neither occurred with the smaller
compound 3-hydroxycyclopent-1-enecarboxylic acid (HOCPCA), nor when Trp403 was replaced with
leucine (W403L). Additionally, CaMKlla W403L hub was stabilized to a larger extent by PIPA
compared to CaMKlla hub wildtype, indicating that loop flexibility is important for holoenzyme
stability. Thus, we propose that ligand-induced outward placement of Trp403 by PIPA, which
promotes an unforeseen mechanism of hub domain stacking, may be involved in the observed
reduction in CaMKlla kinase activity. Altogether, this sheds new light on allosteric regulation of

CaMKlla activity via the hub domain.
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Introduction

Recently, the calcium/calmodulin-dependent protein kinase Il subtype alpha (CaMKlla) was
discovered as the long-sought-after high-affinity neuronal target for y-hydroxybutyric acid (GHB; Fig.
1A) ¥2, This was surprising since GHB is a natural metabolite of y-aminobutyric acid (GABA) involved
in inhibitory neurotransmission. Intriguingly, GHB and synthetic small-molecule analogs were found
to bind to a novel pocket in the hub domain of the multimeric CaMKlla, leading to oligomeric
stabilization, proposed as the mechanistic basis for the reported neuroprotective action of such
analogs #*. CaMKlla holds a key role in synaptic plasticity, learning and memory >, and mutations in
CaMKIl human genes have been uncovered to cause intellectual disability **°. Furthermore, after
ischemic brain injury, aberrant calcium (Ca?*) levels trigger cell death involving excessive CaMKlla
activity and, indeed, CaMKII peptide inhibitors have been found to be neuroprotective post-injury %
12 Whereas these compounds inhibit via kinase domain interaction, GHB analogs are selective hub
ligands and, thus, potential drug candidates for post-insult neuroprotection by a yet undisclosed

allosteric mechanism-of-action.

CaMKlla is a structurally and functionally complex protein. The holoenzyme is multimeric, where
subunits are organized into predominantly dodecamers and tetradecamers (12 and 14 subunits).
Each subunit consists of an N-terminal kinase domain, a regulatory segment, a linker region, and a C-
terminal hub domain. The hub domain governs the oligomerization of individual subunits into
functionally competent holoenzymes 2 and is also emerging as a regulator of kinase activity 4.
Although debated in the field **, hub domain dynamics is also suggested to play a role in so-called

activation-triggered subunit exchange which can lead to activation of neighboring holoenzymes %7,

We recently revealed the first structural details of the small-molecule binding pocket of CaMKlla hub
from a 2.2 A resolution co-crystal structure of the tetradecamer-stabilized human CaMKlla hub
mutant (CaMKlla 6x hub ) with the GHB analog 5-hydroxydiclofenac (5-HDC; Fig. 1A) 2. 5-HDC was
found bound to 12 out of 14 subunits of the tetradecameric CaMKlla hub oligomer, and to interact
specifically with the positively charged residues Arg433, Arg453, and Arg469 as well as His395 that
can be either neutral or positively charged. In addition, intrinsic tryptophan fluorescence (ITF)
measurements with purified CaMKlla hub domain demonstrated that binding of 5-HDC led to
displacement of a flexible loop located at the edge of the binding pocket which contains the central

residue tryptophan 403 (Trp403) 2.

The GHB analogs 3-hydroxycyclopent-1-enecarboxylic acid (HOCPCA; Fig. 1A) and (E)-2-(5-hydroxy-2-
phenyl-5,7,8,9-tetrahydro-6H-benzo[7]annulen-6-ylidene)acetic acid (Ph-HTBA; Fig. 1A), known from
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competition studies to bind to the same site and increase oligomeric thermal stability. Especially, the
affected oligomerization has been suggested to explain their neuroprotection by this mechanism *
19 Recently, in biochemical studies Ph-HTBA *°, but not the smaller-size compound HOCPCA 2, was
found to cause an outward flip of Trp403 located in the flexible hub domain loop, and to inhibit
substrate phosphorylation of the CaMKlla holoenzyme 3. Due to these observations, we hypothesize
that distinct ligand-induced molecular interactions involving conformational changes of Trp403 and
its CaMKlla hub associated loop contribute further to the function of CaMKlla hub ligands. In this
study, we provide evidence for this hypothesis using model compounds binding competitively with
GHB: the larger-type GHB analog 2-(6-(4-chlorophenyl)imidazo[1,2-b]pyridazine-2-yl)acetic acid)
(PIPA), and the smaller size GHB analogs, acetate (Fig. 1A) *° and HOCPCA. PIPA was previously
reported as a high affinity GHB-site competitive ligand (K; value of 0.22 uM in rat native synaptic
membranes ?'). Using X-ray crystallography, biophysical and biochemical approaches, we show that
both PIPA and acetate bind to the CaMKlla hub but produce distinct biochemical and structural
outcomes. In particular, we confirm the effect of ligand size on hub domain loop movement and
allosteric control of CaMKlla function. Furthermore, we identify the small-molecule compound PIPA
as a conformationally selective CaMKlla hub ligand for studying new aspects of CaMKlla hub
conformational changes. Explicitly herein, we pinpoint Trp403 - unique to CaMKlla - as a key

molecular determinant.
Results

PIPA binds directly to the CaMKlla hub domain. In extension to earlier reports on mid nanomolar
affinity binding to the native GHB high-affinity site in rat cortical membranes 2, PIPA was verified to
bind to recombinant CaMKlla holoenzyme, albeit with micromolar affinity. This was shown by
concentration-dependent inhibition of [*H]JHOCPCA binding by PIPA to whole-cell homogenates of
HEK293T cells transiently overexpressing homomeric CaMKlla holoenzyme (Ki = 2.6 uM; pKi=5.65 +
0.15) (Fig. 1B). To further confirm binding of PIPA directly to the CaMKIla hub domain, surface
plasmon resonance (SPR) binding studies were performed. The SPR data revealed binding of PIPA to
immobilized CaMKlla wild-type (WT) hub with a mean Kp value of 2.9 + 0.6 uM (Fig. 1C-D). Similar
binding affinities were found for PIPA to the CaMKIlla 6x hub construct and the CaMKlla holoenzyme
(Fig. S1). Thus, although affinity of PIPA is compared to native conditions, these experiments show

that PIPA binds directly to the isolated hub domain.

Thermal stabilization of the CaMKIlla hub domain by PIPA. An increased thermal stability of the

purified CaMKlla WT hub has been shown as a characteristic upon binding of GHB and several other
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known GHB analogs * 2. By using the described thermal shift assay based on differential scanning
fluorometry, the Ty, for the CaMKlla WT hub was found to be 77.4 + 0.2°C (Fig. 1E). Upon PIPA
binding, a concentration-dependent increase in CaMKlla WT hub stability was observed (AT = 13.04
+ 0.09 °C) (Fig. 1E-F). However, the maximum AT, for the CaMKllao WT hub upon PIPA binding was
found to be 10.7 °C less compared to the analog 5-HDC which had a maximum AT, of 23.7 £ 0.2 °C
(Fig. S2A-C). On the other hand, binding of the smaller-size compound HOCPCA induced a similar

extent of hub stabilization as PIPA, with a maximum AT, of 11.5 + 0.6 °C (Fig. S2D-F).

PIPA inhibits CaMKlla-mediated substrate phosphorylation. We recently reported that GHB and
the two CaMKlla hub ligands HOCPCA and Ph-HTBA mediate neuroprotection in mouse models of
stroke ¥ 3. Common to these ligands is their ability to bind to CaMKlla and increase CaMKlla hub
thermal stability. For the larger-type analog Ph-HTBA, it was further seen that activity may also
involve altered holoenzyme dynamics due to a reduced kinase activity > °. Specifically, Ph-HTBA was
found to inhibit CaMKlla-dependent syntide-2 phosphorylation in the ADP-Glo kinase assay under
sub-maximal calmodulin (CaM) concentration (30 nM) 3. Similarly, we observed that PIPA inhibited
syntide-2 phosphorylation (ICso = 388.6 uM; plCso = 3.44 + 0.09) (Fig. 1G). A reduced CaM sensitivity
was observed with increasing PIPA concentration with ECso of CaM of 30.9 uM using 100 uM PIPA
and 82.7 uM using 500 uM PIPA (Fig. 1H). Thus, to further compare, we also tested the smaller-size
compounds HOCPCA and acetate (Fig. 1A), using corresponding sub-maximal (30 nM) CaM
concentrations. Under this condition, neither of the compounds affected substrate phosphorylation,
even at concentrations up to 5-10 mM (Fig. S3). Of note, in previous studies GHB analogs were all
found to be inactive in the ADP-Glo kinase assay when performed at maximal CaM concentrations

(1781 nM) 2.

PIPA flips and restricts Trp403 positioning. Using the tetradecamer-stabilized CaMKlla 6x hub &, we
obtained a co-crystal structure of the CaMKIlla hub oligomer bound to PIPA and acetate determined
at 2.1 A resolution (Fig. 2 and Table S1). In this structure, PIPA occupied two out of seven subunits in
the equatorial plane, while the rest of the subunits were occupied by the low-affinity acetate (from
the buffer) (Fig. 2A, B). In one of the subunits, PIPA bound at the conventional binding site, whereas
in the other subunit it was located in the vicinity of the conventional binding site and with acetate
and a polyethylene (PEG) moiety observed in the conventional binding site. Intriguingly, PIPA and

acetate differentially directed movements of Trp403 in the loop at the edge of the binding pocket.

The key molecular Interactions of the compounds (PIPA and acetate) are illustrated in Fig. 2. Acetate

binds into the hub cavity of CaMKIla 6x hub with the carboxylate moiety forming salt bridges with
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Arg453 and Arg469, and a charge-assisted hydrogen bond with Tyr369 (Fig. 2C, subunit A) as also
observed for PIPA. The binding of the smaller-size acetate allows Trp403 to adopt an inward-flipped
conformation and the C-terminal carboxylate group of Val475 to form a hydrogen bond to the indole
nitrogen of Trp403 (Fig. 2A, B, C). In subunit C, PIPA occupies the binding pocket together with
acetate and a PEG molecule from the crystallization buffer. Here, PIPA binds at a site (site 1) in the
vicinity of the conventional binding site (site 2), with the carboxylate group of PIPA forming
hydrogen-bonding interactions with the hydroxyl groups of Ser474 and Thr435 and a potential salt
bridge with Arg433 (Fig. 2D). The PEG molecule binds at the conventional site near acetate (Fig 2D).
In subunit C, Trp403 adopts an outward-facing conformation (Fig. 2A, B, D). In subunit D, PIPA was
observed to bind to the conventional binding site (site 2) as previously observed for 5-HDC, with the
carboxylate group of PIPA forming a salt bridge with Argd53 and Arg469, and a charge-assisted
hydrogen bond to Tyr369 (Fig. 2E). In addition, a potential hydrogen bond is formed between the
heteroaromatic bicyclic ring system of PIPA and Arg469. The binding of PIPA leads Trp403 to flip

outward in a similar fashion as observed in subunit C (Fig. 2A, B, D, E).

Altogether, the structural data suggests that PIPA binds to the CaMKIlla 6x hub in a two-step process.
First, PIPA enters the binding site via the accessible intermediate site 1 (represented by subunit A)
and causes Trp403 and the connecting loop to flip outwards. Then PIPA moves into the more buried
site 2 (represented by subunit D) where it binds to Arg453 and restricts the Trp403 in the outward-
flipped position (Fig 2F).

CaMKIlla WT hub self-association is induced by ligand binding. Dissociation from the dodecameric
or tetradecameric CaMKIlla holoenzyme has been shown to be extremely slow with a Kp estimated at
10-20 nM 23, As the CaMKlla holoenzyme concentration in dendritic spines is estimated to be 100
UM it is therefore likely that these dodecameric or tetradecameric oligomers represent
functionally relevant native structures of this protein. As the GHB analogs induce large stabilizing
effects by binding to oligomers of the isolated CaMKlla WT hub domain, these analogs were prior to
this study hypothesized to change or stabilize the proportion of CaMKlla hub dodecamers and
tetradecamers, also in the CaMKlla holoenzyme. Therefore, the structures of the CaMKlla WT hub
and the tetradecamer-stabilized CaMKIla 6x hub mutant were investigated using small-angle X-ray
scattering (SAXS), to elucidate the solution state and potential structural changes upon ligand
binding. Furthermore, as Trp403, based on the X-ray crystallography data, seemed to play a central
role in the binding of PIPA, we also investigated the ligand interaction with the CaMKlla W403L hub

mutant.
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The SAXS data of neither CaMKlla WT hub nor CaMKIlla 6x hub domains revealed any concentration-
dependent effects within the concentration range examined (Fig. S4A-D). Comparing the three
CaMKlla hub domain constructs, distinct differences between the CaMKlla WT hub and the
tetradecamer-stabilized CaMKlla 6x hub were observed, while the CaMKlla W403L hub resembled
the CaMKlla WT hub (Fig. 3A). All three constructs exhibited the characteristics of folded
multidomain structures as seen in the dimensionless Kratky plot (Fig. S4E). The CaMKlla 6x hub
appeared slightly larger both in the scattering curve (Fig. 3A) and upon indirect Fourier
transformation to the pair distance distribution function (Fig. S4F) than the CaMKlla WT hub and
CaMKlla W403L hub. Based on this observation and knowledge from the crystal structures and
previous studies, we tested the respective fits of dodecamers and tetradecamers as well as mixtures
of the two to the data. The best fits were obtained by the use of single oligomers, i.e, tetradecamers
for the CaMKlla 6x hub and dodecamers for the CaMKlla WT hub (Fig. 3B) as also seen in the
respective crystal structures (PDB entries 60F8 and 51G3) '®2°, The dodecamer fit to the CaMKlla WT
hub is not perfect, and we cannot exclude e.g., minor fractions of tetradecamers or other aggregates
(observed upon storage); however, the fit was not improved by inclusion of tetradecamers. Although
some reports on the isolated CaMKlla WT hub have suggested a 1:1 distribution of dodecamers and

18, 25

tetradecamers , our data suggests dodecamers as the absolute prominent species for the

CaMKllo. WT hub, consistent with observations on the CaMKlla holoenzyme %,

Whereas neither 5-HDC nor HOCPCA had any observable influence on the oligomeric state of the
CaMKIlla WT hub construct (Fig. S4G-H), PIPA induced self-association of the CaMKlla WT hub (Fig.
3C). Avarying degree of self-association was observed in different preparations of CaMKlla WT hub
with PIPA, depending on the protein concentration upon buffer exchange and the storage time.
Based on the appearance of the scattering curves and the indication of a Bragg peak in one curve (at
q=0.115 A", corresponding to a repeated real space distance of 54.5 A), we hypothesized
structured self-association of the oligomers through stacking as illustrated in Fig. 3E. A range of
stacked dodecamer models were created and fitted to the scattering data of the CaMKllao WT hub
together with PIPA (Fig. 3C, Fig. S5 and Table S2). The highest concentration sample showed signs of
aggregation immediately upon buffer exchange. SAXS data was in that case collected on the soluble
fraction after removal of the non-soluble aggregates by centrifugation (Fig. 3C). This soluble fraction
was fitted by a combination of dodecamers (~¥37%), dimers of dodecamers (~15%), and significant
fractions of larger multimers (using models composed of 3-40 dodecamers; examples illustrated in
Fig. 3E). Despite differences in the sample preparation, storage time, and data collection,
convincingly, these stacked models could fit the different data measured with volume fractions of

the different components consistent with the variation in concentration of the protein during
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sample preparation (Fig. S5 and Table S2). Although the finite size of these stacks may exceed the
resolution limit of the data and the resulting fits do not exclude a broader variation, the trend from
these fits consistently shows that PIPA under these experimental conditions induces formation of
self-associated stacks. The self-association induced by PIPA was observed for the CaMKllao WT hub
domain in the entire concentration range examined (1.2 to 3.9 mg/mL), while no self-association
was detected for the CaMKlla 6x hub and CaMKIla W403L hub constructs with PIPA despite

investigating higher protein concentrations (6.7 and 6.8 mg/mL, respectively) (Fig. 3D and S4H).

To validate the occurrence of PIPA-induced CaMKlla WT hub self-association at lower protein
concentrations, mass photometry studies were performed. In the absence of PIPA, CaMKllao WT hub
and CaMKlla W403L hub both adopted a structure with molecular weight (MW) around 188-198
kDa, compatible with dodecamers (Fig. 3F-G and Fig. S6). However, CaMKlla WT hub with PIPA
displayed a large shoulder on the main peak around 220 kDa as well as a much larger species at 372
kDa (corresponding to two dodecamers) (Fig. 3F and Fig. S6). CaMKIl W403L hub did not display any
change in molecular weight upon PIPA addition, indicating that there was no significant change in its
oligomerization state. Based on SAXS and mass photometry data, we conclude that PIPA introduces
ordered self-association of CaMKlla WT hub and that this self-association involves Trp403 as

mutation of this residue prevents formation of larger species.

The Trp403Leu mutation increases PIPA-induced hub stability. As conformational change of the
CaMKlla-specific residue Trp403 at the upper edge of the binding pocket has previously been
demonstrated for the compound 5-HDC using ITF measurements ?, this was also probed for PIPA. A
concentration-dependent quenching of a fluorescence signal of CaMKlla 6x hub in the presence of
PIPA was observed (ICso = 5.1 uM; plCso = 5.30 £ 0.06) (Fig. 4A-B). This further supported the
observation of an outward flip of Trp403 introduced by PIPA in the X-ray structure of CaMKlla 6x
hub. These data supports that PIPA reaches up into the hydrophobic space in the upper cavity of the

CaMKlla hub domain and leads to an outward placement of Trp403.

To investigate the impact of the ligand-induced Trp403 conformational restriction on thermal
stability, the CaMKlla W403L hub was evaluated in the thermal shift assay in the presence of ligands.
In the absence of ligand, the T, for the CaMKlla W403L hub was found to be 73.0 + 0.4 °C, compared
to 77.4 £ 0.2 °C for the CaMKllaa WT hub. Thus, replacing Trp403 with a leucine slightly reduced the
thermal stability of the hub. However, in the presence of PIPA, the maximum ATy, for the CaMKlla
W403L hub was found to be excessively increased (24.5 + 0.4 °C) (Fig. 4C), compared to only 13.04

+ 0.09 °C for the CaMKlla WT hub (Fig. 4D). In contrast, the maximum AT, for the CaMKlla W403L
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hub in the presence of 5-HDC and HOCPCA was only slightly increased relative to the CaMKlloao WT
hub with these ligands (from 11.5 + 0.6 °C to 15.2 + 1.0 °C with HOCPCA and from 24.5+ 0.4 °C to
28.21 + 0.03 with 5-HDC) (Fig. S2A-F). To explore potential changes in the binding affinity of PIPA to
the CaMKlla W403L hub domain compared to CaMKlla WT hub, SPR binding studies were
performed. The SPR data revealed unchanged binding between PIPA and immobilized CaMKlla
W403L hub (Kp of 2.80 + 0.13 uM) (Fig. 4E-F) and CaMKllae WT hub.

Discussion

The CaMKlla hub domain is proposed to be involved in allosteric regulation of the kinase activity of
the CaMKlla holoenzyme . This study adds experimental support to this notion and suggests that
this is governed by the placement of the highly flexible loop containing Trp403. The GHB analog PIPA
was found to specifically bind to the CaMKIlla hub domain, and albeit with low potency, to inhibit the
CaMKlla holoenzyme kinase activity. Due to the requirement of sub-maximal CaM concentrations to
observe an effect of PIPA, and the apparent high micromolar potency of PIPA to achieve kinase
inhibition compared to the high nanomolar hub affinity, it cannot be excluded that PIPA interacts
with other sites at CaMKlla (awaits further studies). However, SPR data on the CaMKlla holoenzyme
compared to CaMKlla WT hub shows comparable binding and suggests specific interactions of PIPA
to the hub domain. As such, PIPA together with Ph-HTBA3 represent first-in-class allosteric inhibitors
of CaMKIlla enzymatic activity acting through binding to the CaMKIlla hub domain. Furthermore, in
the isolated CaMKIlla 6x hub domain PIPA led to a conformational restriction of the loop containing
Trp403 flipped outwards. We further observed that the much smaller compound acetate binds to
the same pocket and binding site residues as PIPA. However, with acetate bound, the Trp403 is
pointing inwards as also observed for CaMKlla 6x hub without ligand (PDB entry 60F8). Thus, the
similarly small compounds GHB and HOCPCA binding within the same CaMKlla hub pocket, may
likewise be predicted to allow an inward positioning of Trp403, possibly stabilizing a slightly different
conformational state of the CaMKlla hub domain with yet unknown biological significance.
Evidently, no Trp403 flip was observed for either of these two compounds based on ITF
measurements, and no kinase inhibition could be demonstrated 2. Thus, it appears that there is a
correlation between the extent of the displacement of the flexible loop containing Trp403 and
substrate phosphorylation. In other words, minute differences in the binding mode of these
compounds seem to dictate functional outcomes. Such differences are seemingly linked to the
molecular size of the ligands where PIPA, because of a larger size, sterically prevents an inward-

posing of the loop containing Trp403 and restricts it in an outward-flipped conformation.
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We further revealed that PIPA stabilizes the CaMKIla WT hub to a significantly lesser extent than 5-
HDC, shown by a 10.7 °C lower maximum AT, in the thermal shift assay. However, upon binding to
the CaMKlla W403L hub, both compounds were equally effective at stabilizing the domain. Overall,
this suggests that an outward-flipped Trp403, provoked by PIPA, results in a lesser stabilization of
the CaMKlla hub-PIPA complex compared to when Trp403 is not present (CaMKlla W403L hub).
Moreover, it suggests that the Trp403 is not similarly restricted when binding to 5-HDC, although
previously shown to cause a Trp flip 2. This was also supported when comparing the structure of
CaMKlla 6x hub with PIPA and the previously published structure with 5-HDC 2, which revealed
subtle differences in the extent of Trp403 flipping induced by the two ligands (Fig. S7). In the
structure with 5-HDC, more space is observed potentially allowing for Trp403 movement, while
the steric bulk of PIPA appears to push and restrict the Trp403 loop into an even more outward pose
than 5-HDC. Overall, the data suggests that conformational changes of Trp403 and its connecting

loop is a determinant for oligomeric stability and, indirectly, functional activity.

As the GHB analogs induce large stabilizing effects by binding to the CaMKIlla hub domain, they were
prior to this study hypothesized to change or stabilize the proportional distribution of the different
CaMKlla hub oligomers. Importantly, the SAXS data in this study did not support any change in the
proportions of dodecameric and tetradecameric forms of CaMKlla WT hub upon ligand binding.
However, the data do not exclude the possibility that these ligands bind and stabilize the existing
complexes of the hub domains, and thus prevent any natural dynamic exchange between these, e.g.
release and exchange of subunits 2”28, Excitingly, the SAXS data revealed another unexpected effect
of PIPA binding. For the CaMKlla WT hub, PIPA induced highly structured self-association
(dodecamer stacking as illustrated in Fig 3E). This effect was, however, not observed for the CaMKlla
WT hub alone nor for the CaMKIla W403L hub. Furthermore, self-association of the CaMKllao WT hub
was not observed in the presence of HOCPCA or 5-HDC. Overall, this infers a probe-dependent effect
on stacking involving the altered peripheral surface of the CaMKllao WT hub oligomers when the
Trp403-containing loop is restricted in an outward conformation by the bulky PIPA. A limitation in
the SAXS study is the protein concentrations required for the measurements. Importantly, mass
photometry data showed the appearance of PIPA-induced self-association down to 100 nM
concentration of CaMKlloo WT hub. This observation further indicates that this structural effect could
be physiologically important. Thus, it is tempting to speculate that the binding of PIPA promotes self-

association of CaMKlla WT hub by restricting Trp403 in the outward flip.

Interestingly, we did not observe PIPA induced stacking of CaMKlla 6x hub under similar conditions

as for CaMKlla WT hub. This indicated that additional factors than Trp403 may influence the

10


https://doi.org/10.1101/2024.03.26.586665
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586665; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

stacking, including the oligomeric state and the multiple mutations in CaMKlla 6x hub. However, in
the X-ray crystal packing of the CaMKlla 6x hub with PIPA, the tetradecameric hub was found to be
surrounded by tetradecamers positioned perpendicularly to this (face-to edge) as shown in Fig. S8.
Although being different than the pattern of self-association observed in the CaMKllao WT hub by
SAXS, it is apparent that Trp403 plays an important role in self-association per se, as in each
interface an outward-posing Trp403 in one tetradecamer participates in a m—m interaction to another
outward-posing Trp403 from a connecting tetradecamer (Fig. S8). Investigating the previously
published X-ray crystal structure of the CaMKIlla 6x hub without ligand (PDB entry 60F8), a similar
stacking pattern as observed in SAXS could be observed in the structure with a repetitive distance of
56.2 A 8. This could suggest self-association as a general feature of the CaMKllo hub domain,
possibly depending on loop flexibility and the proportion of outward-posing Trp403 available for r—

Ti-stacking.

Although binding of PIPA to the CaMKIlla holoenzyme inhibits substrate phosphorylation, it remains
to be shown whether the observed self-association also happens to the CaMKlla holoenzyme and
how such potential stacking might affect holoenzyme activity under different physiological or
pathophysiological conditions. Interestingly, activation-triggered self-association has previously been
observed for the CaMKlla holoenzyme and suggested as an inactivation mechanism of CaMKlla

following ischemia 2°3!

, Which supports self-association as a potential relevant regulatory or
protective mechanism. Altogether the presented data shed new light on allosteric regulation of
CaMKlla activity via the hub domain, where positioning of Trp403 in the flexible hub loop is central.

Further mechanistic insight into this regulation is warranted in future experiments.
Materials and Methods

Cell culturing and transfection of CaMKIlla in HEK293T cells. Human embryonic kidney (HEK) 293T
(#CRL-3216, ATCC) cells were maintained in DMEM GlutaMAX medium (#61965026, Gibco)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (#15140122, Invitrogen),
in a humidified 5% CO, atmosphere at 37°C. HEK293T cells were transfected with rat CaMKlla WT
(pCMV6-CaMKIla-Myc-DDK, #RR201121, Origene), which was generated and sequence-verified by
GenScript Biotech (Leiden, the Netherlands). Transfections were performed using polyethyleneimine
(PEI) (Polysciences Inc., Warrington, PA, USA). The day before transfection, cells were seeded in 10
cm culture dishes at a density of 2.0 x 10°. On the day of transfection, 8 pg plasmid DNA was diluted

in 970 pL serum-free medium and 24 pL 1 mg/mL PEl added. After 15 min of incubation at room

11


https://doi.org/10.1101/2024.03.26.586665
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.26.586665; this version posted March 27, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

temperature, the DNA/PEI mixture was added to the cells. Transfected cells were used for

generating lysates for whole-cell homogenate binding, as described below.

[BH]HOCPCA binding assay to whole cell homogenates. This assay was performed as previously
described 2. The binding experiments were performed in 48-well format using glass tubes
(#10682424, Corning™) with 40 nM [*H]JHOCPCA, 100 pg HEK293T whole cell homogenate and test
compound in a total volume of 400 uL binding buffer (50 mM KH,PQ,, pH 6.0). GHB (3 mM) was used
for determining non-specific binding. Binding equilibrium was achieved by 1 hr incubation at 0-4 °C,
followed by protein precipitation with addition of 1.6 mL acetone for 1 hr at -20 °C. Protein was
collected on GF/C unifilters by rapid filtration with ice cold binding buffer using a Brandel M48-T cell
harvester (Alpha Biotech). Finally, filters were submerged in 3 mL OptiFluor scintillation liquid
(Perkin Elmer) to allow measurement of radioactivity (DPM) for 3 min per sample. Experiments were
performed in technical triplicates and curves generated from pooled data from four individual
experiments. Ki values were calculated from the obtained ICso values using the Cheng-Prusoff

equation and previously determined Kp value 2. Mean pK; values are reported as mean + SEM.

Expression and purification of CaMKlla hub domains. The human CaMKlla. WT hub (UniprotkB
QoUQM?7, residues 345-475), CaMKlla. WA03L hub and CaMKlla. 6x hub (containing the six mutations
Thr354Asn, Glu355GIn, Thr412Asn, lle414Met, lle464His, and Phe467Met) were expressed and
purified as previously described # 832, In brief, recombinant CaMKlla. hub domains with an N-
terminal 6x His-precision protease expression tag were inserted into pSKB2 (6x hub) and pET28a (WT
hub and W403L hub) vectors with kanamycin resistance, respectively. The proteins were expressed
in BL21 (DE3) E. coli cells and purified by His-tag protein capture to nickel IMAC columns (HisTrap FF)
and eluted using 75% 25 mM Tris, 150 mM KCI, 1M imidazole, 10% glycerol, pH 8.5. The proteins
were buffer exchanged into a buffer containing 25 mM Tris, 150 mM KCl, 10 mM imidazole, 1 mM
DTT, 10% glycerol, pH 8.5 using a HiPrep 26/10 column before precision protease was added
overnight to remove the 6x His-tag. Lastly, the proteins were further purified using reverse HisTrap
and size exclusion chromatography (Superose-6 gel filtration column). All purification steps were

performed at 4 °C and all columns were purchased from Cytiva.

Surface plasmon resonance. SPR measurements were performed at 25 °C using a Pioneer FE
instrument (Sartorius). Recombinant CaMKllao WT hub, CaMKlla 6x hub, CaMKIla W403L hub, and
CaMKlla holoenzyme (#02-109, Carna Biosciences) were immobilized by amine couplingon to a
biosensor using 20 mM NaAc, pH 5 immobilization buffer. PIPA was injected in 2-fold concentration

series over the immobilized CaMKIlla hub constructs using a MES running buffer (20 mM MES, 150
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mM NaCl, 1 mM DTT, pH 6) and CaMKlla holoenzyme using an HBS-P running buffer (10 mM Hepes,
150 mM NaCl, 0.005% tween, 1 mM DTT, pH 7.4). The data was analyzed using Qdat Data Analysis
Tool version 2.6.3.0 (Sartorius). The sensorgrams were corrected for buffer bulk effects and
unspecific binding of the samples to the chip matrix by blank and reference surface subtraction
(activated flow cell channel by injection of EDC/NHS and inactivated by injection of ethanolamine).
The dissociation constants (Kp) were estimated by plotting responses at equilibrium (Req) against the
injected concentration and curve fitted to a Langmuir (1:1) binding isotherm. The calculated Kp value

is mean + SEM of three individual experiments.

Thermal shift assay. Thermal melting points of CaMKlla WT hub was determined without compound
and in the presence of 0.3 - 160 uM PIPA by differential scanning fluorimetry (DSF). Each sample was
prepared with a final concentration of 0.1 mg/mL CaMKlla and 8x SYPRO® Orange Protein Gel Stain
(Life Technologies, #56650) in MES buffer (20 mM MES, 150 mM NaCl, 1 mM DTT, pH 6) to a volume
of 25 uL/well in a 96-well qPCR plate. Fluorescence was measured on a Mx3005P gPCR system
(Agilent Technologies) using 492 nm as excitation and 610 nm as emission in 85 cycles with a 1 °C
temperature increase; 25-100 °C. Data analysis was performed in GraphPad Prism (v. 10) where the
sigmoidal curves of normalized fluorescence intensity was fitted to the Boltzmann equation and T,
values were acquired. Further, the maximum difference in Ty, (AT max) was found via non-linear
regression (One site-Fit loglCso) from AT, of each compound concentration compared to CaMKlla
WT hub plotted against compound concentration. Data (mean AT, max values + SEM) was obtained

from three independent experiments performed in technical triplicates.

ADP-Glo kinase assay. CaMKlla activity was assessed using the ADP-Glo Kinase Assay kit (#V9101,
Promega) with CaMKlla holoenzyme (#PR4586C, Thermo Fisher). Kinase detection reagent and the
ADP-Glo kinase reaction buffer (40 mM Tris, 0.5 mM CaCl,, 20 mM MgCl,, 0.1 mg/mL BSA, 50 uM
DTT, pH 7.5) was prepared according to the manufacturer’s protocol. All experiments were
performed with a working volume of 20 pL in 384-well white polypropylene plates (#784075,
Greiner). The kinase reaction was performed with a final concentration of 3 ng CaMKlla, 25 uM ATP,
50 uM Syntide-Il, and varying compound and CaM concentrations. Inhibition curves were generated
with 30 nM CaM and 1 — 5000 uM compound. CaM curves with 1 — 1781 nM CaM were obtained in
the absence or presence of 100 uM or 500 uM compound. The kinase reactions with the
abovementioned components were carried out for 55 min at 37 °C. Hereafter, excess ATP was
depleted by incubation with 5 uL ADP-Glo Reagent for 40 min at room temperature. Finally, 10 pL
Kinase Detection Reagent was added to each well to convert ADP to ATP and allow measurement

after 30 min incubation at room temperature. Luminescence was measured on a LUMIStar Omega
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plate reader, and data analysis and curve fitting were performed using GraphPad (v. 9). ICsp and ECso
values were determined using ‘log(inhibitor) vs. response with variable slope’. Individual
experiments were performed in technical triplicates and all curves are pooled data (mean + SEM) of

three independent experiments.

Co-crystallization of PIPA with CaMKlla 6x hub. Crystals were grown via sitting drop vapor diffusion
at 20 °C with reservoir solution containing 11% w/v PEG3350, 300 mM potassium acetate, pH 8.0 as
previously established for CaMKlla hub crystals * %, PIPA was co-crystallized by preincubating the
protein solution (16 mg/mL) with 2.65 mM PIPA for 1 hr at 20 °C. 1.5 uL sitting drops were dispensed
by adding 500 nL of protein stock to 1000 nL of reservoir solution. Drops were equilibrated against
50 uL of reservoir solution. Crystals appeared in 2 weeks and were cryoprotected (11% PEG, 300mM
K acetate pH 8.0, 25% glycerol and 2.65mM PIPA) prior to flash cooling in liquid nitrogen for data

collection. For statistics on X-ray diffraction data see Table S1.

X-ray structure determination. X-ray diffraction data was collected at the Advanced Light Source
(ALS) beamline 8.2.2 at wavelength 1.0000 A and temperature of 100 K. Data was processed with
XDS %3, scaled and merged with Aimless 3 in the CCP4 suite *). The space group was C222; with cell
dimensions a=103.05 A, b = 182.92 A, ¢ =107.76 A, a. = B = y = 90°. Initial phases were obtained by
molecular replacement using Phenix Phaser-MR 3¢ and the structure of CaMKlla 6x hub with 5-HDC
(PDB entry 7REC ?) as search model. AutoBuild was next used for model building, refinement, and
density modification. Further refinement of the structure was performed using Phenix (version 13) %’
and Coot * was used for manual model building. The CIF dictionary file for PIPA was generated using
Phenix eLBOW *. The 2F,-F. electron density for PIPA and PEG is shown in Fig. 2. Statistics for

structure refinement are available in Table S1.

Small-angle X-ray scattering. For the SAXS studies CaMKIlla hub proteins were buffer exchanged into
a MES buffer (20 mM MES, 150 mM NaCl, 1 mM DTT, pH 6.0) without or with the presence of ligands
(PIPA 200 uM, HOCPCA 1000 uM, 5-HDC 100 puM) using Zeba™ Spin Desalting Columns (Thermo
Fisher Scientific, 0.5 ml 7K MWCO). Dilution series were made of CaMKlla WT hub, CaMKlla 6x hub
and CaMKIla W403L hub in concentrations ranging from 1 to 7 mg/mL. Several preparations were
made of CaMKIla WT hub with PIPA at different protein concentrations prior to buffer exchange.
During the preparation of CaMKlla WT hub with PIPA (sample iv) significant aggregation was visible
immediately upon buffer exchange; thus, the sample was centrifuged (2 min, 4 °C, 10.000 g) and

SAXS data was measured only on the soluble fraction (supernatant).
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SAXS data was collected at the CPHSAXS facility (University of Copenhagen, Denmark) and at the P12
beamline operated by EMBL Hamburg at the PETRA Il storage ring (DESY, Hamburg, Germany) “°.
Data from the CPHSAXS facility was collected on a BioXolver L (Xenocs) using metal jet source
(Excillum) equipped with a Pilatus3 R 300K detector (Dectris). Samples were automatically loaded
using the BioCUBE sample handling robot from a 96-well tray. Initial data processing was done using
BioXTAS RAW *!, Data from P12 was collected on a Pilatus6M detector (Dectris). Samples were
loaded automatically using the ARINAX BioSAXS sample changer and sample flow during exposure.

Data reduction was done using the SASflow pipeline *.

Scattering intensities were measured at room temperature (20-22 °C) as a function of the
momentum transfer q = (4nsin26)/A with 26 being the scattering angle and A the X-ray wavelength.
Details of the individual measurements (sample, concentration, facility, wavelength, detector

distances, and exposure times) are listed in Table S3.

Images were radially averaged and overlap of the individual frames checked before averaging. For
two of the samples of CaMKIla WT hub with PIPA (samples ii and iii) some heterogeneity (possible
development or sedimentation) was observed, while the data was still averaged for further analyses.
Corresponding buffer measurements were subtracted and, when relevant, the data from different
configurations were merged and scaled by concentration to the final data files. Subsequent primary
data analysis, Guinier analyses, indirect Fourier transformation, and molecular weight estimation
was done using PRIMUS #3. CRYSOL ** was used for the evaluation of single structures against the
experimental data, and for mixtures OLIGOMER * was used to determine best fit and corresponding

volume fractions.

The following high-resolution models were used for comparison and analysis: dodecamer (PDB entry
5IG3)?® and tetradecamer (PDB entry 60F8) 8. In addition, models of stacked dodecamers and

tetradecamer were made by simple translation of the individual structures using PyMOL .

Mass photometry. Mass photometry experiments were performed on a Refeyn One MP. Standard
calibration was performed using 2.25 nM apoferritin, 15 nM bovine serum albumin, and 15 nM
thioglycolic acid with known molecular weights: 440 kDa, 66.5 kDa, and 92.11 kDa, respectively. 3 pL
of standard protein was diluted with 17 pL of filtered buffer (25 mM Tris-HCL, 150 mM KClI, pH 8.0)

and measured for 60 sec.

For experiments without PIPA, CaMKlla WT hub and CaMKlla W403L hub were diluted to final
concentrations of 500 nM, 200 nM, and 100 nM in MES buffer (20 mM MES, 150 mM NaCl, 1 mM
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DTT, pH 6.0) and measurements were made for 60 sec. For experiments with PIPA added, 1.5 mg/mL
CaMKlloo WT hub and CaMKIla W403L hub were incubated with 200 uM PIPA for 90 min and
desalted into MES buffer + PIPA (ZebaTM spin, 7K MWCO). The eluant was diluted to 500 nM, 200
nM, and 100 nM for each measurement. Buffer alone was measured before each measurement and

histograms were generated using the Refeyn’s DiscoverMP software.

Intrinsic tryptophan fluorescence (Trp flip) assay. Intrinsic tryptophan fluorescence (ITF)
measurements targeting the Trp403 was performed as previously described?. In brief, CaMKlla 6x
hub protein and PIPA were diluted in assay buffer (10 mM HEPES, 150 mM NaCl, 1 mM DTT, pH 7.4)
and mixed in a microplate to obtain a protein concentration of 5 uM CaMKIlla 6x hub and 3.4 uM
CaMKllo WT hub. For absorbance and background fluorescence measurements, compounds were
mixed with buffer for each compound concentration. PIPA showed no fluorescent properties. All
measurements were performed in black half-area 96-well format low-binding OptiPlates (#6052260,
PerkinElmer) for fluorescence and half-area UV-Star microplates (#675801, Greiner Bio-One) for
absorbance. All measurements were recorded at 25 °C on a Safire2 plate reader (Tecan). Emission
was recorded in the wavelength range of 300-450 nm with 1 nm increments and an excitation
wavelength of 290 nm with 5 nm bandwidths. Fluorescence intensities at 340 nm were used for data
analysis. To check for inner filter correction, the absorbance was measured in the range of 270-400
nm. PIPA showed absorbance for the higher concentrations and was corrected for inner filter effect

with a factor between 0.99-1.4 calculated from: (F,,s — B) * 100-5*"(4ex*4em)

(Fobs—Fb)— Fmin

The fluorescence intensities were normalized according to:
Fmax—Fmin

Fobs is the observed fluorescence intensity and Fy, is the background fluorescence for compound in
buffer alone. Fmax is the fluorescence intensity of CaMKIlla hub alone without compound, and Fyn is
the fluorescence intensity when plateau is reached at high compound concentrations in the
presence of the CaMKIlla hub domain. Since PIPA did not reach a plateau at high compound
concentrations, Fmin was set to the fluorescence intensity of buffer for all compounds tested.
Fluorescence intensities usually spanned from 3,000-40,000 for PIPA, while the fluorescence
intensity for buffer was around 1,000. Non-linear regression was used for curve-fitting using the
equation for ‘log(inhibitor) vs. response with variable slope’ to determine ICso values (GraphPad

Prism, v. 8).
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Figure 1. PIPA binds to CaMKlla WT hub and inhibits substrate phosphorylation. A) Chemical
structures of y-hydroxybutyric acid (GHB), 3-hydroxycyclopenten-1-enecarboxylic acid (HOCPCA), 5-
hydroxydiclofenac (5-HDC), (E)-2-(5-hydroxy-2-phenyl-5,7,8,9-tetrahydro-6H-benzo[7]annulen-6-
ylidene)acetic acid (Ph-HTBA), and 2-(6-(4-chlorophenyl)imidazo[1,2-b]pyridazine-2-yl)acetic acid
(PIPA). B) Concentration-dependent inhibition of [P HJHOCPCA binding by PIPA in whole-cell
homogenates from HEK293T cells transfected with CaMKlla (pooled data, n=4; GHB for comparison
2). C) Concentration-dependent binding of PIPA to immobilized CaMKllat WT hub measured by SPR,
and D) associated Langmuir-binding isotherm (representative data of n=3). E) Right-shifted thermal
shift assay melting curves of CaMKlla WT hub upon binding of PIPA (representative data of n=3). F)
Saturation isotherm (representative). G) Concentration-dependent inhibition of CaMKlla syntide-2
by PIPA in the luminescence-based ADP-Glo kinase assay (pooled data, n=3, mean + SEM). H) Right-
shifted CaM curve of CaMKlla syntide-2 phosphorylation in the presence of PIPA (pooled data, n=3).
For clarity, only mean values without variation are given; all mean values can be found in the
respective results section.
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Figure 2. PIPA bound to CaMKlla 6x hub promotes Trp403 flip while acetate does not. A) X-ray
crystal structure of tetradecameric CaMKlla 6x hub in schematic representation, with two subunits
bound to PIPA (orange, yellow) and six subunits to acetate (ACT) only (green) or ACT+PIPA (yellow).
Trp403 is shown in red. B) The structure of CaMKlla 6x hub with seven subunits A-G in the
asymmetric unit of the crystal, forming a tetradecamer with symmetry-related molecules, is shown
in white cartoon representation with PIPA (orange carbon atoms), ACT (green), PEG (cyan), Arg453
(white), and Trp403 (white) shown in sticks representation. C) Zoom-in on binding mode and
interactions of acetate in subunit A. Salt bridges and hydrogen bonds between acetate and
corresponding amino-acid residues are shown as black dashed lines and with compounds and
residues as sticks representation. In addition, a hydrogen bond between the C-terminal carboxylate
group of Val475 and Trp403 is shown. The 2F,-F. electron densities for the ligands are contoured at
1.0 sigma and carved at 1.6 A. D) Alternative binding mode and interactions of PIPA in subunit C.
Hydrogen-bonding interactions between PIPA, ACT, and corresponding amino-acid residues are
shown as black dashed lines and with compounds and residues as sticks representation. The 2F,-F¢
electron densities for PIPA (carved at 1.6 A), ACT (carved at 1.75 A), and PEG (carved at 2 A) have
been contoured at 0.5 sigma. In addition, Trp403 and Val475 are shown as sticks representation. E)
Binding mode and interactions of PIPA in subunit D. Salt bridges and hydrogen-bonds between PIPA
and corresponding amino-acid residues (as sticks representation) are shown as black dashed lines. In
addition, Trp403 and Val475 are shown as sticks representation. The 2F,-F. electron density for PIPA
has been contoured at 0.5 sigma and carved at 1.8 A. F) Surface representation of subunit A, where
Trp403 (marked in red) is flipped inwards as shown to the left. PIPA (magenta sticks) has been
modelled into site 1 to illustrate entrance of PIPA into the CaMKlla 6x hub. Subunit D is shown to the
right where PIPA (cyan sticks) binds at the conventional binding site 2, where Trp403 is flipped
outwards as shown to the right.
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Figure 3. Solution structures of CaMKllaa WT hub reveals PIPA induced structured multimerization.
A) SAXS scattering curves for the CaMKlla WT, 6x, and W403L hub domains, with corresponding
Guinier fits (insert). Full concentration series of CaMKlloo WT hub and CaMKIlla 6x hub are included in
Fig. S4A-D. B) Comparison of CaMKlla WT hub and CaMKlla 6x hub curves to atomic models of the
dodecamer (PDB entry 5IG3 %) and tetradecamer (PDB entry 60F8 *¢), respectively. The scattering
curves have been translated for clarity. C) SAXS scattering curves of CaMKlla WT hub in the presence
and absence of PIPA, including oligomer fit using model of self-associated dodecamers. D) SAXS
scattering curves of CaMKlla W403L hub in the presence and absence of PIPA. E) Examples of the
stacked self-associated dodecamers used to model CaMKlla WT hub with PIPA data. A single
dodecamer is shown in two orientations. In addition, a dimer of dodecamers and a stacked model
including 10 dodecamers are illustrated. Models and figure in E created using PyMOL . F)
Representative MP histograms showing CaMKlla WT hub diluted to 500 nM with and without the
addition of PIPA. G) Representative MP histograms showing W403L CaMKlla hub diluted to 500 nM,
with and without PIPA. Each count indicates a single molecule. Additional MP data are shown in Fig.
S6.
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Figure 4. CaMKlla hub mutation confirms a central role for Trp403 in PIPA binding. A) Quenching
of intrinsic tryptophan fluorescence caused by Trp403 flip in the CaMKlla 6x hub with increasing
concentrations of PIPA, and B) resulting normalized inhibition curve (pooled data, n = 3). C) Right-
shifted thermal shift assay melting curves of CaMKllo W403L hub upon binding of PIPA
(representative data). D) Thermal melting point of CaMKllao WT hub (blue) and CaMKIla W403L hub
(grey) plotted against increasing concentrations of PIPA (representative data of n=3). E)
Concentration-dependent binding of PIPA to immobilized CaMKlla W403L hub measured by SPR
(representative data), and F) associated Langmuir-binding isotherm (representative data of n=2).
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