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Abstract

Protein kinases are frequently regulated by intramolecular autoinhibitory interactions between 

protein modules that are reversed when these modules bind other ‘activating’ protein or 

membrane-bound targets. One group of kinases, the MAP/microtubule affinity-regulating kinases 

(MARKs) contain a poorly understood regulatory module, the KA1 (kinase associated-1) domain, 

at their C-terminus. KA1 domains from MARK1 and several related kinases from yeast to humans 

have been shown to bind membranes containing anionic phospholipids, and peptide ligands have 

also been reported. Deleting or mutating the C-terminal KA1 domain has been reported to activate 

the kinase in which it is found — also suggesting an intramolecular autoinhibitory role. Here, we 

show that the KA1 domain of human MARK1 interacts with, and inhibits, the MARK1 kinase 

domain. Using site-directed mutagenesis, we identify residues in the KA1 domain required for this 

auto-inhibitory activity, and find that residues involved in autoinhibition and in anionic 

phospholipid binding are the same. We also demonstrate that a ‘mini’ MARK1 becomes activated 

upon association with vesicles containing anionic phospholipids, but only if the protein is targeted 

to these vesicles by a second signal. These studies provide a mechanistic basis for understanding 

how MARK1 and its relatives may require more than one signal at the membrane surface to 

control their activation at the correct location and time. MARK family kinases have been 

implicated in a plethora of disease states including Alzheimer’s, cancer, and autism, so advancing 

our understanding of their regulatory mechanisms may ultimately have therapeutic value.

Introduction

Precise control of protein kinase activity is crucial for normal cell signaling. In many cases 

this is achieved by noncatalytic domain(s) within modular proteins that interact directly with 
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the kinase domain to exert either a positive or negative (autoinhibitory) influence [1]. Src 

and protein kinase C (PKC) are particularly well-studied illustrations [1, 2]. The Src kinase 

domain is autoinhibited by intramolecular interactions with SH2 and SH3 domains within 

the same protein, disrupted when these domains become engaged by other protein ligands. 

PKC and its relatives also assume an autoinhibited conformation, stabilized by 

intramolecular domain/domain interactions that are disrupted when the lipid-binding C1 and 

C2 domains both bind targets in the cell membrane [2]. It is now clear that many modular 

protein kinases share this basic regulatory principle [3]. In addition to C1 and C2 domains, 

several other lipid-binding modules are frequently found alongside kinase domains, 

including pleckstrin homology (PH), phox homology, FERM, and kinase associated-1 

(KA1) domains [3–5]. Structural studies have provided valuable insights into the precise 

mechanisms of intramolecular regulation for Src and PKC family members [6–8], as well as 

FAK [9]. Details are also now emerging for how PH domains exert their lipid-modulated 

autoinhibitory effects [10, 11], but relatively little is known for other lipid-binding domains.

We previously reported that the KA1 domains of MARK/PAR1 family kinases bind acidic 

phospholipids [12], and numerous studies have suggested an autoregulatory role for the 

(typically C-terminal) KA1 domain in these (and related) kinases [13]. The MARKs (for 

MAP/microtubule affinity-regulating kinases) form a subfamily of the calcium/calmodulin-

dependent protein kinase group [14] and are closely related to the AMP-activated protein 

kinases. Their domain composition is depicted in Figure 1, with an N-terminal Ser/Thr 

kinase domain followed successively by an ubiquitin-associated (UBA) domain, a linker (or 

‘spacer’) of ~300 amino acids that is predicted to be unstructured [13, 15], and the C-

terminal KA1 domain. Crystal structures of kinase–UBA domain fragments of MARK 

kinases [16–19] and other relatives [20, 21] have shown that the UBA domain abuts (and 

regulates) the kinase domain [13] as shown in Figure 1. Whether the KA1 domain also 

interacts directly with the kinase domain in cis to autoinhibit it is not yet clear. Deletion 

studies have suggested such an autoinhibitory role for the KA1 domain in MELK [22] and in 

the Saccharomyces cerevisiae Kin1/2 orthologs [23]. Similarly, mutations in the deduced 

KA1 domain in Chk1 (in the same branch of the kinome) were shown to promote 

constitutive activation of this kinase in the absence of DNA damage [24]. On the other hand, 

a structure of a related kinase called SAD (for synapses of amphids defective) indicated that 

the KA1 domain is only loosely involved in intramolecular interactions [21] — with an 

autoinhibitory domain adjacent to the KA1 domain (and unique to SAD kinases) that 

directly interacts with the kinase domain.

Motivated by these observations, we initiated efforts to understand how KA1 domains in 

MARK family kinases regulate kinase activity. In this report, we show that the recombinant 

MARK1 KA1 domain can bind and inhibit the human MARK1 kinase–UBA fragment in 

trans, and we use mutagenesis to identify the face of the KA1 domain that mediates this 

binding. Furthermore, we show that a ‘mini’ MARK1 construct (lacking most of the linker 

region between the kinase and KA1 domains) is autoinhibited and can be activated by KA1 

domain mutations. Moreover, ‘mini’ MARK1 can be activated in a KA1-dependent manner 

by enforced recruitment to vesicles containing anionic phospholipids. Our findings provide 

new insights into the role of the KA1 domain in MARK1 regulation. MARK1 and its 

relatives play diverse roles in cell physiology, most notably in establishing cell polarity 
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through phosphorylation of Tau protein [25, 26]. MARK family kinases have been 

implicated in multiple diseases, including Alzheimer’s disease, autism, and cancer [27–30]. 

Thus, advancing our understanding of how kinases in this family are regulated should help 

illuminate new approaches for therapeutic targeting that will complement those that target 

the kinase domain itself.

Experimental procedures

Expression constructs and protein purification

Constructs encoding various human MARK1 fragments with a noncleavable N-terminal 

hexahistidine tag were generated in pET21a (EMD Millipore) for expression in Escherichia 
coli. MARK1 fragments included the kinase–UBA fragment (residues 45–371: ΔN-KINWT-

UBA; WT, wild type), a T215E-mutated form of the kinase–UBA fragment (ΔN-KINTE-

UBA), the MARK1 KA1 domain (residues 683–795), and variants of ‘mini’ MARK1 T215E 

(from which residues 383–681 have been deleted from the linker). Other mutations and 

truncations are described in the text. A version of ΔN-KINWT-UBA was also generated with 

a tobacco etch virus (TEV) protease cleavage site inserted between the hexahistidine tag and 

the kinase domain. KA1 domain point mutations were introduced using ‘round-the-horn’ 

site-directed mutagenesis [31]. cDNA encoding human Gab1 was a gift of Dr Benjamin 

Neel (NYU Langone Medical Center, New York, NY). The region encoding residues 152–

251 of Gab1 was amplified by PCR to introduce a noncleavable N-terminal hexahistidine tag 

and was subcloned into pET21a. Expression constructs for the hexahistidine-tagged KA1 

domains from S. cerevisiae Chk1 (residues 412–527) and Kcc4p (residues 917–1037) were 

generated in pET21a as described previously [12].

All constructs were transformed into OverExpress C41(DE3) E. coli and induced for 

expression using 1 mM IPTG [32]. Cultures harboring the Gab1 fragment were induced for 

4 h at 37°C, whereas others were induced at 25°C for 16 h. Hexahistidine-tagged proteins 

were purified at 4°C essentially as described previously [12]. Harvested cell pellets were 

resuspended in lysis buffer containing 25 mM Tris (pH 8), 150 mM NaCl, 5% (v/v) glycerol, 

with 1 mM phenylmethylsulfonyl fluoride, and 5 mM β-mercaptoethanol. The suspension 

was sonicated, and protein was purified from clarified cell lysates using Ni-NTA affinity 

(step elution with 0.3 M imidazole), cation exchange [Resource S run in 25 mM MES (pH 

6), 5% (v/v) glycerol, 5 mM β-mercaptoethanol, with a NaCl gradient of 150–1000 mM], 

and size exclusion chromatography (SEC) on a Superose 12 column (GE Healthcare) in 20 

mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM TCEP (SEC buffer, which was also used 

for protein storage at 4°C). The Gab1 fragment was purified using Ni-NTA affinity and SEC 

without an ion exchange step. Purification of the MARK1 kinase–UBA fragment with a 

TEV-cleavable N-terminal hexahistidine tag involved an additional dialysis step concurrent 

with TEV cleavage [against 25 mM Tris (pH 8), 300 mM NaCl, 5% (v/v) glycerol, and 10 

mM β-mercaptoethanol] followed by removal of the cleaved tag by Ni-NTA 

chromatography prior to cation exchange. Removal of the hexahistidine tag was crucial for 

concentrating the kinase–UBA fragment to beyond 5 mg/ml. Tag-cleaved ΔN-KINWT-UBA 

was used for all experiments except surface plasmon resonance (SPR).
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Surface plasmon resonance

SPR experiments were performed on a BIAcore 3000 instrument (GE Healthcare) 

essentially as described previously [12, 33, 34]. The MARK1 kinase–UBA domain fragment 

(with hexahistidine tag intact) was immobilized on a CM5 biosensor chip by amine coupling 

in 10 mM Na acetate (pH 7.0). The running buffer for all experiments was 20 mM HEPES 

(pH 7.5), 3 mM EDTA, 0.005% (v/v) Surfactant P20, containing 0.15 M NaCl. An extended 

wash with running buffer was performed following each injection to remove bound protein 

and to restore the signal to baseline. Preparation of lipid vesicles and immobilization onto 

L1 biosensor chips for SPR analysis were performed as described previously [12, 34]. 1,2-

Dioleoyl-sn-glycero-3-phosphocholine (DOPC), L-α-phosphatidylserine (PS), L-α-

phosphatidic acid (PA), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-

carboxypentyl)iminodiacetic acid)succinyl] nickel salt (DOGS-Ni-NTA) were obtained from 

Avanti Polar Lipids, Inc. (Alabaster, AL).

Analytical ultracentrifugation

Sedimentation velocity analytical ultracentrifugation (SV-AUC) was performed using an 

Optima XL-A instrument (Beckman Coulter, Fullerton, CA) with an Ti-60 rotor held at 4°C 

and 40 000 rpm. Samples were diluted in SEC buffer, loaded into two-channel charcoal 

Epon centerpieces between quartz window pieces, and monitored at 280 nm. Buffer and 

sample-dependent variables were calculated using chemical composition with the program 

SEDNTERP [35], and size-distribution analysis c(s) was carried out using the Lamm 

equation within the program SEDFIT [36]. Results were displayed using the GraphPad 

Prism (GraphPad Software, Inc., San Diego, CA).

Small-angle X-ray scattering

All data were collected in-house on a custom Rigaku PSAXS S-Max3000 system with 

Osmic mirror optics (Osmic, Inc., Troy, MI), a three-pinhole enclosed flight path, a vacuum 

chamber with custom 4°C cooled sample mount, a gas-filled multi-wire CCD detector, and a 

Rigaku MicroMax-007 HF microfocus rotating anode X-ray generator (Rigaku America, 

Woodland, TX). Protein samples were exposed for 30–60 min, and forward scatter was 

subjected to circular averaging using SAXSgui ( JJ X-ray Systems Aps, Lyngby, Denmark) 

to create a one-dimensional intensity profile. Buffer blanks were subtracted, and PRIMUS 

[37] was used to calculate Guinier region estimates of extrapolated forward scatter at the 

zero angle (I0) and radius of gyration (Rg). The Guinier region was defined such that q*Rg 

was held between 0.4 and 1.8. All samples were monodispersed as judged by linearity 

within the Guinier region (Supplementary Figure S1A) and had good agreement when these 

parameters were recalculated with GNOM [38]. The maximum dimension (Dmax) was also 

obtained using GNOM [38]. I0 values were normalized by mass concentration (I0/c) for 

direct comparison along with a lysozyme standard (14.6 kDa). I0/c for the sample containing 

5.3 mg/ml tag-cleaved MARK1 kinase–UBA domain fragment was chosen as the reference 

value of 1.0.
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Thermal shift assays

A real-time PCR instrument was used to read increased fluorescence of SYPRO Orange dye 

(Invitrogen, Carlsbad, CA). A 15 µl aliquot of 2 µM KA1 domain was mixed with 5 µl of 

300-fold diluted dye in 384-well white microplates. Absorbance was read as the temperature 

of samples was increased from 20°C to 95°C over 90 min. Traces were normalized based on 

minimum and maximum signal, and plotted using GraphPad Prism.

Kinase assays

MARK1 kinase activity was assayed essentially as previously reported [26]. The assay 

conditions were 25 mM HEPES (pH 7.5), 1 mM DTT, 5 mM MgCl2, 100 µM ATP, and 100 

µM Tau-derived peptide substrate (NVKSKIGSTENLK, Genscript). Enzyme (in SEC 

buffer) was diluted 5-fold into the assay and reactions were performed at 25°C. Reaction 

progress was monitored using trace amounts of γ-32P-labeled ATP (~20 µCi per 

experiment). Phosphorylated peptides were captured by spotting an aliquot of the reaction 

mixture at each time point onto phosphocellulose paper and immediately quenching with a 

0.5% phosphate solution. After three washes in this solution plus one in acetone, 

incorporated radioactivity was measured by scintillation counting with appropriate 

background correction. Reaction velocity was calculated as peptide substrate phosphorylated 

per enzyme molecule per minute. For assays in which vesicles were also included, vesicle 

preparations were not preincubated with enzyme but added to the master mix. Final protein 

concentration in each assay was 5 µM, except for the T215E kinase–UBA fragment, which 

was assayed at 0.5 µM because of its increased activity. The anaplastic lymphoma kinase 

(ALK) tyrosine kinase was used as a positive control (with its own specific peptide) as 

described previously [39].

Results

The MARK1 KA1 domain binds the kinase–UBA fragment in trans

We began by testing the hypothesis that the MARK1 kinase–UBA fragment and the KA1 

domain interact with one another when present in separate polypeptides. We immobilized 

the hexahistidine-tagged kinase–UBA fragment on a CM5 BIAcore sensor chip and used 

SPR to assess the ability of the KA1 domain to bind when it flowed over the resulting 

surface. As shown in Figure 2A, the KA1 bound robustly — albeit weakly — to the 

immobilized kinase–UBA fragment, with an apparent dissociation constant (Kd) of 73±10 

µM. Increasing ionic strength reduced both affinity and the maximum extent of this binding 

(data not shown), indicating that it is driven substantially by electrostatic interactions. The 

interaction between the kinase–UBA fragment and the KA1 domain could also be detected 

directly in solution using SV-AUC. When studied alone by SV-AUC, the KA1 domain and 

the kinase–UBA fragment sediment with sedimentation coefficients of ~1 and ~2 Svedbergs 

(S), respectively (Figure 2B). When the two proteins are mixed, however (at a protein 

concentration of 35 µM), the KA1 domain appears to be largely ‘chased’ into the faster 

sedimenting peak, which is likely to represent a KA1/kinase–UBA heterodimer (Figure 2B). 

To investigate the absolute molecular mass of the complex formed between these two 

proteins, we used small-angle X-ray scattering (SAXS). The extrapolated forward scatter at 

the zero angle (I0) in an SAXS experiment, when normalized for mass concentration, 
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reflects the weight-average molecular weight (MW) of the particles in solution. Alone (at 

140 µM), the kinase–UBA fragment gives a normalized I0/c value (arbitrarily set to 1) that is 

2.4 times that measured for hen egg white lysozyme (Supplementary Table S1 and Figure 

2C), consistent with the ratio of their molecular masses (37.7 and 14.3 kDa, respectively: 

ratio is 2.6), and arguing that the kinase–UBA fragment is a monomer. When excess KA1 

domain (MW = 14.2 kDa) is added, the normalized I0/c for the complex saturates at 1.4 

times that for the kinase–UBA fragment, consistent with formation of a 1:1 complex (which 

would have a molecular mass of 51.9 kDa, i.e. 1.4 times that of the kinase–UBA fragment) 

— although it should be noted that scattering by the free excess KA1 domain will reduce the 

normalized I0/c value (and weight-average molecular weight). Values for the radius of 

gyration (Rg) and maximum particle diameter (Dmax) also increase upon the addition of 

KA1 domains, providing additional evidence that the KA1 domain forms a complex with the 

kinase–UBA fragment (Supplementary Table S1). Thus, using three separate biophysical 

methods we can robustly detect a likely 1:1 complex between the KA1 domain of MARK1 

and the kinase–UBA fragment. The interaction is quite weak when studied in trans, as 

expected since these domains are covalently linked to one another in the natural protein. 

Indeed, for this interaction to be modulated in regulating MARK1, it is important that the 

affinity in cis is not too high so that trans interactions with the KA1 domain (membrane 

binding for example) are able to compete effectively.

Trans-inhibition of MARK1 kinase activity by the KA1 domain

To determine whether KA1 domain binding to the kinase–UBA fragment can inhibit kinase 

activity in trans (a requirement for cis-autoinhibition), we implemented a previously 

described kinase assay for MARK1 using a Tau-derived peptide substrate [26]. We assayed 

both WT and T215E-mutated kinase–UBA fragments as increasing amounts of KA1 domain 

were added to the reaction. The T215E mutation is designed to mimic (in part) activation 

loop phosphorylation of MARK1 by LKB1 [40], increasing its catalytic activity. As shown 

in Figure 3A, the activity of the kinase–UBA fragment is weak (similar to the basal activity 

of a receptor tyrosine kinase [39]), but is elevated ~15-fold by the T215E phosphomimetic 

mutation (Figure 3B). Bona fide phosphorylation at this site and others, as well as other 

influences in the intact protein, are required for full activity [13]. Nonetheless, the addition 

of KA1 domain had a clear inhibitory effect on both WT (Figure 3A) and T215E (Figure 

3B) MARK1 kinase–UBA fragments, and 90% inhibition of the kinase activity could be 

achieved when KA1 domain was added at concentrations >200 µM (Figure 3C). An 

approximate IC50 value in the range of 100 µM for kinase–UBA inhibition by the KA1 

domain is suggested by the data in Figure 3C. This in turn suggests that Kd for the inhibitory 

interaction between the KA1 and kinase domains is ~100 µM (similar to that measured in 

Figure 2A), ~10-fold weaker than KA1 domain binding to membranes containing acidic 

phospholipids (~10 µM, [12]). For intact MARK1, KA1/membrane interactions in trans 
would have to compete with cis KA1/kinase interactions to activate MARK1, and hence 

would need to be significantly stronger — as observed.

To establish specificity of this effect, we showed that the MARK1 KA1 domain at 

concentrations >200 µM does not inhibit the ALK tyrosine kinase domain (Figure 3D). 

Moreover, neither the KA1 domain from the S. cerevisiae MARK/PAR kinase family 
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member Kcc4 [12] nor that from S. cerevisiae Chk1 [24] had a significant effect on MARK1 

kinase activity (Figure 3E,F). These data suggest that the MARK1 KA1 domain has a 

specific regulatory effect on the kinase domain in the same molecule through intramolecular 

versions of the domain/ domain interactions recapitulated here in trans.

A basic patch on the KA1 domain surface implicated in membrane binding also mediates 
kinase inhibition

In our previous structural studies of the MARK1 KA1 domain [12] we noted several basic 

patches on the surface, and found that mutations in at least one of these disrupt binding to 

anionic membrane surfaces. We evaluated the same set of KA1 domain variants for their 

ability to inhibit the MARK1 kinase–UBA fragment in trans, to test the hypothesis that the 

same surface of the KA1 domain might be involved in both cis-autoinhibitory interactions 

and membrane interactions (which trans activate MARK1). As shown in Figure 4A, several 

— but not all — KA1 domain variants in which basic residues at the surface had been 

replaced by serine failed to suppress activity of the kinase–UBA fragment. In particular, the 

R698S/R701S, K707S, K773S/ R774S, and K783S/K788S variants all lost inhibitory 

activity. These residues lie around strands β1 and β5 of the KA1 domain as well as helix α2, 

in a region that clearly overlaps with — and extends beyond — the region that we previously 

implicated in membrane binding (Figure 4B). As also shown in Figure 4B (right-most 

panel), the basic residues at which mutations failed to prevent trans kinase inhibition or 

membrane binding (i.e. the ‘permissive’ residues) lie in a distinct region of the KA1 domain 

surface. To exclude the possibility that the loss of trans-inhibitory activity in Figure 4A 

resulted simply from structural destabilization of the KA1 domain, melting temperatures 

were measured for each mutated variant, monitoring with SYPRO Orange fluorescence. 

Although a range of melting temperatures was observed (42–62°C), no mutated KA1 

domain displayed a melting temperature of <40°C (Supplementary Figure S2A), and there 

was no correlation between melting temperature and inhibitory activity (Supplementary 

Figure S2B). Furthermore, SDS–PAGE showed similar expression levels and purity of all 

mutated KA1 domain variants (Supplementary Figure S2C). The most stable of the KA1 

domain variants with impaired trans kinase inhibition ability (R698S/R701S) was also 

analyzed for its capacity to bind to the kinase–UBA fragment using SAXS. As shown in 

Figure 4C, the increase in I0/c seen (at 140 µM protein) when the WT KA1 domain was 

added to the kinase–UBA fragment was not as pronounced with the R698S/ R701S variant, 

suggesting that this KA1 domain variant binds more weakly to the kinase–UBA fragment. 

Adding the mutated KA1 domain also did not increase Rg or Dmax much beyond the values 

(Rg = 28.1 ± 0.4 Å, Dmax = 75 Å; Supplementary Table S1) measured for the ΔN-KIN-UBA 

fragment alone, reaching only 27.2 ± 0.2 Å (Rg) and 85 Å (Dmax).

Taken together, these results indicate that the same face of the MARK1 KA1 domain is 

involved in both membrane binding and autoinhibitory interactions with the kinase domain, 

in turn suggesting that membrane binding by the KA1 domain could activate MARK1 by 

disengaging such cis-autoinhibitory interactions. Importantly, all of the KA1 domain 

variants tested in Figure 4A that retained the ability to inhibit the MARK1 kinase–UBA 

fragment also retained WT membrane association in our earlier studies [12]. Although the 

basic character of the lipid-/kinase-binding surface appears to be conserved across KA1 
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domains (allowing relatively nonspecific membrane binding), the structural details of this 

surface differ significantly, which may allow distinct specific protein-binding (kinase 

domain) partners.

Linker-truncated ‘mini’ MARK1 variants are autoinhibited

As mentioned in the Introduction section, several studies have indicated that deleting the 

KA1 domain from MARK/PAR family kinases promotes their activation [13]. In an effort to 

do the reverse, we effectively appended the KA1 domain to the kinase–UBA fragment to ask 

whether this domain can exert a cis-autoinhibitory influence when included in the same 

molecule. This amounts to deleting 299 amino acids (residues 383–681) from the linker 

(predicted to be unstructured, [13, 15]) between the UBA domain and the KA1 domain 

(Figure 5A). In parallel, we were also interested in determining whether the ~45 amino acid 

predicted unstructured region at the amino-terminus has any influence on the catalytic 

activity of this construct.

As shown in Figure 5B, the most active form of MARK1 that we were able to generate was 

the kinase–UBA fragment lacking the N-terminus (ΔN) and harboring the T215E activation 

loop mutation (ΔN-KINTE-UBA). Simply appending the KA1 domain to this protein (via a 

32 amino acid linker) to give ΔN-KINTE-UBA-KA1 (or ‘mini’ MARK1) reduced activity by 

15–20-fold. Restoring the N-terminus in this protein (in KINTE-UBA-KA1) had little effect. 

These data therefore argue that the appended KA1 domain exerts an intramolecular (or cis) 

auto-inhibitory effect on kinase activity in ΔN-KINTE-UBA-KA1 and KINTE-UBA-KA1. 

This conclusion is further supported by the finding that KA1 domain mutations that abrogate 

trans-inhibition of the kinase–UBA fragment by the isolated KA1 domain (R698S/R701S 

and K783S/K788S) enhanced ‘mini’ MARK1 activity, suggesting that these mutations 

disrupt cis-autoinhibitory interactions (Figure 5B). By contrast, the K761S/K764S mutation 

pair, which did not prevent trans-inhibition by the KA1 domain, also did not activate ‘mini’ 

MARK1. Another piece of data suggesting that interactions between the KA1 and kinase 

domains are similar whether in cis or in trans came from SAXS experiments. I0/c, Rg, and 

Dmax values measured for ΔN-KINTE-UBA-KA1 (‘mini’ MARK1) are similar to those 

measured when the KA1 domain was added in trans to KINTE-UBA (see Figure 5C). 

Moreover, despite containing the complete KA1 domain, SPR studies showed that the ΔN-

KINTE-UBA-KA1 and KINTE-UBA-KA1 fragments bind acidic membrane much less 

effectively than the isolated KA1 domain (Figure 5D). This finding is consistent with the 

idea that the surface of the KA1 domain responsible for membrane association is occluded 

by interaction with the kinase domain in these multidomain constructs. In other words, just 

as the KA1 domain appears to autoinhibit the kinase domain, so does the kinase domain 

‘auto’ inhibit the ability of the KA1 domain in the same protein to bind membranes.

Anionic phospholipids can activate autoinhibited MARK1

If the KA1 domain uses its membrane-binding surface to inhibit the kinase domain in ‘mini’ 

MARK1, we reasoned that binding to acidic membrane surfaces might reverse the 

autoinhibition if membrane binding has sufficient affinity. Efforts to activate ΔN-KINTE-

UBA-KA1 or ‘mini’ MARK1 with vesicles containing 20% (mole/ mole) PS or PA on their 

own did not show significant activation, however, even at the highest lipid concentrations 
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employed (Supplementary Figure S3A). In addition, adding these vesicles to the MARK1 

kinase–UBA fragment did not reverse the ability of the KA1 domain to inhibit kinase 

activity in trans (Supplementary Figure S3B). We reasoned that the weak membrane binding 

of the KA1 domain (Kd > 5 µM) might not be sufficient to allow it to compete on its own 

with the intramolecular kinase/KA1 interactions. We therefore included DOGS-Ni-NTA 

lipids (5% mole/mole), so that the N-terminal hexahistidine tag of the proteins (retained in 

these experiments) would tether them to the vesicle surface. A similar strategy was 

previously employed for assessing autoinhibition of Ste5, a scaffold protein within the yeast 

MAPK pathway, and for its activation by membrane phosphoinositides [41]. Just as with 

Ste5, recruiting ‘mini’ MARK1 variants KINTE-UBA-KA1 and ΔN-KINTE-UBA-KA1 to 

vesicles through their hexahistidine tags allowed acidic phospholipids to promote MARK1 

kinase activity by up to ~6-fold (Figure 6A) or ~10-fold (Figure 6C,D) when lipid 

concentration reached 2 mM. PS and PA both had similar effects, consistent with their 

similar binding affinities for the KA1 domain [12]. This activating effect was only seen for 

the ‘mini’ MARK1 proteins, and not for the kinase–UBA fragment (Figure 6B–D), showing 

that it depends on the presence of the KA1 domain. These data therefore argue that MARK1 

localized to the membrane can be activated by anionic phospholipids present in that 

membrane, probably through their interaction with the KA1 domain, leading to relief of 

autoinhibition as suggested in the cartoon in Figure 6E. As we reported in our studies of the 

S. cerevisiae MARK/PAR kinases, two membrane-associated components appear to be 

required for activation — septins and acidic phospholipids in the case of Kcc4 [12]. In the 

activation of ‘mini’ MARK1 observed in Figure 6, binding of the hexahistidine tag to Ni-

NTA lipids appears to be capable of substituting for septin binding.

Discussion

We previously showed that the KA1 domain of several kinases in the MARK/PAR family of 

kinases can bind acidic phospholipids and promote recruitment of their host proteins to the 

cytoplasmic face of the plasma membrane [12]. A number of other studies have indicated 

that the KA1 domain — typically found at the C-terminus of these kinases — plays an 

intramolecular autoinhibitory role [13, 22–24]. By analogy with the other membrane-

associated domains in protein kinases [2], notably the C1 and C2 domains of PKC and the 

PH domain of Akt, for example, it seemed reasonable to suspect that the KA1 domain might 

interact directly with the kinase domain in MARK/PAR kinases and play an autoinhibitory 

role. Our data suggest that this is the case for MARK1, and further that the kinase-binding 

site overlaps with the membrane-binding site so that association with the two targets is 

mutually exclusive. As with PKC and Akt, this allows a regulatory mode in which 

membrane binding can simultaneously relocalize the kinase and enhance its catalytic 

activity.

Although the regulatory role of the KA1 domain suggested by our data and by previous 

studies appears relatively straightforward, it is clear that it is only one of several components 

involved in both regulation and localization of MARK/PAR family kinases [13]. Several 

phosphorylation events play key roles, and binding partners for the membrane-proximal 

UBA domain could play important positive or negative roles [13]. Additional auto-inhibitory 

interactions may also occur, as seen for the unique autoinhibitory sequence adjacent to the 
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KA1 domain in SAD kinases [21], which has been seen crystallographically to interact with 

helix αC in the kinase domain. The linker between the UBA and KA1 domain has also been 

suggested to contain binding sites for several targets, including membrane lipids and 

proteins [42–47]. Indeed, a recent study of Hsl1 [43] argues that co-ordinated septin binding 

to elements in the linker region of Hsl1 with membrane binding by the C-terminal KA1 

domain is responsible for its recruitment to septin collars at the bud neck. Our data suggest 

that such co-operation of multiple domains can reverse kinase autoinhibition (at least in 

MARK1), and hence will have the capacity to activate the kinase at the correct location 

through ‘coincidence detection’ [5]. In the case of our ‘mini’ MARK1 proteins, we find that 

a hexahistidine tag can mimic the septin association elements in vitro if we include Ni-NTA 

lipids in our vesicles. It is not clear for MARK1 and its close relatives what might be the 

second target analogous to septins. One intriguing possibility is death-associated protein 

kinase, which has been reported to relieve autoinhibition of MARK1 and MARK2 by 

binding to the ‘linker’ region [48] to modulate microtubule assembly and neuronal 

differentiation, and may do so in concert with KA1 domain engagement by anionic 

membrane surfaces.

Our data argue that the KA1 domain has regulatory properties that resemble lipid-binding 

domains in other protein kinases [2, 3, 5]. Moreover, like several of these domains, notably 

C2 and PH domains, KA1 domains may bind both membrane and protein targets [49] — just 

as protein or peptide targets have been suggested for PH domains [50] and C2 domains [51]; 

for example. Yang et al. [49] reported that the KA1 domain of PAR1b/MARK2 and other 

human MARK family kinases interacts with Gab1 by binding to an ~100 amino acid stretch 

(aa 152–250) in its unstructured region — potentially linking receptor tyrosine kinase 

signaling to control of cell polarity. Indeed, this study suggests that Gab1 acts as a scaffold 

to facilitate phosphorylation of PAR3 and possibly other polarity-regulating proteins by 

MARK2 [49]. Just as acidic vesicles can activate our ‘mini’ MARK1 in vitro, 

overexpression of the KA1-binding region of Gab1 appears to increase MARK2 activation 

in cells. It is not clear whether Gab1 must bind the KA1 domain in addition to membranes to 

achieve this effect, or whether it binds to the same binding site on the KA1 domain as do 

acidic phospholipids. We were not able to detect activation of purified ‘mini’ MARK1 with 

the Gab1152–251 segment in vitro, and the addition of excess Gab1152–251 did not reverse the 

trans-inhibitory effect of the KA1 domain on MARK1 kinase activity (Supplementary 

Figure S3C). Gab1 may bind a separate surface on the KA1 domain from that involved in 

kinase inhibition, or may require additional cellular components for its binding to — and 

activation of — MARK1 in cells. Studies of kinases in this family indicate that numerous 

activating signals must co-operate in order to activate them at the right place and at the 

correct time. Our data argue that the KA1 domain plays an important role in this — at least 

for MARK1 — and a role that is analogous to that seen for other protein modules with 

defined binding targets in other kinases. As with these other examples, the additional 

mechanistic understanding of the MARK/PAR family kinases should ultimately be useful in 

devising ways to inhibit their aberrant activation in pathological situations, such as 

tauopathies [13], by targeting allosteric activation rather than the kinase domain itself.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DOGS-Ni-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1- 

carboxypentyl)iminodiacetic acid)succinyl] nickel salt

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

FAK focal adhesion kinase

FERM band four-point-one ezrin radixin moesin

IPTG isopropyl b-D-1-thiogalactopyranoside

KA1 kinase associated-1

MAP microtubule-associated protein

MARKs microtubule affinity-regulating kinases

MELK maternal embryonic leucine zipper kinase

MES 2-(N-morpholino)ethanesulfonic acid

MW molecular weight

PA L-α-phosphatidic acid

PAR1 partitioning-defective 1

PH pleckstrin homology

PKC protein kinase C

PS L-α-phosphatidylserine

SAD synapses of amphids defective

SAXS small-angle X-ray scattering

SAD synapses of amphids defective

SEC size exclusion chromatography
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SH Src homology

SPR surface plasmon resonance

SV-AUC sedimentation velocity analytical ultracentrifugation

TCEP tris(2-carboxyethyl)phosphine

TEV tobacco etch virus

UBA ubiquitin-associated domain

WT wild type
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Figure 1. Proposed roles of the MARK1 KA1 domain
The C-terminal KA1 domain (cyan) of MARK1 (PDB: 3OSE) is separated from the kinase 

(green) and UBA (orange) domains (PDB: 2HAK) by a linker of ~300 amino acids that is 

predicted to be unstructured [13, 15]. The KA1 domain has been separately implicated in 

autoinhibition of kinase activity [13], binding to anionic phospholipid membranes [12], and 

binding to Gab1 (not shown) [49]. Numbering is shown for human MARK1.
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Figure 2. Evidence for direct binding of the MARK1 KA1 domain to the kinase–UBA domain 
fragment
(A) SPR analysis of the MARK1 KA1 domain binding to the MARK1 kinase–UBA domain 

fragment (residues 45–371: ΔN-KINWT-UBA) immobilized on a CM5 sensor chip. The 

binding curve shown is representative of three independent repeats. Fitting to each individual 

binding curve yields a mean Kd value (±standard deviation) of 73 ± 10 mM for the KA1 

domain. No binding was observed for the BSA control. Note that ΔN-KINWT-UBA from 

which the hexahistidine tag had not been proteolytically removed was used for these studies. 

(B) Analytical ultracentrifugation sedimentation velocity c(s) distribution analysis of tag-

cleaved kinase–UBA domain fragment at 35 mM (black dashed trace), 35 mM KA1 domain 

alone (red trace), and a mixture of both (blue trace). The fact that there is no detectable free 

KA1 domain in this mixture suggests that the apparent affinity in this assay is stronger than 

that measured in the SPR experiment, which could result from restrictions on KA1 binding 

imposed by covalent immobilization of the kinase–UBA fragment on the SPR sensor chip. 

Note also that the sedimentation coefficient for the mixture is slightly smaller than that for 

the kinase–UBA alone, suggesting that the complex may be more compact. Similar c(s) 

distributions were obtained for two independent protein preparations. (C) Normalized I0 

SAXS analysis of the tag-cleaved kinase–UBA domain fragment held at 140 µM (5.3 

mg/ml) as KA1 domain was added in trans at increasing concentrations from 140 µM (1:1 
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ratio) to 420 µM (1:3 ratio). The KA1 domain-only control contained 420 µM protein, and 

the hen egg white lysozyme (HEWL) control was at 700 µM (10.5 mg/ml). The mean values 

from three independent experiments (±standard deviation) are shown, with the exception of 

the 1:3 ratio sample, for which data for two protein preparations are shown (each measured 

in triplicate). Rg and Dmax values for all samples are listed in Supplementary Table S1.
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Figure 3. Inhibition of MARK1 kinase activity in trans by the KA1 domain
(A and B) The purified MARK1 KA1 domain was added at increasing concentrations to the 

MARK1 kinase–UBA domain fragment with the WT kinase domain (ΔN-KINWT-UBA) at 5 

µM (A) or harboring the activating T215E activation loop mutation (ΔN-KINTE-UBA) at 0.5 

µM (B). Kinase activities of the mixtures were assayed in triplicate using a Tau-derived 

peptide as a substrate. Values plotted are means ± standard deviation. (C) Titration of up to 

600 µM MARK1 KA1 domain into the assay with ΔN-KINWT-UBA resulted in up to ~90% 

inhibition compared with the kinase–UBA domain fragment alone. By contrast, as shown in 

(D), the MARK1 KA1 domain (added at up to 400 µM) had no inhibitory effect on activity 

of the ALK tyrosine kinase domain at 2 µM, and (E) the KA1 domain from S. cerevisiae 
Kcc4 [12] did not inhibit the MARK1 kinase–UBA domain fragment (present at 5 µM). 

Also confirming KA1/kinase domain specificity (F), adding the S. cerevisiae Chk1 KA1 

domain (at 75 µM) had no effect on activity of the MARK1 kinase–UBA domain fragment 

(at 5 µM) under the same conditions that the MARK1 KA1 domain (at 75 µM) achieved 

~40% inhibition. Mean values ± standard deviation for at least three replicates are reported.
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Figure 4. Mapping the autoinhibitory interface of the MARK1 KA1 domain
(A) The noted purified KA1 domain variants (at 100 µM) were added to 5 µM kinase–UBA 

domain fragment (ΔN-KINWT-UBA, with hexahistidine tag removed) and kinase activity 

assessed in triplicate. Mean values ± standard deviation are plotted. (B) The MARK1 KA1 

domain (PDB: 3OSE) is shown in gray cartoon representation with selected basic side 

chains shown as spheres. Mutation of those colored green in the left-hand panel prevented 

the KA1 domain from inhibiting kinase activity in trans in (A). Mutation of those colored 

tan in the middle panel impaired KA1 domain binding to membranes containing acidic 

phospholipids in our previous studies [12], whereas mutation of the side chains colored red 

in the right-most panel did not affect trans kinase inhibition or membrane binding, so we 

have termed them ‘permissive’. Our data suggest that the binding sites for kinase inhibition 

and membrane association are co-located on the KA1 domain surface. (C) Analysis of 

increases in weight-average molecular weight (MW) by monitoring the intensity of forward 
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scatter (I0) in SAXS experiments shows that the WT KA1 domain forms a complex with 

tag-cleaved ΔN-KINWT-UBA (at 140 µM) — showing the same data as in (C) — but the 

R698S/R701S variant (which does not inhibit kinase activity) does so less robustly, 

suggesting that this KA1 domain variant binds more weakly to the kinase–UBA fragment. 

KA1 domains were added at 280 µM. Rg and Dmax for ΔN-KINWT-UBA plus mutated KA1 

domain were 27.2 ± 0.2 Å and 85 Å respectively, compared with 28.1 ± 0.4 Å and 75 Å 

respectively, for ΔN-KINWT-UBA alone and 30 ± 1.0 Å and 95 Å for ΔN-KINWT-UBA plus 

(2×) WT KA1 domain (Supplementary Table S1). Mean and standard deviations for at least 

three measurements from two independent protein preparations are shown.
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Figure 5. Intramolecular autoinhibition of MARK1 by the KA1 domain
(A) Diagram of MARK1 constructs. Full-length MARK1 is shown at the top, and ‘mini’ 

MARK1 was generated by deleting residues 383–681 from the linker between the UBA and 

KA1 domains, to yield KIN-UBA-KA1. The T215E activation loop phosphomimetic 

mutation was also introduced to yield KINTE-UBA-KA1. A second ‘mini’ MARK1 

construct is identical except that it lacks the N-terminal 44 residues (ΔN-KINTE-UBA-KA1), 

and a T215E version of the kinase–UBA domain fragment (ΔN-KINTE-UBA) was also 

generated. All constructs contain an N-terminal hexahistidine tag. (B) A comparison of the 

kinase activities of KINTE-UBA-KA1 and ΔN-KINTE-UBA-KA1 (assayed at 5 µM) with 

that of ΔN-KINTE-UBA (assayed at 0.5 µM) shows that KA1 domain deletion from ‘mini’ 

MARK1 increases activity by ~25-fold or more. Enhanced activity of variants of ΔN-

KINTE-UBA-KA1 with a mutated KA1 domain (assayed at 1 µM) further shows that 

alterations that disrupt kinase inhibition in trans by the KA1 domain (R698S/R701S or 

K783S/K788S; Figure 4) increase the activity of ‘mini’ MARK1 by ~12–17-fold. By 
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contrast, permissive mutations (K761S/K764S) have no effect. Activities were assayed in 

triplicate, and mean values ± standard deviation plotted. (C) SAXS analysis shows that the 

weight-average molecular weight (MW) of tag-cleaved ΔN-KINTE-UBA-KA1 (at 140 µM) 

plotted as a relative I0 value is 1.4-fold greater than that for ΔN-KINTE-UBA (at 140 µM). 

Comparison with Figure 2C shows that the addition of the KA1 domain in trans has the 

same effect on I0 as appending it in cis, increasing I0/c by the same factor (~1.4), and 

increasing Rg from 28.1 ± 0.4 Å (for ΔN-KINTE-UBA) to 31.7 ± 1.7 Å for ΔN-KINTE-

UBA-KA1 and Dmax from 75 to 95 Å — similar to the increases seen when KA1 domain is 

added in trans (Supplementary Table S1). A HEWL control is also shown. The mean and 

standard deviations for at least three measurements from two independent protein 

preparations are shown. (D) SPR analysis of binding to membranes containing acidic 

phospholipids for the isolated MARK1 KA1 domain, ΔN-KINTE-UBA-KA1 ‘mini’ 

MARK1, and KINTE-UBA-KA1 ‘mini’ MARK1. DOPC membranes containing 20% (mole/

mole) PS were immobilized on L1 sensor chips as described previously [12]. Binding curves 

are representative of at least three independent repeats and were fit separately. The Kd value 

(±standard deviation) estimated for the MARK1 KA1 domain binding to these vesicles was 

7.4 ± 2.6 µM. Neither ΔN-KINTE-UBA-KA1 nor KINTE-UBA-KA1 ‘mini’ MARK1 gave 

robust signals, and binding was too weak to quantitate.
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Figure 6. Lipid activation of ‘mini’ MARK1
(A) Kinase activities of the ΔN-KINTE-UBA-KA1 ‘mini’ MARK1 and a variant lacking the 

KA1 domain (ΔN-KINTE-UBA) were assayed in triplicate following the addition of 200 µM 

DOPC, in vesicles into which various combinations of other phospholipids had been 

incorporated. Values are plotted as mean ± standard deviation, normalized to activity in the 

absence of added lipid. The data show that vesicles containing PS or PA robustly activated 

‘mini’ MARK1, but only when they also contained 5% (mole/mole) DOGS-Ni-NTA, which 

binds the hexahistidine tag on both constructs — left intact for these experiments. PS or PA 
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was included at 20% (mole/mole) when present as the only addition, or 15% when added 

alongside DOGS-Ni-NTA. (B) The kinase activity of ΔN-KINTE-UBA (lacking the KA1 

domain) was unaffected by the addition of vesicles containing 5% (mole/mole) DOGS-Ni-

NTA plus 95% PC alone (dotted gray line), 80% PC plus 15% PA (dashed black line), or 

80% PC plus 15% PS (solid black line). Vesicles were titrated up to 2 mM total added lipid. 

(C) By contrast, histidine-tagged ΔN-KINTE-UBA-KA1 ‘mini’ MARK1 was robustly 

activated by the vesicles containing DOGS-Ni-NTA plus PA or PS, as was KINTE-UBA-

KA1 (D). We present a hypothetical model in (E) where MARK1 can be activated by the 

presence of anionic phospholipids (and their binding to the KA1 domain), but only when 

another entity contributes to membrane recruitment. This role is assumed by the 

hexahistidine tag binding to DOGS-Ni-NTA in our in vitro studies, but might be provided by 

septins in yeast orthologs [12, 43], and/or other components (denoted by the red question 

mark) in MARK1 — as summarized in the text. Curved arrows indicate low kinase activity 

for the autoinhibited state, and elevated kinase activity in the membrane-bound state.
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