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Abstract

In eukaryotes, protein kinase signaling is regulated by a diverse array of post-
translational modifications (PTMs). While regulation by activation segment
phosphorylation in Ser/Thr kinases is well understood, relatively little is known about
how oxidation of cysteine (Cys) amino acids modulate catalysis. In this study, we
investigate redox regulation of the AMPK-related Brain-selective kinases (BRSK) 1 and
2, and detail how broad catalytic activity is directly regulated through reversible
oxidation and reduction of evolutionarily conserved Cys residues within the catalytic
domain. We show that redox-dependent control of BRSKs is a dynamic and
multilayered process involving oxidative modifications of several Cys residues, including
the formation of intra-molecular disulfide bonds involving a pair of Cys residues near the
catalytic HRD motif and a highly conserved T-Loop Cys with a BRSK-specific Cys within
an unusual CPE motif at the end of the activation segment. Consistently, mutation of the
CPE-Cys increases catalytic activity in vitro and drives phosphorylation of the BRSK
substrate Tau in cells. Molecular modeling and molecular dynamics simulations indicate
that oxidation of the CPE-Cys destabilizes a conserved salt bridge network critical for
allosteric activation. The occurrence of spatially proximal Cys amino acids in diverse
Ser/Thr protein kinase families suggests that disulfide mediated control of catalytic
activity may be a prevalent mechanism for regulation within the broader AMPK family.
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Introduction

Protein kinases are crucial components in cellular signaling networks, functioning as
reversible molecular switches that orchestrate various biological processes. There are
over 500 protein kinases encoded in the human genome that coordinate a wide range of
cellular processes by catalyzing the transfer of a phosphate group from ATP to a
hydroxyl group on the amino acid side chains of serine, threonine, or tyrosine residues
in protein substrates (Manning et al. 2002). By catalyzing the reversible post-
translational phosphorylation of Ser/Thr and Tyr residues of substrate proteins, protein
kinases serve as signaling integrators that govern most aspects of eukaryotic life.
Consequently, there exists a biological imperative to tightly control the catalytic activities
of protein kinases, through cyclical phosphorylation of conserved amino acids, protein-
protein interactions, and other regulatory post-translational modifications (PTMs). One
essential mechanism governing kinase activity is the reversible phosphorylation of
conserved amino acid residues within the activation loop (T-Loop) (Nolen, Taylor, and
Ghosh 2004). In the inactive, unphosphorylated state, the T-Loop adopts a wide range
of conformations, including conformations that obstruct substrate binding (Engh and
Bossemeyer 2001). Phosphorylation of the activation loop induces an active spatial
conformation that is typically more amenable to both binding and enzymatic
phosphorylation of protein substrates, and this modification is prevalent across the
kinase superfamily (Faezov and Roland L. Dunbrack 2023). Conversely, the removal of
phosphate groups in this region by phosphatases (dephosphorylation) usually reverts
kinases to an inactive state, generating a reversible switch to turn “on” and “off” kinase-
dependent signaling pathways. More recently we hypothesized that ~10% of the
Ser/Thr human kinome may also be subject to a conserved form of redox-dependent
regulation, including key members of the CAMK, AGC, and AGC-like families of kinases
through reversible oxidation of an evolutionarily conserved Cys residue, which lies
adjacent to the critical regulatory phosphorylation site on the activation loop (T-loop +2
position) (Byrne et al. 2020).

Understanding the molecular mechanisms underlying kinase regulation by redox-active
Cys residues is fundamental as it appears to be widespread in signaling proteins (Xiao

et al. 2020; Corcoran and Cotter 2013; Cao et al. 2023) and provides new opportunities
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to develop specific covalent compounds for the targeted modulation of protein kinases
(Weisner et al. 2015). Moreover, redox-active Cys are major sensors of Reactive
Oxygen Species (ROS), such as superoxide and peroxide, which function as secondary
messengers to regulate various cellular processes (Schieber and Chandel 2014 ;(Wani
et al. 2011). In particular, the high cell permeability of H,O, relative to other ROS
species allows it to be sensed intracellularly by reactive Cys, which can differentially
impact protein function and cellular localization (Lennicke et al. 2015; Rhee et al. 2005).
Chemically accessible and reactive Cys residues can transition through several redox
states, such as the transient sulfenic acid species (Cys-SOH) and higher order,
‘irreversible’, sulfinic and sulfonic forms (Cys-SO,H and Cys-SO3H) (Forman et al. 2017;
Gupta and Carroll 2014). Importantly, in the context of allosteric protein redox
regulation, the sulfenic oxidized Cys species can form disulfide linkages with other
reactive Cys residues, whilst a sulfenic derivative has also been observed to be
stabilized through the formation of a cyclic sulfenamide for tyrosine phosphatase PTP1B
(van Montfort et al. 2003; Salmeen et al. 2003). The chemical reactivity, and thus
biological susceptibility, of an individual Cys residue to oxidative modification is
contingent on the intrinsic pK, value (where Kj is the acid dissociation constant), which
in turn is influenced by networks of interacting amino acids (including phosphorylated
amino acids), solvent accessibility, protein-protein interactions, and protein structural
dynamics (Poole 2015; Xiao et al. 2020; Soylu and Marino 2016). Unlike
phosphorylation, which allosterically communicates with distal sites through positively
charged residues that coordinate the phosphate group, it is largely unclear how the
redox state of a T-loop localized Cys residue may alter the catalytic activity of a kinase
(Garrido Ruiz et al. 2022), although a change in the activation segment conformation is
a likely outcome, as demonstrated by careful analysis of Ser/Thr kinases, notably
members of the AGC-family kinase AKT (Su et al. 2019).

The human AMPK-related kinase (ARK) family, consisting of 14 members (termed
BRSK1-2, NUAK1-2, SIK1-3, MARK1-4, MELK, and AMPKa1 and AMPKa2) are
fundamental regulators of cellular metabolism, growth, differentiation, and polarity (Shao
et al. 2014; Byrne et al. 2020; Shirwany and Zou 2014; Zmijewski et al. 2010), and

BRSK1/2 function upstream of redox-based signaling to the pleiotropic transcription


https://doi.org/10.1101/2023.10.05.561145
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.05.561145; this version posted October 6, 2023. 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 4.0 International license.

97 factor Nrf2 (Tamir, Drewry, et al. 2020; Tamir, Bowman, et al. 2020). Like other ARK
98 members, BRSK1/2 possess similar structural organization, consisting of an N-terminal
99  serine/threonine catalytic (kinase) domain, which is followed by a ubiquitin-associated
100 (UBA) domain, a C-terminal spacer, and in some members, a kinase-associated (KA1)
101  domain (Bright, Thornton, and Carling 2009) (Fig 1a). In addition to sharing structural
102  homology, all ARKs (except for MELK) are known to be activated by phosphorylation on
103  their T-Loop by the common upstream regulator LKB1, which is constitutively active in
104  cells (Lizcano et al. 2004). All of the ARKs contain an activation loop ‘T-loop + 2 Cys’
105 residue, which can be prognostic for redox regulation (Byrne et al. 2020), and the
106  catalytic activities of several members have been demonstrated experimentally to be
107 modulated by ROS, including the nominative member, AMPKa, which is both directly
108  and indirectly regulated by redox-state (Auciello et al. 2014; Hinchy et al. 2018; Choi et
109  al. 2001; Shirwany and Zou 2014; Shao et al. 2014). However, the precise mechanisms
110  whereby various ARKs are regulated under redox conditions remain obscure and are
111 likely to be context specific.

112 The Brain Specific Kinases (BRSKs, also termed Synapses of Amphids Defective [SAD]
113  kinases), consist of two paralogs in vertebrates, termed BRSK1 and BRSK2, and are
114  among the least well-studied of the ARK family (Nie et al. 2012). However, like all other
115 members of the ARK family, BRSKs are downstream signaling targets of the Ser/Thr
116  kinase LKB1 and also have the potential to be regulated by CAMKII, PAK1, and PKA,
117  suggesting signal-dependent phosphorylation as a central regulatory mechanism
118  (Alessi, Sakamoto, and Bayascas 2006; Lizcano et al. 2004; Nie et al. 2012; Bright,
119  Carling, and Thornton 2008). BRSKs are highly expressed in the brain and central
120 nervous system of model organisms, where they exhibit both distinct and redundant
121 molecular functions (Kishi et al. 2005; Nakanishi et al. 2019); furthermore, they are
122 implicated in several human pathologies, in particular neurodevelopmental disorders
123 such as autism spectrum disorder (Saiyin et al. 2017; Li et al. 2020; Deng et al. 2022).
124

125  In the current study, we identify a new dominant mechanism for regulation of BRSKs
126  through oxidative modification of conserved Cys residues within the kinase domain. We
127 demonstrate that the catalytic activities of both BRSK1 and BRSK2 are fine-tuned
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through oxidative modification of the T-Loop +2 Cys residue, which communicates with
a BRSK-specific Cys residue in the APE motif (CPE in BRSKs) within the activation
segment. We provide evidence that the T-Loop Cys forms disulfide bonds with the ‘CPE’
motif Cys and that mutating the CPE-Cys to an alanine increases BRSK activity relative
to the wild-type (WT) enzyme. Using a combination of biochemical analysis, structural
modeling, and molecular dynamics simulations, we identify regulatory roles for these
BRSK-conserved Cys residues and characterize novel intramolecular disulfide-links,
providing new insights into BRSK1/2 regulation and the broader AMPK family
regulation. Together, these findings highlight complex regulatory processes for BRSK1/2
that are dependent on both phosphorylation and Cys-redox modulation, with broad

implications for the other members of the ARK family.
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140 Methods
141

142 Recombinant proteins and general reagents

143 All purchased biochemicals were of the highest purity available, and all recombinant
144  proteins were analyzed by intact mass-spectrometry to confirm the species present.
145  Active, recombinant full-length BRSK1 (2-778) and BRSK2 (2-674) proteins purified
146  from insect Sf21 cells were purchased from MRC PPUU reagents (University of
147  Dundee). Active recombinant LKB1/STRADa/MO25a was purchased from Merck.
148 Gateway pENTR plasmids encoding full length human BRSK1 & BRSK2 were
149 generated as part of the NIH common fund initiative to llluminate the Druggable
150 Genome (IDG) and was a gift from Dr. Ben Major (Washington University, St. Louis).
151  Antibodies for BRSK1, BRSK2, DYKDDDDK (D6WB5) Tag, Phospho-AMPKa (Thr172),
152 HA-Tag (C29F4), 6XHiS tag and GAPDH were from Cell Signaling Technology.
153  Antibodies for Phospho-Tau and GFP were from Invitrogen. The glutathione antibody
154  was obtained from Abcam.

155

156  Cloning, Gateway Recombination and Site Directed Mutagenesis

157 LR Clonase ligation of the Gateway pENTR plasmids into pDest vectors encoding both
158 Flag and HA tags was performed as follows. The Entry clones encoding full length
159 BRSKSs were subjected to LR recombination reactions with the respective pDest vectors
160 encoding both Flag and HA tags using the Gateway LR Clonase Il enzyme mix,
161  according to the manufacturer's instructions. BRSKs were also cloned into a pcDNA3
162  vector using standard a standard T4-ligase (NEB) protocol and expressed in frame with
163 a 3C-protease cleavable N-terminal tandem STREP-tag. The catalytic domains of
164 BRSK12%3%® or BRSK2'***! were sub-cloned into pET28a (Novagen) to generate N-
165 terminal hexa-His tagged plasmid constructs for expression of BRSK1/2 catalytic
166 domains in E. coli. Site-directed mutagenesis was performed using standard PCR-
167 based mutagenic procedures with the Q5 Site-Directed Mutagenesis Kit (New England
168  Biolabs) following the manufacturer's instructions. All plasmids were validated by
169  complete sequencing of the protein coding region.

170
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171 Recombinant BRSK expression and purification

172 Recombinant human BRSK12°3%® or BRSK2'3*! proteins, or indicated amino acid
173  substitutions, were produced in BL21 (DE3) pLysS E. coli cells (Novagen). BRSK1/2
174  expression was induced with 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG) for 18
175 h at 18°C and N-terminal His6-tag fusion proteins purified by step-wise affinity
176  chromatography and size exclusion chromatography using a HiLoad 16/600 Superdex
177 200 column (GE Healthcare) equilibrated in 50 mM tris-HCI (pH 7.4), 100 mM NaCl, and
178  10% (v/v) glycerol. Where appropriate for redox assays, recombinant proteins were
179  purified under reducing conditions in the presence of 1 mM DTT, as previously
180 described (Byrne et al. 2020). BRSK proteins expressed from bacteria are
181  unphosphorylated and catalytically inactive, and were activated by incubation with 10 ng
182  of purified LKB1/STRADa/MO25a holoenzyme complex in the presence of 1 mM ATP
183 and 10 mM MgCI; for 18 h at 4°C. Phosphorylation of BRSK proteins was verified by
184 mass spectrometry and/or Western blotting analysis using a pThr'’> AMPKa antibody,
185  which demonstrates cross-reactivity for BRSK1/2 T-Loop phosphorylation (Tamir et al.
186  2020).

187  Detection of glutathionylated proteins by immunoblotting

188  Recombinant BRSK1 and 2 (0.5 pg) were incubated with 50 mM Tris-HCI (pH 7.4) and
189 100 mM NaCl, with 10 mM GSSG or GSH for 30 min at 20°C, and glutathione-protein
190 complexes were detected by immunoblotting after nonreducing SDS-PAGE.

191 BRSK1/2 Kinase assays

192 BRSK activity assays were performed using microfluidic real-time mobility shift-based
193  assays, as described previously (Byrne et al. 2020; Byrne et al. 2016; Mohanty et al.
194  2016), in the presence of 2 uyM of the fluorescent-tagged BRSK1/2 peptide substrate
195 (AMARA; 5-FAM- AMARAASAAALARRR -COOH) and 1 mM ATP. Optimal pressure and
196 voltage settings were established to improve separation of phosphorylated and
197 nonphosphorylated peptides. All assays were performed in 50 mM Hepes (pH 7.4),
198  0.015% (v/v) Brij-35, and 5 mM MgCl,, and the real-time or end point degree of peptide
199 phosphorylation was calculated by differentiating the ratio of the
200 phosphopeptide:peptide. BRSK1/2 activity in the presence of different redox reagents
201  was quantified by monitoring the generation of phosphopeptide during the assay,
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202 relative to controls. Data were normalized with respect to control assays, with
203 phosphate incorporation into the peptide generally limited to <20% to prevent depletion
204 of ATP and to ensure assay linearity. Recovery of BRSK activity from oxidative inhibition
205 was assessed by incubating BRSKs with 1 mM hydrogen peroxide, followed by infusion
206 of 2 mM DTT and substrate phosphorylation monitoring in real time. To account for
207 potential variability in LKB1-dependent phosphorylation of BRSK proteins, rates of
208 kinase activity (calculated as pmol phosphate incorporation per min) for each protein
209 was normalized by densitometry to the activation site of phosphorylation signal
210  (established with pThr'’? AMPKa antibodies and ImageJ software).

211

212 Differential Scanning Fluorimetry

213  Thermal shift assays were performed with a StepOnePlus real-time polymerase chain
214  reaction (PCR) machine (Life Technologies) using SYPRO Orange dye (Invitrogen) and
215 thermal ramping (0.3°C in step intervals between 25° and 94°C). All proteins were
216  diluted to a final concentration of 5 yM in 50 mM tris-HCI (pH 7.4) and 100 mM NaCl in
217 the presence or absence of 10 mM DTT and were assayed as described previously
218  (Foulkes et al. 2018). Normalized data were processed using the Boltzmann equation to
219  generate sigmoidal denaturation curves, and average T./ATy, values were calculated as
220 previously described (Murphy et al. 2014) using GraphPad Prism software.

221

222 Human cell culture and treatment

223  HEK-293T cells were cultured in Dulbecco’s modified Eagle medium (Lonza)
224  supplemented with 10% fetal bovine serum (HyClone), penicillin (50 U/ml), and
225  streptomycin (0.25 pg/ml) (Lonza) and maintained at 37°C in 5% CO, humidified
226 atmosphere.

227 To examine the effects of oxidative stress on BRSK activity, cells were transiently co-
228 transfected for 24 h with plasmids for expression of full-length, N-terminal tagged (Flag,
229 HA or tandem Strep tag) BRSK1/2 (or Cys-Ala mutants) and GFP-TAU (Addgene),
230 using 3:1 polyethylenimine (average My, ~25,000 Da; Sigma-Aldrich) to total DNA ratio
231 (4 ug BRSK and 2 uyg TAU DNA) in a single well of a 24-well culture plate. To investigate

232 inactivation of BRSK by peroxide, cells were incubated for 20 min with 10 mM H2O,, or
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233 buffer control. To establish reversibility of oxidative inhibition, cells were incubated for 20
234  min with 10 mM H,0O,, or buffer control followed by a 15 min incubation with 20 mM
235 reduced glutathione (GSH). In all assays, cells were subsequently washed 3x in PBS,
236  harvested in bromophenol blue—-free SDS sample buffer supplemented with 1% Triton
237  X-100, protease inhibitor cocktail tablet, and a phosphatase inhibitor tablet (Roche), or
238 in lysis buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA with 10 % (v/v)
239  glycerol and 1 % (v/v) Triton X-100, with 1X protease inhibitor cocktail and 1X HALT
240 phosphatase inhibitor). Lysates were sonicated briefly and clarified by centrifugation at
241 20817xg for 20 min at 4°C, and supernatants were sampled and diluted 30-fold for
242  calculation of the protein concentration using the Coomassie Plus Staining Reagent
243  (Bradford) Assay Kit (Thermo Fisher Scientific). Cell lysates were normalized for total
244  protein concentration and processed for immunoblotting or immuno-precipitation (IP).
245

246  Liquid chromatography mass spectrometry (LC-MS) analysis BRSKs

247 48 h post-transfection, HEK-293T cells overexpressing BRSK1 and 2 (containing an N-
248 terminal 3C cleavable tandem STREP-tag) were treated with 1 mM of the cell
249 permeable chemical oxidant pervanadate for 30 min. Cells were resuspended in ice
250 cold lysis buffer (50 mM Tris-HCI (pH 6.5), 150 mM NaCl, 10 % (v/v) glycerol, 1 % (v/v)
251 NP-40, 100 mM iodoacetamide) and disrupted by passing the cell suspension through a
252  25-gauge needle 10 times. Lysates were clarified by centrifugation at 20 817xg for 20
253 min at 4°C, and recombinant proteins were affinity precipitated using Step-TACTIN
254 beads and physically eluted using 3C protease for subsequent MS analysis. Affinity
255  precipitated BRSK1/2 and bacterially derived recombinant proteins (10 ug) were diluted
256 (~4-fold and ~18-fold respectively) in 100 mM ammonium bicarbonate (pH 8.0)
257 containing 10 mM iodoacetamide and incubated in the dark for 30 min at room
258 temperature. Samples were subjected to an SP3-based trypsin digestion protocol
259 (adapted from, (Daly et al. 2023)), using 100 mM ammonium bicarbonate (pH 8.0) and
260 0.5 ug of Trypsin gold (Promega). Digested fractions were split 50/50, and one half was
261 treated with dithiothreitol and iodoacetamide as previously described by (Ferries et al.
262 2017). Samples were then subjected to in-house packed strong-cation exchange stage

263 tip clean up, as described by (Daly et al. 2021). Dried peptides were solubilized in 20 pl
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264  of 3% (v/v) acetonitrile and 0.1% (v/v) TFA in water, sonicated for 10 min, and
265 centrifuged at 13,000x g for 15 min at 4 °C prior to reversed-phase HPLC separation
266  using an Ultimate3000 nano system (Dionex) over a 60-min gradient, as described by
267 (Ferries et al., 2017). For affinity precipitated BRSK preparations from human cells, all
268 data acquisition was performed using a Thermo QExactive mass spectrometer (Thermo
269  Scientific), with higher-energy C-trap dissociation (HCD) fragmentation set at 30%
270 normalized collision energy for 2+ to 4+ charge states. MS1 spectra were acquired in
271 the Orbitrap (70K resolution at 200 m/z) over a range of 300 to 2000 m/z, AGC target =
272 1e6, maximum injection time = 250 ms, with an intensity threshold for fragmentation of
273  1e3. MS2 spectra were acquired in the Orbitrap (17,500 resolution at 200 m/z),
274  maximum injection time = 50 ms, AGC target = 1e5 with a 20 s dynamic exclusion
275  window applied with a 10 ppm tolerance. For bacterially derived recombinant proteins,
276  all data acquisition was performed using a Thermo Fusion Tribrid mass spectrometer
277  (Thermo Scientific), with higher-energy C-trap dissociation (HCD) fragmentation set at
278  32% normalized collision energy for 2+ to 5+ charge states. MS1 spectra were acquired
279 in the Orbitrap (120K resolution at 200 m/z) over a range of 400 to 2000 m/z, AGC
280 target = 100%, maximum injection time = auto, with an intensity threshold for
281 fragmentation of 2.5e4. MS2 spectra were acquired in the Orbitrap (30k resolution at
282 200 m/z), maximum injection time = dynamic, AGC target = auto with a 20 s dynamic
283  exclusion window applied with a 10 ppm tolerance. For disulfide analysis (regardless of
284  sample type), raw data files were converted into mgf format using MSConvert, with peak
285  picking filter set to “2- ” and searched with the MASCOT search engine (Perkins et al.
286  1999); searching the UniProt Human Reviewed database (updated weekly, accessed
287  January 2023) (UniProt 2023) with variable modifications = carbamidomethylation (C),
288  oxidation (M), phosphorylation (ST), instrument type = electrospray ionization—Fourier-
289  transform ion cyclotron resonance (ESI-FTICR) with internal fragments from 200-2000
290 m/z, MS1 mass tolerance = 10 ppm, MS2 mass tolerance = 0.01 Da. The crosslinking
291  option was selected for the accessions Q8TDC3 or Q8IWQ3 with strategy set to Brute-
292  force, for InterLink, IntraLink and LoopLink for the linker “Xlink: Disulfide (C)". For the
293  best MASCOT scoring peptide spectrum match (PSM) for a disulfide-containing peptide,

294  the mgf file was extracted from the raw file and imported into a custom R script for re-

10
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295 drawing and manual annotation. Immunoprecipitated samples were additionally
296 analyzed using PEAKS Studio (version XPro) using the same database, mass
297 tolerances and modifications as previously described. PEAKS specific search settings:
298 instrument = Orbi-Orbi, Fragmentation = HCD, acquisition = DDA, De Novo details =
299 standard and a maximum of 5 variable PTMs possible. PEAKS PTM mode was enabled
300 and filtering parameters of De Novo score >15, -log10P(value) >30.0, Ascore >30.0.

301

302 Phylogenetic Analysis

303 We identified and aligned diverse BRSK-related sequences from the UniProt reference
304 proteomes database (downloaded on June 7, 2022) (UniProt 2023) using MAPGAPS
305 (Neuwald 2009). From these hits, we manually curated a diverse set of sequences, then
306 inferred a maximume-likelihood phylogenetic tree with IQ-TREE version 2.0.7 (Minh et al.
307 2020). Branch support values were generated using ultrafast bootstrap (Hoang et al.
308 2018) with 1000 resamples. The optimal substitution model was LG+R6 based on the
309 Bayesian Information Criterion as determined by ModelFinder (Kalyaanamoorthy et al.
310 2017). The consensus tree was used as our final topology. Subsequent analyses were
311  performed using the ETE3 Toolkit (Huerta-Cepas, Serra, and Bork 2016).

312

313 Molecular Dynamics Simulations

314  The starting model for molecular dynamics (MD) simulations was selected to provide an
315 accurate representation of the protein kinase in its active-like conformation. To achieve
316 this, we utilized an AlphaFold model of the BRSK2 kinase domain, corresponding to
317 residues 14-267, in an active-like conformation. The average pLDDT score for the
318 portion of the AlphaFold model employed in MD simulations was calculated to be
319 89.18%, indicating high confidence and accuracy (Jumper et al. 2021). Starting
320 structures were prepared using the CHARMM-GUI interface which allowed for
321 incorporation and parameterization of T-Loop phosphorylation, cysteine to alanine
322  mutation, and oxidative cysteine modification (Brooks et al. 2009; Lee et al. 2016; Jo et
323 al. 2014). Cysteine 176 (T+2) and 183 (CPE motif) were each mutated to alanine,

324  sulfenic acid, or sulfonic acid forms. The protein was solvated in a cubic box of TIP3P
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325  water molecules, and counterions were added to maintain neutrality. The final systems
326  contained ~ 54,000 atoms.

327  Prior to production runs, the system was subjected to minimization and equilibration
328 protocols, using previously described parameters (Yeung et al. 2021; Venkat et al.
329  2023). Initially, a steepest descent energy minimization was performed to relax the
330 system, followed by equilibration at constant volume and temperature (NVT) and
331 constant pressure and temperature (NPT). Each equilibration stage was carried out for
332 125 ps with 1 fs time steps. Following equilibration, long-range electrostatics were
333 calculated via particle mesh Ewald (PME) algorithms using the GROMACS MD engine
334 (Van Der Spoel et al. 2005). Three 100 ns production molecular dynamics (MD)
335 replicates were conducted at a 2 fs time-step using the CHARMM36 forcefield for each
336  starting model (Brooks et al. 2009). The resultant MDs were visualized with PyMOL
337 (Schrodinger 2015) and analyzed in the python environment (Michaud-Agrawal et al.
338 2011).

339

340 SDS-PAGE and Western blotting

341 Processed cell lysates and purified recombinant proteins were loaded onto 10% (v/v)
342 SDS-PAGE gels, separated by electrophoresis and transferred onto nitrocellulose
343 membranes using a semi-dry transfer system at 300 mA for 45 minutes. Nitrocellulose
344 membranes were blocked with 4% (w/v) Bovine Serum Albumin (BSA, Rockland) in
345  Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST) for 1 h at room temperature and
346 incubated overnight at 4°C with the indicated primary antibodies. Protein was detected
347  using specific secondary IRdye conjugated antibodies (Donkey anti Rabbit IRdye800cw
348 or Goat anti Mouse IRdye680) and imaged using LI-COR Odyssey imaging system, or
349 HRP-conjugated secondary antibodies and enhanced chemiluminescence reagent
350 (Pierce ECL Plus, Thermo Fisher Scientific). All antibodies were prepared in a solution
351 of BSA dissolved in TBST and diluted according to manufacturer’s instructions.
352  Reducing and non-reducing SDS-page for BRSK proteins was performed as previously
353 described (Byrne et al, 2020). Phospho-Tau signal intensities were quantified using the
354 intensity of pTau:total Tau (GFP) normalized to GAPDH signal as calculated by Image
355  Studio software (LI-COR Biosciences). Statistical analysis was conducted in GraphPad
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356 Prism, to determine significant differences between experimental groups. Data is

357 presented as mean + standard error of the mean (SEM).

358

359 Size Exclusion Chromatography with multi-angle Light scattering (SEC-MALS)

360 The oligomeric state of recombinant BRSKs was characterized by in-line Size Exclusion
361  Chromatography-Multi-Angle Laser Light Scattering (SEC-MALS). Purified BRSK
362 proteins (1 mg mL™") were applied directly to a HiLoad 16/60 Superdex 200 attached to
363 an AKTA pure fast protein liquid chromatography (FPLC) system equilibrated in 10 mM
364 Tris-HCI pH 7.4, 150 mM NaCl at a flow rate of 0.7 mL min™. Eluted protein was
365 detected by a MALLS detector and a differential refractive index (DRI) detector (DAWN
366 HELEOS-II and Optilab TrEX; Wyatt Technology, Santa Barbara, CA, USA). Data was
367 analyzed using ASTRA v6.1 software (WYATT). The system was calibrated using BSA
368  prior to data collection.

369
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370 Results
371 Full-length BRSKs exhibit Redox-Sensitivity

372  The catalytic output of purified full length human BRSK1 & 2 (Fig 1a) was monitored in
373  real-time using a microfluidic kinase assays system and a generic ARK family substrate
374  peptide AMARA (5-FAM- AMARAASAAALARRR -COOH), which is phosphorylated by
375 BRSK1/2, but not the upstream kinase LKB1. In the absence of reducing agents (buffer
376  alone), detectable peptide phosphorylation was extremely low for both kinases and
377 ablated in the presence of H,O, (Fig 1b). In contrast, inclusion of DTT enhanced BRSK1
378 & 2 activity by several orders of magnitude. Moreover, H,O2-dependent inhibition of
379 catalysis could be reversed, and even increased relative to basal activity, with the
380 subsequent addition of a bolus of the reducing agent DTT. BRSK proteins were rapidly
381 activated by DTT in a concentration-dependent manner, suggesting an obligate
382 requirement of an appropriate reducing environment in order to enable catalytic activity
383 (Fig 1c). Similarly, basal BRSK activity was inhibited by a gradient of H,O, (Fig 1d). We
384 next attempted to validate these in vitro observations in a human cell line. As there are
385 currently no suitable endogenous substrates known to be specifically or exclusively
386 phosphorylated by BRSK1 or 2, or that are not regulated by redox themselves (Tamir et
387 al. 2020), we employed a GFP-Tau overexpression system in HEK-293T cells to monitor
388 intracellular BRSK activity. BRSKs have previously been shown to increase the
389  phosphorylation of Tau at Ser 262 (Yoshida and Goedert 2012). Consistently, co-
390 expression of full length, N-terminal FLAG-tagged BRSK1 and 2 with GFP-Tau resulted
391 in robust Tau phosphorylation (pTau), whilst pTau signal was abrogated in a kinase dead
392 control (BRSK1/2 KD) where the catalytic aspartate residue within the ‘HRD’ motif
393 (D146°RSKT or D1418RS%2) was mutated to an alanine (Fig 1e). Active BRSKs have
394 previously been shown to increase the phosphorylation of Tau on sites that include Ser
395 262 (Yoshida and Goedert 2012), and BRSK1/2 phosphorylation of Tau is potentially
396  dysregulated in Alzheimer's disease (Morshed et al. 2021). Western blotting also
397 revealed a dose-dependent and statistically significant decrease in BRSK-mediated
398 pTau signal following incubation of HEK-293T cells with peroxide for 10 minutes, with

399 little alteration in total transfected Tau protein (Fig 1f). At the highest concentrations of
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400 peroxide treatment, we detected a reduction in total BRSK protein levels, suggesting a
401 potential loss of stability for both kinases. Importantly, H,O,-dependent loss of pTau
402 could be reversed following exposure of the cells to the physiological antioxidant
403  glutathione (GSH) (Fig 1g). These findings suggest that reversible oxidative modulation
404 is relevant to BRSK1/2 kinase-dependent signaling in human cells, which can be
405 recapitulated in vitro.

406

407 Mass spectrometric evidence that BRSK cysteine pairs can form intramolecular
408 disulfide bonds

409

410 To identify residues that may contribute to redox regulation of BRSKs, we analyzed

411 tryptic peptides derived from precipitated full-length cellular BRSK1 and BRSK2 by
412 liquid chromatography—tandem mass spectrometry (LC-MS/MS). HEK-293T cells
413  transiently over-expressing Strep-tagged BRSK proteins were lysed in the presence of
414 the alkylating agent iodoacetamide to covalently block free thiol groups. LC-MS/MS
415 revealed the presence of intramolecular bonds between C1478RSK! . C153BRSK1 gng
416 C191BRK1 L C198BRSK1 and C1328R%K2. ©138BRK2 and C176°%7°K2 . C183BRK? (Fig 2a).
417  Of note, all identified disulfide forming Cys residues were located in the kinase domains
418  of the two proteins, in close proximity to known catalytic or regulatory motifs. C1478RSX
419 - C153BRSKT gnd C1328RSK2 . ©1388RSK2 structurally link the HRD motif in the catalytic
420 loop to the preceding E-helix, and C1918RSK! . C198BRSKT and C176BRSK2 . C183BRSK2
421  couple the T-loop Cys to the Cys residue of the CPE motif in BRSK1/2 (equivalent to
422  the APE motif in most kinase activation segments) (Fig 2b). To study these reactive Cys
423  residues in the context of catalysis, we purified the unphosphorylated catalytic domain
424 of human BRSK1?°3% or BRSK2'>*! to homogeneity from E. coli. As expected, both
425  truncated variants of BRSK were completely inactivate in our AMARA-based kinase
426  assay but could be ‘switched on’ following incubation with the physiological upstream
427  regulator LKB1 (Fig 2c). Of note, despite sharing ~95% sequence identity within their
428  kinase domain, LKB1-activated BRSK2 had higher catalytic activity compared to BRSK1
429  (Fig 2c). Moreover, and in support of our previous findings for full-length BRSK proteins
430  (Fig1), incubation of LKB1-activated WT BRSK1 or 2 with DTT greatly increased activity.
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431  These data are consistent with regulatory Cys-based modification of the kinase domain
432 under oxidative conditions, which can be reversed with a reducing agent in vitro.

433

434  Emergence and structural location of cysteines residues in BRSK proteins

435  Reversible redox regulation of signaling proteins typically requires sulfenyl derivatization
436  of an exposed Cys residue(s) (Heppner, Janssen-Heininger, and van der Vliet 2017).
437  Cys is the second least abundant amino acid in the vertebrate proteome, and conserved
438  surface exposed Cys side chains can function as redox “hotspots” (Fomenko, Marino,
439 and Gladyshev 2008; Su et al. 2019; Xiao et al. 2020). Previously, we established that
440 all 14 members of the ARK family kinases, including BRSK1 and 2, contain a T-loop + 2
441  Cys residue. This residue is equivalent to the redox sensitive C199 found in PKA
442  (Humphries, Juliano, and Taylor 2002) and is prognostic of redox regulation for multiple
443  human Ser/Thr kinases (Byrne et al., 2020). Of the ARK family kinases that we
444  previously analyzed, AMPKa1, SIK1-3 and MELK were all acutely inhibited by H,O, in a
445  reversible manner in vitro, which we attributed to sulfenylation of the activation segment
446  Cys, based on biochemical and evolutionary analysis (Byrne et al., 2020). The T-loop +
447 2 Cys corresponds to C191%R%K! and C1765%%%? in BRSK1 and 2 respectively. This
448 residue is located within the canonical activation segment, in close proximity to the
449  regulatory site of LKB1 phosphorylation. Interestingly, mapping of Cys residues across
450 the human ARK family reveals several conserved Cys located throughout their kinase
451 domains (Fig 3a and b). However, these studies also reveal a distinguishing Cys
452  residue that is unique to the catalytic domain of human BRSKSs, which is located at the
453 canonical alanine position of the “APE” motif, converting it to “CPE” (C198B3RSK/
454  C183BRSK2(Fig 3b). Of note, the unusual CPE Cys forms an intramolecular disulfide with
455  the T-loop +2 Cys (Fig 2a). Intramolecular dimers incorporating T-loop Cys have also
456  been identified in MELK and AKT2 (Cao et al. 2013; Huang et al. 2003). MELK is
457  exceptional in that it possess both a T-loop +1 as well as a T-loop +2 Cys, where the T-
458 loop +1 Cys forms an intramolecular disulfide with a Cys proximal to the DFG motif and
459  the T-loop +2 can form an intermolecular disulfide potentiating dimerization (Cao et al.
460 2013). In the case of AKTZ2, the T-loop +2 Cys forms an intramolecular disulfide with a
461 Cys equivalent to that seen in MELK (Huang et al. 2003). In addition to the T+2 Cys,
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462  most human ARK family members (with the exception of MELK) contain an additional
463  conserved Cys positioned 7 residues upstream of the HRD motif (HRD -7 Cys) located
464  in the E-helix (Fig 3a and b). BRSKs share the HRD -7 Cys (C147BR%K1/ C1328RSK2) pyt
465  further diverge from other ARK family members with the insertion of an additional
466  potential disulfide bond-forming Cys residues preceding the HRD motif in the catalytic
467  loop (CHRD-Cys, C1538RSX/ C138BRK2 in Fig 3a and b).

468

469

470 Phylogenetic analysis of BRSK protein sequences

471 A careful analysis reveals the emergence of an early BRSK1 variant, which we term
472  ‘proto-BRSK1T’ that distinguishes it from the closely related AMPKs (Supp Fig 1a). This
473  is followed by a subsequent expansion of BRSK1 and 2 sequences that coincides with
474  the appearance of vertebrates (Fig 3c). Sequence alignment of BRSK catalytic domains
475 from a diverse array of organisms, including the ancestral paralog and invertebrate
476  specific proto-BRSK1, confirmed general sequence similarity and tight conservation of
477  T-loop and HRD proximal Cys ‘pairs’ (Fig 3d). Interestingly, all BRSK domains also
478 possess a Cys residue in the N-terminal B2-B3 loop (C542RSK1/ C42BRS%2) and BRSK2
479  contains an additional residue at this site, C395%°%? (Fig 3d). The diversification of
480 BRSKs from AMPKs also correlates with an increase in the total number of Cys
481 residues in the kinase domain (Supp Fig 1a). Analysis of 2805 ARK-related sequences
482  confirmed significant conservation of the T-loop + 2 and HRD -7 Cys, which were found
483  respectively in ~18 % and ~10 % of ePKs across diverse eukaryotic species (Fig 3e).
484 These Cys residues were invariant in vertebrate BRSK sequences, as were the BRSK
485  specific CPE and HRD -1 Cys residues (Fig 3e). Unsurprisingly, substitution of the APE
486  Ala (PKA position 206, found in ~65 % of ePKs) with a Cys is extremely uncommon
487 (=1 %) in nearly all protein kinases, given the critical role of this motif in stabilizing the
488  C-lobe and substrate interactions (Supp Fig 1b). The distribution of amino acids at HRD
489 -1 position is much more variable in ePKs, with lle and Val being most commonly
490 conserved (~36 and 30 % respectively) and a Cys appearing with similar low frequency
491  (~ 2% (Supp Fig 1b). The high degree of conservation observed for these Cys residues

492  within vertebrate BRSKs indicates that they play critical functional or structural roles in
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493 these kinases (Fig 3e). This further suggests that diversification of the BRSKs in
494 metazoans correlated with the accumulation of close proximity Cys ‘pairs’ with the
495  potential to form regulatory disulfide bonds.

496

497  Cysteine residues within the kinase domain fine-tune BRSK activity

498 To assess the role of BRSK domain Cys residues in modulating catalytic activity, we
499  expressed and purified wild-type (WT) and Cys-to-Ala variants of the BRSK1 and 2
500 kinase domains in E. coli. These Cys-to-Ala variants included T-loop +2 Cys mutants
501 (C191ABRSK! and C176ABRK?) and T-loop CPE mutants (C198ABRSK" and C183ABRSK?),
502  expressed either in a WT or mutant T-loop +2 Cys background (C191/198ABRSK! and
503 C176/183ABRS2) We also generated double mutants of the Cys residues upstream of
504 the HRD motif (C147/153APRSK" and BRSK2 C132/138ABRSK?) and the unique N-
505 terminal Cys pair in BRSK2 (C39/42APRS?) All recombinant BRSK proteins were
506 expressed in E. coli and purified without DTT. Crucially, we were able to detect
507 intramolecular disulfide bonds (C1918%5K! . C198BRSK! and C1765RS2 . C183BRSK?) i
508 the WT proteins by LC-MS/MS (Supp Fig 2). Interestingly, we could only identify an
509 HRD proximal disulfide bond (C1475"5%! . C153BRK") in BRSK1 under these specific
510 experimental conditions (Supp Fig 2). We next probed for mixed disulfide formation in
511 the presence of glutathione, using an antibody that recognizes glutathionylated proteins.
512  We detected robust glutathionylation of both BRSK1 and BRSK2 in the presence of
513  either reduced (GSH) or oxidized (GSSG) glutathione, and the signal strength inversely
514  correlated with the presence of DTT (Supp Fig 3a). Of note, all of the BRSK Cys-to-Ala
515 mutants studied here could be readily glutathionylated, which supports the existence of
516 multiple reactive Cys residues within the kinase domains of BRSK1 and 2. To detect
517 alterations in redox regulation, all BRSK proteins were first activated by incubation with
518 LKB1, and T-loop phosphorylation was confirmed by immunoblotting (Supp Fig 3b). The
519 active BRSK1/2 kinases were then assayed using the specific AMARA peptide in the
520 presence or absence of fixed concentrations of DTT. In agreement with our previous
521  findings with full-length BRSKs, DTT was strongly activating for WT variants of both
522  kinases, and this effect was severely blunted for the T-loop +2 Cys-Ala mutants, which

523 exhibited lower basal rates of peptide phosphorylation. This is entirely consistent with

18


https://doi.org/10.1101/2023.10.05.561145
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.05.561145; this version posted October 6, 2023. 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 4.0 International license.

524  observations for Cys-based mutants of analogous residues in other Ser/Thr kinases
525  (Byrne et al. 2020) (Fig 4a and b). Of note, despite sharing ~95% sequence identity
526 within their kinase domain, LKB1-activated BRSK2 had greater catalytic activity
527 compared to BRSK1 (Fig 4b compared to a). Perhaps unsurprisingly, given their distant
528 location on an N-lobe loop, mutation of the BRSK2 exclusive C395%°K2 and C42BRSK2
529 residues had limited effect on the activity of BRSK2 (Fig 4b). However, tandem mutation
530 of the HRD proximal Cys residues resulted in pronounced abrogation of kinase activity,
531 regardless of assay conditions for both kinases (Fig 4a and b). Given the near absolute
532  conservation of the HRD -7 Cys in the ARK family of protein kinases, it is possible that
533 this residue (C1475°%%" and C1328R%%?) js functionally important for catalytic activity in
534 some yet unidentified capacity. Interestingly, mutation of the CPE motif Cys (T-loop +9
535 Cys), and de facto restoration of the canonical APE motif, were insufficient to blunt DTT-
536 dependent activation of either kinase. Moreover, this mutation, which would eliminate
537  C191°RSK1 . C198BRKT and C1768R%2 . C183°RK? disulfide bonds, increased basal
538 (non-DTT stimulated) catalytic activity by 1.5-2-fold for both kinases. WT forms of
539 BRSKZ2, and in particular BRSK1, were strongly inhibited by oxidative conditions, even
540 when assays were preceded by DTT-dependent activation (Fig 4c and d).
541  Unsurprisingly, the low levels of detectable C191ABRSK" and C176ABRSK? activity that
542  could be detected following stimulation by DTT were completely abolished following the
543  addition of H,O,. In contrast, CPE mutants (C198ABRK" and C183ABRSK2) were sharply
544  activated by DTT but still exhibited further oxidative inhibition (Fig 4c and d), although to
545 a lesser extent than their WT counterparts, particularly in the case of BRSK1.

546  To ensure that the observed variations in activity between variants of BRSK1/2 were not
547 a consequence of structural impairment, we also performed differential scanning
548  fluorometry (DSF) to assess protein folding and stability. Incubation of WT BRSK1 and 2
549  with DTT had no measurable effect on the thermal stability of either protein, suggesting
550 that chemical disruption of pre-formed disulfide bonds had a minimal detectable impact
551 on protein stability, despite greatly increasing kinase activity (Supp Fig 3c). These
552  assays also revealed only minor perturbations in protein thermal stability due to the
553 incorporation of specified Cys-to-Ala mutants. Interestingly, we observed a consistent
554  decrease in Tr values for C147/153ARSK" and C132/138A5RS%2 (AT, ~ -2), suggesting a
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555 ~modest decrease in protein stability, and increased T, values for CPE mutants
556 (C198ABRSK" and C183ABRSK2 AT, ~ +3) (Supp Fig 3d).

557

558 Cellular analysis of BRSK Cys-based regulation

559  We next evaluated the relative contributions of the conserved T-loop Cys residues to
560 BRSK redox sensitivity in a cellular context using our EGFP-Tau HEK-293T co-
561 expression system and full length BRSKs. Mirroring our peptide-based kinase assays,
562 loss of the T-loop +2 Cys residue evoked marked abrogation of BRSK-dependent Tau
563 phosphorylation (Fig 5a and 5b). In contrast, mutation of the CPE Cys to an alanine
564  consistently increased overall Tau phosphorylation (~1.5 and ~1.2 fold increase relative
565 to WT BRSK1 and BRSK2 respectively, Fig 5). Interestingly, the CPE mutations
566 preserved BRSK redox sensitivity in cells treated with hydrogen peroxide, and inclusion
567 of GSH was sufficient to restore BRSK-dependent pTau signals. Finally, we extended
568 our analysis to consider the BRSK1 and 2 HRD motif proximal cysteines, and the
569 BRSK2 exclusive C39/C42 pair. As predicted, Tau phosphorylation by BRSK2 C39/42A
570  (which closely matched the activity profile of WT BRSK2 in our in vitro kinase assays
571  (Fig 4)) was comparable to that observed for WT (but still less than hyper-active BRSK2
572 C183A) and was also similarly inhibited by the presence of H,O, (Supp Fig 3e). Using
573 the AMARA peptide as a substrate, we previously demonstrated that BRSK1 C147/153A
574 and BRSK2 C132/138A were catalytically compromised (in a manner resembling the
575 respective T-loop + 2 Cys-Ala mutants (Fig 4)). It is consistent that BRSK2 C132/138A
576  was unable to increase pTau signal above background levels (Sup Fig 3e). Finally, we
577  were unable to detect BRSK1 C147/153A protein expression in transfected cell lysates,
578  which may indicate a loss of stability for this protein.

579

580 Cysteine modifications alter critical structural interactions required for kinase
581 allosteric regulation

582

583 We next sought to investigate the structural basis for redox-dependent regulation of

584  BRSK activity using molecular modeling and molecular dynamics (MD) simulations. Our
585 in vitro analysis established that oxidative conditions inhibit the active, T-loop

586  phosphorylated form of BRSKs, and so our simulations were performed on an active
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587 conformation of BRSK2 generated using AlphaFold2 (see methods). Cysteine residues
588 can undergo both reversible (sulfenic) and irreversible (sulfonic) oxidation, and so

6BRSK2 and

589 sulfenic acid or sulfonic acid forms of Cys were incorporated at the C17
590 C1835RS%2 positions. We also modelled the impact of a non-redox active Ala at these
591  sites.

592 The T+2 C176%R? is in close proximity to threonine T1742%%K2  phosphorylation of
593  which stabilizes the kinase domain in an active conformation through salt bridge
594 interactions with charged residues in the catalytic loop (Fig 6a). In particular, R1405RSX2
595 in the canonical HRD motif coordinates with the phosphate group of pT1748RS%2 (Nolen,
596  Taylor, and Ghosh 2004). Simulations demonstrate that the R140BRK2.pT1748RSK2 gyt
597 bridge is preserved across the entire MD simulation, as demonstrated by the contact

OBRSK2 and

598 map (Fig 6b). In the C176Ala®R? simulations, the coordination between R14
599 pT1745°%%2is partially attenuated due to an increase in the flexibility of pT1742%5%2 (Fig
600  6¢). This predicted increase in flexibility may explain the loss of BRSK2 catalytic activity
601 for C176APRS%2 mutant (Fig 4). However, oxidative modification of C176%7%? did not
602  result in a significant disruption of the salt bridge interaction (Fig 6d/e). As such, it is
603 unclear at this stage precisely how oxidation of the T+2 Cys exerts is regulatory effect
604 on BRSK2 kinase activity.

605  In contrast to C176%%%K2 C183BRSK2 within the CPE motif is buried in the C-terminal lobe
606  of the kinase domain, and the SH group of C1838RS2 is pointed toward a canonical salt
607 bridge that forms between the glutamate (E185°7°%?) in the APE/CPE motif and
608 R259%FRSK2 in the I-helix (Fig 6f). The E185-R259 salt bridge is a eukaryotic protein
609 kinase (EPK)-specific interaction that is critical for maintaining the EPK fold and for
610 allosterically coupling the T-Loop to distal substrate binding and regulatory sites (Yang
611 et al. 2012; Oruganty and Kannan 2012). The selective conservation of Cys in place of
612  Ala in the APE motif represents an interesting divergence of BRSKs from other ARK

3BRSK2

613  family kinases (Fig 3e, Supp fig 1). When C18 is in a reduced form or mutated to

614 an alanine, the E185-R259 is maintained throughout the MD simulation (Fig 6g/i)

615 Remarkably, in simulations incorporating oxidative modification of C183BRSK?

we
616 observed the immediate breaking of the E185-R259 salt bridge, and this contact

617 remains broken throughout the simulation (Fig 6h/j). Oxidation of C1835R52 to either
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618  sulfenic or sulfonic acid rewires this salt bridge, with R259%7°K? exclusively interacting
619  with the oxidized C183B8RK2 while E185%R°K2 pivots outward and becomes more solvent-
620 exposed. Thus, oxidized C1835R%%2 mediated disruption of E185-R259 BRS2 salt bridge
621 represents a unique inactive state in BRSKs which breaks the allosteric network that
622  allows cross-communication between the T-loop and the C-Lobe.

623  Surprisingly, simulations incorporating intramolecular disulfide bonds identified in
624 MS/MS experiments did not indicate any major changes in dynamics resulting from
625 either the Cys132-138 or the Cys176-183 disulfide bond formation. Most of the
626  fluctuations in these simulations were confined to the G-Loop and B3-aC loop, which
627  are distal from the disulfide bonds (Supp. Fig 4)

628 Recombinant BRSK proteins form limited protein dimers

629  Several ARK family members form disulfide bond-dependent dimers (Nayak et al. 2006;
630 Marx et al. 2010; Cao et al. 2013). To evaluate the formation of intermolecular
631  disulfides, we subjected purified kinase domains of BRSK1 and 2 isolated from E. coli to
632 non-reducing SDS-PAGE, followed by western blotting to probe for higher order BRSK
633  structures (Fig 7). This revealed multiple species of each kinases possessing drastically
634 decreased electrophoretic mobility compared to the major BRSK1/2 monomer bands.
635 These species increased in abundance in the presence of H,O, and were absent with
636 DTT. Of particular significance was the appearance of a prominent oxidation-dependent
637 species at ~70 kDa, the approximate molecular weight of a BRSK dimer. All the higher
638 molecular weight species resolved into a single monomer band after reducing (+DTT)
639 SDS-PAGE, which strongly implicates disulfide bond-dependent oligomerization.
640  Curiously, mutation of the T+2 Cys had no discernable effect on the formation of BRSK
641 oligomers, although this is consistent with our previous observation of multiple reactive
642  Cys residues in BRSKs that may be capable of forming a broad variety of intermolecular
643  disulfide bonds. However, it is noteworthy that even in the presence of peroxide, the
644  majority of the BRSK1 and 2 proteins existed as a monomeric species, which suggests
645 that oligomerization is unlikely to be the primary driver of oxidative inhibition that we

646  detect in kinase-based peptide assays.

647 Using SEC-MALS, we confirmed that BRSK1 and 2 (purified in the absence of DTT)
648 were near-uniformly monomeric in solution, but possessed the potential to self-
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649  associate and form dimers. The molar mass points across the monomer peak indicates
650 a high degree of homogeneity (weight-average molar mass M,, = ~42 kDa £ 0.99 % and
651 ~43 kDa £ 0.25 %, respectively Sup Fig 4a and b). Interestingly, the BRSK2 spectra
652 included a high molecular weight shoulder of an approximate dimer size (My, = ~75 kDa
653 = 2.1 %) that exhibited non-uniform molar mass points indicative of a heterogenous
654  population (likely as a consequence of poor separation between the two peaks and
655 higher order oligomers)). Although we have searched for BRSK1/2 inter-molecular
656  disulfide bonds in our LC-MS/MS data in an attempt to characterize the mechanism of
657 dimer formation, we were unable to identify any inter-molecular linked peptides. This is
658 likely due to the extremely low abundance of these dimeric species in this sample (thus
659 yielding a very small proportion of inter-linked tryptic peptides) and/or because inter-
660 molecular disulfide linked tryptic peptides are too large for identification using this
661 analytical pipeline. Collectively these findings confirm that the isolated kinase domains
662  of both BRSKs primarily occupy a largely monomeric conformation and can form limited
663 higher order redox-sensitive oligomers via covalent S-S bonds in vitro. However,
664  although reversible oxidation-based inactivation of BRSK1 and 2 is apparent in full-
665 length BRSK1 and 2, it remains to be determined to what extent multimerization
666 modulates BRSK catalytic activity (Fig 8) or how these mechanisms might contribute to
667  signaling-based interactions in cells.

668
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669 Discussion

670 Redox regulation of kinases and other signaling molecules is a rapidly expanding field
671 of research, which has extended far beyond the early observations of oxidative
672 inhibition in protein tyrosine phosphatases (Brandes, Schmitt, and Jakob 2009). More
673 recent enquiries have provided strong evidence for direct regulative oxidative
674 modification of Met and Cys residues across divergent protein kinase families, providing
675 temporal and spatial control of their catalytic outputs (Corcoran and Cotter 2013; Truong
676 and Carroll 2013; Jarvis, Hughes, and Ledgerwood 2012). However, despite the
677 prevalence of this regulatory mechanism, the structural basis for how redox-active
678 cysteines contribute to allosteric control of catalytic activity is largely unknown. In this
679  study, we demonstrate, for the first time, that two T-loop +2 Cys-containing members of
680 the ARK family, BRSK1 and 2, are reversibly inactivated by oxidative-dependent
681 mechanisms in vitro and in human cells. Moreover, we uncover a multifaceted redox-
682  activity profile for human BRSKSs, involving functional Cys-pairs that are conserved
683  within the catalytic domains of these understudied enzymes (Fig 8). In contrast to
684  kinases such as Aurora A, where a single Cys residue is the dominant driver of redox-
685  sensitivity (Byrne et al. 2020; Tsuchiya et al. 2020), BRSK1 and 2 possess multiple
686  sulfenylation-prone Cys residues (validated by their susceptibility to glutathionylation
687 and ability to form intramolecular disulfide bonds (Fig 2 and Supp Fig 3)) that leads to
688  direct modification of catalytic output. The close proximity of these Cys ‘pairs’ permits
689  the formation of two intramolecular disulfide bonds: the first forming between two HRD-
690 motif proximal sites, and the second bridging the conserved T-loop + 2 and unique
691 ‘CPE’ motif Cys residues (Fig 2). We propose a model where disulfide bond formation
692 can impose a steric block on kinase activity whilst structural perturbations, likely
693 emanating from sulfenylation of conserved BRSK family Cys residues within critical
694  kinase regulatory motifs, provides an additional layer of tunable regulation (Fig 8).
695 Importantly, MD simulations suggest that CPE Cys oxidation would cause disruption of
696 the CPE-I-helix salt bridge, critical for maintaining the EPK fold and allosteric
697 communication within the kinase domain. Mechanistically, oxidation of this Cys would
698 hijack the I-helix Arg, disrupting the allosteric network with the CPE Glu, which

699 concomitantly becomes more solvent-exposed. This insight provides a new
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700 understanding of BRSK regulation at the structural level and has potential implications
701 in cellular signaling and diseases that warrant further investigation. Validation of these
702  reversibly oxidized Cys species is also of interest relevance as this may implicate a
703  mechanistic role for ROS sensing in the largely obscure BRSK signaling pathways that
704  operate in different cell types, including those that impact on canonical redox pathways
705  that lead to NRF2 inactivation in cells (Tamir et al. 2020).

706

707  Multilayered redox regulation of BRSKs

708 The close proximity of Cys residues to critical regulatory elements within the T-Loop
709  (Beenstock, Mooshayef, and Engelberg 2016; Pearce, Komander, and Alessi 2010) is
710 likely to be a strategic evolutionary adaptation to permit ROS-based sensing and
711  regulated signaling in protein kinases. To attain ‘full’ activity, almost all ePKs need to be
712 phosphorylated on a T-Loop site, either in a self-activating manner
713 (autophosphorylation) or by an upstream kinase(s). This major regulatory step results in
714 a conformational reorganization, leading to the stabilization of an appropriate active
715  conformation to enable efficient catalytic transfer of phosphate to a protein substrate.
716  Although T-Loop phosphorylation is a critical and highly controlled process necessary to
717  convert kinases from inactive to active conformations, phosphorylation-independent
718 activation mechanism that bypass, or function as an accessory to this step have also
719  been described, such as allosteric activation of Aurora A by TPX2 (Eyers et al. 2003,
720 Bayliss et al. 2003), or activation of CAMKs by CaM (Rellos et al. 2010). Moreover,
721  kinase activity can be further fine-tuned by a mechanistically diverse array of
722 supplementary interactions and modifications, including ROS-derived Cys adducts. ARK
723 family kinases, such as BRSK1 and 2, are primed by phosphorylation in the T-loop of a
724  single Thr residue by the master regulator. LKB1. However, our findings suggest that
725  oxidation (or reduction) of key reactive Cys residues in the kinase domains of BRSK1
726  +2 might provide a ‘dominant’ regulatory oversight of enzyme output whose function in
727 cells is likely controlled by subcellular compartmentalization and/or partner protein
728 interactions.

729  The ARK family of protein kinases, consisting of 14 members (including AMPKa) share

730 related structural architecture and sequence homology, including a conserved T-loop +
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731 2 Cys residue distal to the activating site of phosphorylation. In this context, it is
732 noteworthy that several ARKs, including AMPK itself, are already known to be regulated
733 by redox modification in some capacity, and this has been attributed in large part to the
734  T+2 Cys residue (Byrne et al. 2020). As observed for several other Ser/Thr kinases,
735 amino acid substitutions at the T+2 Cys position are poorly tolerated in BRSKs (Fig 4
736 and 5), resulting in loss of activity, and confirming an indirect functional role of this Cys
737 residue in catalysis. Curiously, across diverse eukaryotic species, an additional Cys
738 residue (HRD -7) is nearly ubiquitously co-conserved alongside the T-loop Cys in all
739  ARKs, with the notable exception of MELK kinases (Fig 3). The close-proximity of the
740 HRD-7 Cys to the canonical HRD motif is predicted to provide an additional layer of
741  regulation in ARK family kinases. Indeed, the substitution of HRD-7 Cys with alanine is
742 highly detrimental to kinase activity (but not stability) of BRSK1 and 2 (Fig 4 and Supp
743 Fig 3d), which is consistent with a central role in maintaining an active conformation.
744  Moreover, the equivalent residue of AMPK, Cys 130, has previously been linked to the
745  redox-activity profile of this energy-monitoring kinase (Shao et al. 2014). Additionally,
746  several ARK family members form disulfide bond-dependent homo- and hetero dimers
747  with other proteins (Nayak et al. 2006; Marx et al. 2010; Cao et al. 2013). The crystal
748  structures of ARK family members MELK and MARK2 members demonstrate
749  asymmetric dimers, covalently linked by a disulfide bridge formed between T-loop + 2
750 Cys residues, and all demonstrate a similar mode of interaction consistent with a
751 symetry mate that can also be observed in the crystal structure of BRSK2 (Fig 8b),
752  (Marx et al. 2010; Marx et al. 2006; Murphy et al. 2007; Cao et al. 2013)).

753

754 BRSK-specific adaptations relevant to Cys-based signaling?

755  BRSKs are differentiated from other ARKs (and ePKs) by being further augmented with
756  two ‘BRSK-specific’ Cys residues at the HRD -1 and T-loop +9 positions, in close
757  proximity to the co-conserved HRD -7 and T-loop +2 Cys residues, respectively. The
758 identification of a T-loop + 9 Cys in BRSKs is particularly intriguing, as this replaces the
759 near invariant Ala residue of the APE motif found in the majority of human protein
760 kinases, creating a new ‘CPE’ motif. These adjacent cysteine pairs are also sufficiently

761  contiguous to support formation of intramolecular disulfide bonds that we can readily
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762 identify by MS, and which we predict impose a stable inactive conformation on the
763  kinase. This observation can likely explain the near obligate requirement of both kinases
764  for reducing agents to stimulate catalysis, in a manner reminiscent of AKT and MELK;
765 two protein kinases that can be released from an inactive-oxidized state by the chemical
766  reduction of auto-inhibitory intramolecular disulfide bonds (Murata et al. 2003; Huang et
767 al. 2003; Byrne et al. 2020; Beullens et al. 2005). Furthermore, deletion of the more
768  distal T-loop Cys residue in the CPE motif is sufficient to partially blunt BRSK1 and 2
769  auto-inhibition, which we partially accredit to the elimination of this covalent bond. In this
770  regard, it is of note that our MD simulations also suggest that the CPE Cys may have
771 several functional roles, as the oxidized form is also capable of directly disrupting the
772 CPE-I-helix salt bridge. Interestingly, although restoration of a de facto APE motif was
773 highly activating (relative to WT BRSK proteins), it was ineffective at suppressing further
774  oxidative inhibition in the presence of peroxide. This signifies that other redox-sensitive
775  cysteines, and notably the T-loop +2 Cys, may co-ordinate the catalytic response of
776 BRSKs to ROS. Through comparative evolutionary analysis, we identified that ~1.4 % of
777  all ePKs (including AKT and MELK) possess spatially organized cysteines capable of
778  disulfide bridging the DFG + 2 and T-loop + 2 positions (Byrne et al. 2020; Cao et al.
779  2013)(Huang et al. 2003). Notably, although MELK lacks the characteristic HRD -7 Cys
780 that is a hallmark of ARKSs, it has accumulated ‘compensatory’ activation loop Cys
781 residues capable of forming an array of interchangeable disulfide bonds (in vitro)
782  between the aforementioned DFG +2 position and an unusual tandem Cys arrangement
783 at the T-loop +1 and + 2 positions (Beullens et al. 2005). Furthermore, a broad analysis
784  of potential disulfide pairs within the catalytic domain of all human protein kinases
785  reveals 273 unique Cys pairs across 138 kinases with cysteine pairs within 10 A of each
786  other in the AlphaFold database (Supp. File 1). Although the potential for these pairs to
787  form reversible disulfide bonds needs to be established experimentally, the prevalence
788  of these pairs across the kinome suggests that conformational control of kinase activity
789  through reversible disulfide bonds may be a prevalent mechanism of kinome regulation.
790 In this study, we report a diverse intramolecular disulfide network in BRSK1 and 2 that
791 we predict serves as an intrinsic reversible switch to modify BRSK-based partner

792 interactions and signaling. When considering the dominant regulative role of the T-loop
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793 T+2 Cys, it is tempting to speculate that formation of such intramolecular disulfides
794  bonds with adjacent cysteines may be a protective physiological adaptation to prevent
795 formation of deleterious hyper-oxidized species and enable rapid re-activation of the
796  kinase after emergence from oxidative stress conditions by the disulfide reductase
797  system (Krishnan et al. 2011; Barrett et al. 1999; Chen et al. 2008).

798  The identification and characterization of unique reactive Cys residues within the kinase
799 domains of BRSK1 and 2 reveals sites of covalent-oxidative modification that may also
800 provide an underexploited opportunity to develop targeted therapeutic strategies for
801 BRSK-associated pathologies. Furthermore, mapping the spatial distribution of Cys
802 across the AMPK-related kinase family provides valuable insights into potential redox
803 hotspots that may underpin a tunable modulation of catalytic outputs with wider
804 implications for cellular signaling. As a master regulator of metabolic homeostasis,
805 AMPK activity is central to appropriate redox balance within cells (Ren and Shen 2019;
806 Choi et al. 2001; Hawley et al. 2010; Zmijewski et al. 2010; Hinchy et al. 2018; Auciello
807 et al. 2014; Shao et al. 2014), but until recently evidence of crosstalk between BRSKs
808 and redox signaling has been less clear. However, BRSKs can indirectly modulate the
809 cellular antioxidant response by orchestrating suppression of the transcription factor
810 (and master regulator/sensor of the antioxidant response), NRF2, in an mTOR-
811 dependent manner (Tamir et al. 2020). NRF2 is targeted for proteasomal degradation by
812 its inhibitor partner, KEAP1, and under conditions of elevated ROS, oxidation of sensor
813  Cys residues in KEAP1 allows NRF2 to escape ubiquitination and induce transcription
814 of the antioxidant machinery (Baird and Yamamoto 2020). Our discovery of redox
815 regulation in BRSKs suggests that it may be part of a multi-protein Cys-based ‘relay’
816 network of ROS sensitive effectors upstream of NRF2, potentially constituting a new
817  oxidative stress signaling mechanism. Uncoupling the specific role of BRSKs in this
818 pathway will be critical in illuminating BRSK1 and 2 physiology and their roles in
819 neuronal function and disease and may simultaneously provide an explanation for the
820 appearance of two functional BRSK1/2 genes in vertebrates.

821
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1174  Figure 1: BRSK1/2 are redox sensitive. (a) Schematic representation of BRSK domain
1175 architecture, including Kinase domain, Ubiquitin Associated (UBA) domain,

1176 Proline-Rich Region (PRR), Kinase Associated Domain(KA1), and Autoinhibitory
1177 Sequence (AlS). (b) Real time phosphorylation of fluorescent AMARA peptide by
1178 full length BRSK1 and 2 (200 ng). BRSK proteins were incubated with buffer or 1
1179 mM H2O, for 10 mins, reactions were then initiated with the addition of ATP and
1180 peptide substrate in the presence (where indicated) of 10 mM DTT. Dose

1181 response curves for (¢c) DTT and (d) H2O with 200 ng full-length BRSK1 and
1182 BRSK2. All kinases assays are shown as mean and SD of three experiments. (e)
1183 Immunoblotting for BRSK dependent phosphorylation of Tau at Ser262 (pS262),
1184 from lysates of HEK-293T cells overexpressing full-length FLAG-BRSK1 or 2
1185 (wild type [WT] or kinase dead [KD]) and GFP-Tau. (f) Immunoblotting analysis
1186 (left) of pS262 in transiently co-transfected HEK-293T cells incubated with the
1187 indicated concentration of H,O, for 10 mins. Normalized densitometry of Tau
1188 pS262 signal (right) was calculated from 3 independent experiments. (g)

1189 Representative immunoblot (left) of transiently co-transfected HEK-293T cells
1190 treated with 10 mM H,O, for 10 mins before the addition of 20 mM GSH. Whole
1191 cell lysates were harvested after a further 15 mins. Normalized densitometry of
1192 Tau pS262 signal (right) was calculated from 3 independent experiments.
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1194  Figure 2: Intramolecular disulfide bonds form in the kinase domains of BRSK1 and 2. (a)

1195 Full length BRSK1 and 2 were affinity-purified from HEK-293T cells and

1196 subjected to LC-MS/MS analysis. LC-MS/MS spectrum mapping revealed

1197 disulfide bridges formation between C147575X! _ C153BRSK1 ' C191BRSK1

1198 C198BRSKT  C132BRSK2 _ 5138BRSK2 and C1765R%K2 - ©183BRSK2 (b) Alphafold
1199 structures demonstrating the location of disulfide bonds within the kinase

1200 domains of BRSK1 and BRSK2. (c) Real time phosphorylation of fluorescent
1201 AMARA peptide by the kinase domains of BRSK1 and 2 (100 ng). BRSK1 29-
1202 358 and BRSK2 14-341 were activated by incubation with LKB1 and assayed in
1203 the presence of absence of 1 mM DTT.
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Figure 3: Cysteine pairs are highly conserved within the activation segments of BRSKs.
(a) Mapping of Cys residues (spheres) in the kinase domains of human ARK
family members. Numbers represent the corresponding amino acid position in
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PKA. Sphere size is proportional to the number of ARKs that contain a Cys at a
specific site. (b) Activation segment sequence alignment of the 14 human ARKSs.
(c) Phylogenetic analysis showing divergence and grouping of BRSKs sub-
families in different taxonomic groups. Bootstrap values are included for each
clade. (d) Sequence alignment of the kinase domains of invertebrate and
vertebrate BRSKs. (e) Analysis of relative amino acid conservation in ARKs and
BRSKs, centered on the HRD containing catalytic loop, and the T-loop (between
the DFG and APE motifs). Data is presented as HMM (hidden Markov models)
Sequence Logos. The % of ePKs that possess a specific Cys is shown at the
bottom.
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4: Cysteine residues within the kinase domain fine-tune BRSK activity. In vitro
kinase assays (right panels) showing normalized rates of peptide
phosphorylation by WT and Cys-to-Ala variants of (a) BRSK1 and (b) BRSK2.
100 ng of LKB1 activated BRSK kinase domain was assayed in the presence or
absence of 1 mM DTT. The positions of mutated Cys residues are modelled on
the kinase domain as coloured spheres (left panel). Real time in vitro assays
using (c) 50 ng BRSK1 and (d) 20 ng BRSK2. LKB1-activated BRSK proteins
were incubated on ice in the presence or absence of 250 uM DTT for 30 mins.
Assays were initiated by the addition of ATP and fluorescent peptide substrate in
the presence or absence of 1 mM H,0,. All data is mean and SD of 3
experiments.

WTBRSKs C191A%R(T+2) C198APFRS<(CPE) WP CT9NAT™ C198AT™
ns
a (;’% (;’Q\ (5’% & 200 * %
z{\ Q’(\ Q,(\ o
€ o e ¢ o e € o oy £ 150
g 504
F R /P R F P E = =
100 i
E— — gE— P G—— — —— — SS— o o 100+
100 H —dFLAG BRSK1 8
= ¢ &4 . D reu ps262 8 5
00
OIS s e B b bW b b b d 4§ b SEFGP-Tau £ \
S o
— —
37 |- T T — — — — — — —I GAPDH &é%’?%%%oc’% &“‘-X?E‘”Q\é’i ‘{\é\?“"?ré’)(f@@\b
2 £4) & < &
& R
<& & &
o WTBRSKz C176ABRKZ(T+2) C183APRSKY(CPE)
o o R S WTSRSK  C176ASRSK: C183A8%K2
& K & 3 2007 o
.@\ o Oﬁf? > {@‘\ o C)’*@ > .,g@v\ o 0:5? & 8 ns |i|
SR S R S S R L L %150"17'_'
75 g - FLAG-BRSK2 Ea 100
100 B
& " . 44 4| Taups262 8 5
00
1007 T .. JEFGP-Tau £
Z o0-
37 = _— GAPDH
e —— ——— —— — o Q,.@@i%%%"i&é@%‘”‘\e"g@@%‘”\x@@%
¥ & ¢
& & o

Figure 5: Impact of T-Loop and CPE Cys-to-Ala mutations on BRSK redox sensitivity in

a cellular EGFP-Tau HEK-293T co-expression system. Representative
immunoblot of EGFP-Tau co-expressed with WT and Cys-to-Ala mutants of (a)
BRSK1 and (b) BRSK2 (left panels). Transiently transfected HEK-293T cells
were treated with or without 10 mM H,O, for 10 mins before the addition of 20
mM GSH. Whole cell lysates were harvested after a further 15 mins.
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1240 Densitometry of Tau pS262 signal (right panels) was calculated from 3
1241 independent experiments. All values are normalized to Tau pS262 signals from
1242 control (buffer only treatment) WT BRSK and Tau co-transfections.
T+2Cys
Contacl map: average over three replicates
a \ b
’ / 5 LI E H1
{2~ s B
—_ T-Loop BRSK2 AF BRSK2 AF C176 Sulfenic Acid
-1 p c
y- L %;{ g_Ris ¢
y ) T
# -1 ¥ LD{\ 1_/ ﬁ .
- 23 @t’ C178A ¥ ' '
) C176A CI;’SA ) C‘I-?G SL;lfonicAcid
BReKe APE Motif Cys
f Contact map: average over three replicates
AV ? g Eﬂis - s .
‘& 7
“-‘__ - — | Lo Lo Fla4
. e | y P
— . & BRSK2 AF BRSK2 AF C183 Sulfenic Acid C183 Sulfenic Acid
@t ~ AD i
. 4 sl .
S° _c’ E185 . J ® |
" ) ‘jﬁ'g_ ﬁ XX, . f
A B N b
< ~ C183A W25 RasE L2509 W7 RSE L2590 £183
= “APE" moif o -
1243 BRSK2 C183A C183A C183 Sulfonic Acid C183 Sulfonic Acid

1244  Figure 6: Oxidative cysteine modifications alter critical structural interactions required for

1245 BRSK allosteric regulation. Three replicates of 100 ns GROMACS molecular
1246 dynamics simulations were performed to evaluate the effects of cysteine

1247 mutation and oxidation. Salt bridge disruption was analyzedby generating contact
1248 maps representing the percentage of the simulation time in which residues were
1249 within appropriate distance (3 Angstroms). (a) T+2 Cys is located in proximity to
1250 the activation loop threonine in the T loop. (b-e€) Evaluation of pT174-R140 salt
1251 bridge formation in wild type, C176A, and oxidized C176 BRSK2. (f) Location of
1252 CPE salt bridge within BRSK2. (g-j) Evaluation of E185-R248 salt bridge

1253 formation in wild type, C183A, and oxidized C183 BRSK2.
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Figure 7: BRSK1/2 form limited disulfide-mediated multimers. BRSK1/2 kinase domain
purified from E. coli were incubated with buffer, H,O,, or DTT and subjected to

non-reducing or reducing PAGE to evalute the formation of intramolecular
disulfide bonds.

[ — b e " . J"
Inactive ¥
| TkLKEﬂ +ATP | )
\ N 4
Inactive Oxidized \:\ 41 " Dimer
T¢ gﬁas <1fpT174075%2 T¢

‘ ]

o 1

| A 4
? Active Phesphorylated

1

Disulfide Linked Disulfide linked
dimer

Figure 8: (a) Model of BRSK1/2 regulation. Scematic diagram demonstrating ways in
which residues within BRSK kinases permit fine-tuning of catalytic activity
through a variety of oxidative modifications, potentially including inter and
intramolecular disulfide bonds. Cartoon representation of kinase domain with N-
lobe colored dark blue/purple and the C-lobe colored light blue/purple. (b) ARK
family member crystal structures demonstrate the ability to form asymetric dimers
bringing T + 2 cys into proximity. Crystal structures for MARK2 and MELK both
contain intermolecular disulfide bonds between T + 2 cys.
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1281 kinase motifs are highlighted in blue.
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BRSK Cys
B EPK Motif

Supplementary Figure 1: Phylogenetic analysis of BRSK and the ARK family. (a)
Phylogenetic analysis of the ARK family reveals that the closest relative of BRSK
kinases is AMPK. The number of cysteines in the kinase domain of BRSKs
increases relative to AMPK. (b) Sequence alignment and relative amino acid
composition of the activation segment of ePKs (top). Data is presented as HMM
(hidden Markov models) Sequence Logos. Table (bottom) depicts the frequency
of an amino acid at each position along the Catalytic and T-Loop. Key Cys
residues are highlighted in orange; residues highly conserved in ePK canonical
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1282
1283  Supplementary Figure 2: LC-MS/MS Analysis of BRSK1/2 catalytic domians. LC-

1284 MS/MS reveals intramolecular disulfide bonds in the kinase domains of BRSK1
1285 and 2 purified from E. coli.
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1287  Supplementary Figure 3: Biochemical analysis of BRSK Cys-to Ala mutants. (a)

1288 Immunoblot of in vitro glutathionylation of BRSK kinase domains. (b) Immunoblot
1289 showing LKB1-dependent phosphorylation of BRSK kinase domain proteins. (c)
1290 Thermal denaturation curves of BRSK catalytic domain proteins in the presence
1291 or absence of 10 mM DTT. (d) Thermal denaturation curves of BRSK catalytic
1292 domain cysteine to alanine mutants. (e) Representative immunoblot of EGFP-
1293 Tau co-expressed with full length, StWT and Cys-to-Ala mutants of BRSK1 and
1294 BRSK2. Transiently transfected HEK-293T cells were treated with or without 10
1295 mM H>0, for 10 mins.

BRSK2 C132-C138

1296  Supplementary Figure 4: Molecular Dynamics Simulations of intramolecular disulfide

1297 bonds. Simulations incorporating disulfide bonds identified in MS/MS

1298 experiments. RMSF was calculated based on three 100 ns GROMACS molecular
1299 dynamics simulations. Higher mobility is indicated by warmer colors and

1300 thickness of representation.
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1301  Supplementary Figure 5: SEC-MALS analysis of BRSK1 and 2 kinase domains in
1302 solution.
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1305  Source Data 1: Uncropped images from figure 1 showing changes in Tau phosphorylation in response to
1306  redox conditions.
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Source Data 2: Uncropped images from figure 5 demonstrating changes in Tau phosphorylation due to
point mutations.
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