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Abstract

Ndr/Lats kinases bind Mob coactivator proteins to form complexes that are essential and 

evolutionarily conserved components of “Hippo” signaling pathways, which control cell 

proliferation and morphogenesis in eukaryotes. All Ndr/Lats kinases have a characteristic N-

terminal regulatory (NTR) region that binds a specific Mob cofactor: Lats kinases associate with 

Mob1 proteins, and Ndr kinases associate with Mob2 proteins. To better understand the 

significance of the association of Mob protein with Ndr/Lats kinases and selective binding of Ndr 
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and Lats to distinct Mob cofactors, we determined crystal structures of Saccharomyces cerevisiae 
Cbk1NTR–Mob2 and Dbf2NTR–Mob1 and experimentally assessed determinants of Mob cofactor 

binding and specificity. This allowed a significant improvement in the previously determined 

structure of Cbk1 kinase bound to Mob2, presently the only crystallographic model of a full length 

Ndr/Lats kinase complexed with a Mob cofactor. Our analysis indicates that the Ndr/LatsNTR–

Mob interface provides a distinctive kinase regulation mechanism, in which the Mob cofactor 

organizes the Ndr/Lats NTR to interact with the AGC kinase C-terminal hydrophobic motif (HM), 

which is involved in allosteric regulation. The Mob-organized NTR appears to mediate association 

of the HM with an allosteric site on the N-terminal kinase lobe. We also found that Cbk1 and Dbf2 

associated specifically with Mob2 and Mob1, respectively. Alteration of residues in the Cbk1 NTR 

allows association of the noncognate Mob cofactor, indicating that cofactor specificity is restricted 

by discrete sites rather than being broadly distributed. Overall, our analysis provides a new picture 

of the functional role of Mob association and indicates that the Ndr/LatsNTR–Mob interface is 

largely a common structural platform that mediates kinase–cofactor binding.

Graphical Abstract

Hippo signaling systems are widespread in the eukaryotic world, playing roles in cell 

proliferation control, tissue development, and cell morphogenesis.1 These pathways have a 

deeply conserved signaling core in which upstream Ste20-family Mst/hippo kinases 

phosphorylate key C-terminal activating sites of Ndr/Lats kinases that belong to the AGC 

superfamily of protein kinases (e.g., PKA, -B, or -C). The Ndr/Lats kinases fall into Ndr and 

Lats subfamilies that, while closely related, are distinct from one another in amino acid 

sequence and cellular function from yeast to animals (reviewed in refs 2-4). In animals, for 

example, Lats-related kinases inhibit YAP/TAZ-family transcriptional coactivators driving 

genes that promote cell cycle entry and apoptosis resistance; this system links cell 

proliferation to tissue organization.1,2,5,6 Animal Ndr kinases play separate and incompletely 

understood roles in cell proliferation and morphogenesis of polarized structures, notably 

organization of neurites.1-4,6 The Ndr/Lats kinases have a distinctive segment immediately 

N-terminal to their kinase domains generally termed the NTR (N-terminal regulatory) 

region. This NTR region binds to the “Mob” coactivator protein, an association that appears 

to be essential for kinase function.2,7,8 In the budding yeast Saccharomyces cerevisiae, 

where Mob coactivators were discovered, the paralogous Lats-related kinases Dbf2 and 
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Dbf20 bind the Mob1 protein, forming a central component of a hippo pathway system 

called the mitotic exit network (MEN) that controls cytokinesis and the transition from M 

phase to G19-20 (reviewed in refs 21 and 22). The budding yeast Ndr-subfamily kinase Cbk1 

associates with the Mob2 coactivator and functions in a different pathway that controls the 

final stage of cell separation and polarized cell growth called the Regulation of Ace2 and 

Morphogenesis (RAM) network. Notably, the MEN and RAM network control distinct 

processes that are important for late cell division and morphogenesis, with no evidence of 

functional overlap of Dbf2/20 and Cbk1.16,17,19,23-25 Cbk1–Mob1 or Dbf2/20–Mob2 

complexes do not appear to form,26-30 despite the simultaneous presence of all of the 

proteins in the cytosol, suggesting a mechanism that enforces kinase–coactivator association 

specificity. Studies of homologous Schizosaccharomyces pombe Sid2(Lats)–Mob1 and 

Orb6(Ndr)–Mob2 complexes further indicate highly specific Ndr/Lats–Mob interactions,31 

despite the highly conserved nature of both the Mob cofactor and the kinase NTR across the 

entire Ndr/Lats family.32 While the Mob coactivator is required for kinase function, poor 

resolution in previous crystal structures of the Cbk1–Mob2 interface gave only limited 

information about the role of Mob binding.33

In this study, we collected higher-resolution crystallographic data to obtain a better structural 

model of the Mob2–Cbk1 interface. In the light of this new structure, we updated the NTR 

in the full Cbk1–Mob2 complex33 and found that this region adopts a V-shaped helical 

hairpin similar to those of the human Lats1–Mob13435 and Ndr–Mob136 complexes. 

Furthermore, our improved structure highlights a critical role for Mob binding in positioning 

the hydrophobic motif (HM) of the kinase. Ndr-family kinases contain a C-terminal 

hydrophobic motif (HM) that upon phosphorylation of a critical threonine residue by an 

upstream kinase activates the enzyme in vivo.37 The Ndr/Lats group is unique among AGC 

kinases: apart from HM phosphorylation and autoactivation at their activation loop (AL), 

they depend on Mob cofactor binding. The new structure combined with modeling reveals 

that the phosphorylated Thr-743 in Cbk1’s HM becomes proximal to a conserved Arg in the 

NTR upon Mob binding. Mob-driven orientation in this region likely drives optimal 

positioning of the kinase’s otherwise flexible αC, a component critical for kinase activation.

The higher-resolution structure of the Cbk1–Mob2 complex allowed the comparison of the 

kinase–coactivator interface with that of the Dbf2–Mob1 complex to better understand the 

mechanism of specificity. We found that a short motif in the Mob structure that differs 

between Mob1 and Mob2 strongly contributes to the molecular recognition between the 

kinase and the cofactor; mutation of this motif permits noncognate complex formation and 

perturbs the binding affinity of the cognates.

RESULTS

The Cbk1NTR–Mob2 Complex Contains Conserved Structural Motifs.

The mechanism by which binding of the Mob cofactor to Ndr-family kinases controls kinase 

function and kinase–cofactor binding specificity is not well-understood. We set out to 

determine the crystal structure of the Cbk1NTR–Mob2 complex. As we were unable to stably 

express monomeric Mob2 in an Escherichia coli overexpression system, we engineered 

Mob2 V148C Y153C, termed zinc-binding Mob2 in this work, which recapitulates a zinc-

Parker et al. Page 3

Biochemistry. Author manuscript; available in PMC 2021 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



binding motif found in most metazoan Mob2 orthologs as well as in S. cerevisiae Mob1 

(Figure S1). We found this change stabilized Mob2 and allowed suitable E. coli expression 

for biochemistry. Using this construct, we determined the structure of zinc-binding 

Mob245-287 bound to Cbk1NTR (251–351) to 2.8 Å resolution (Table 1 and Figure 1A).

The NTR forms a bihelical conformation similar to that observed in LatsNTR– and NdrNTR–

Mob1 structures; an overlay with a previously determined Lats1NTR–hMob1 [Protein Data 

Bank (PDB) 5B5W] crystal structure demonstrates substantial similarity, with a root-mean-

square deviation (RMSD) of 1.082 Å (Figure 1B). The new Cbk1NTR–Mob2 complex 

highlighted structurally conserved features of the Ndr/Lats–Mob interface, which could be 

mapped to three distinct regions (interfaces I–III). Regions previously observed to be 

responsible for binding are highly conserved within a variety of eukaryotes (Figure 1C), 

with interfaces II and III showing similarity in the alignment. This includes conserved Cbk1 

residues Arg-304 and -307 (RxxR, at interface II), which have a geometry similar to that of 

Lats1 Arg-657 and -660.34,35 A number of residues are responsible for both cohesion 

between the two helical regions of the Cbk1 NTR (αMobA and αMobB; αMob refers to 

those helical kinase NTR regions that interface with the Mob cofactor) (Figure 1D, left) and 

adhesion to the Mob2 cofactor, specifically helix H2 (Figure 1D, right).

The Dbf2–Mob1 Structure Is Similar to the Lats–Mob1 Structure.

While a majority of the yeast Mob1’s biochemical properties have been derived from 

temperature sensitive mutations discovered in Mob1,15-17 the interaction interface with Dbf2 

remains poorly characterized. To more completely understand this interaction and compare it 

with those of the Cbk1 and Lats1 homologues, we determined the structure of Mob179-314 

bound to Dbf2NTR (85–173) to 3.5 Å resolution (Figure 2A). As in Cbk1NTR–Mob2, a 

variety of molecular contacts cohere the Dbf2 αMob helices as well as the Dbf2–Mob1 

interaction, many of them similar to those of Cbk1NTR–Mob2 (compare Figure 2B with 

Figure 1D).

We next verified the structure by performing interaction assays with point mutants in 

conserved residues identified in the crystal structures. Unfortunately, Dbf2 and Cbk1 NTRs 

were highly prone to aggregation when expressed alone, even when fused to maltose-

binding protein (MBP). SEC-MALS of purified MBP fusions demonstrated extensive 

oligomerization, prohibiting direct interaction assays (Figure S2). To test binding, we co-

expressed Dbf2NTR and Mob1 from separate plasmids in E. coli with His6-fused 

Mob179-314. His6-Mob1 was purified with nickel resin, and the ability of the kinase NTR to 

co-purify was examined by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS–PAGE) and Coomassie staining. This MBP–Dbf2NTR and Mob1 interaction assay 

demonstrated that Dbf2 Arg-125, Arg-166, and Arg-169 contribute strongly to the 

interaction, as predicted by the crystal structure (Figure 2C, lanes 2, 5, and 7). Mutation of 

non-Mob-binding Arg-128, Glu-161, and Arg-168 either ablated or abolished the interaction 

(Figure 2C, lanes 3, 4, and 6), indicating the integrity of the NTR is crucial to formation of 

the complex similar to the intra-αMob interaction between Lats1 Arg-660 and Glu-689.34 

Interestingly, Lys-171 does not participate in Mob1 binding despite strong charge 
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conservation across the eukaryotic world (Figure 2C, lane 8). Thus, conserved residues in 

the Dbf2–Mob1 structure participate in binding.

Ndr/Lats–Mob Complexes Contain Extensively Conserved Regions.

Overall, we found both yeast complexes to be conformationally similar to previously 

published structures of mammalian Mob1/Lats134,35 and Mob1/Ndr2.36 Both Cbk1NTR and 

Dbf2NTR form a two-helix bundle (αMobA and αMobB), and helix 2 (H2) of the Mob 

protein is incorporated into a cleft formed between the two αMob helices. First, we 

examined a highly conserved interface (interface II) that holds the αMobA and αMobB 

helices together (Figure 3A). Similar to Lats–Mob1, Dbf2 Arg-125 and Arg-128 protrude 

from αMobA to hold Glu-161 on αMobB (Figure 3A, left panel) akin to interface II in the 

Mob1–Lats1NTR structure (Figure 3A, center panel).34 Dbf2 Arg-125 interacts with Mob1 

Glu-151, which is conserved in the Mob1 coactivator subfamily,15 and with Dbf2 αMobB 

His-162 (Figure 3A, left panel). Similarly, the Cbk1–Mob2 structure reveals a salt bridge 

between Arg-307 and Glu-336 (Figure 3A, right panel).

Also similar to Mob1–Lats1,34 several highly conserved basic residues form an interface 

(interface III) to stabilize the Mob–NTR interaction (Figure 3B). Dbf2 Arg-166 and Arg-169 

contact Mob1 Glu-155 (Figure 3B, left panel). It was shown that Lats–Mob1 shows a similar 

organization with the conserved Lats Arg-694 and Arg-697 interacting with Mob1 Glu-55 

(Figure 3B, center panel).34 Similarly, Cbk1 Arg-341 and Arg-344 form an electrostatic 

interaction with Mob2 Glu-124 (Figure 3B, right panel). Taken together, these data 

demonstrate how the geometry of the Mob1–NTR interaction at interface III is strongly 

conserved; Lats1, Dbf2, and Cbk1 bind their cognate Mobs in a nearly identical fashion, 

especially in interface III, with some differences in interface II described below.

While Cbk1 Arg-307 on αMobA forms a bridge to Glu-336 on αMobB similar to the 

interhelical cohesion between Lats1 Arg-657 and Glu-689 (see Figure 1D), Cbk1 Arg-304 

does not interact with Mob in the crystal structure as Lats1 Arg-660 and Dbf2 Arg-125 do 

(see Figures 1D and 2B), instead being sterically pushed toward the center of Mob2 by the 

hydrophobic Val-120 and Cbk1 Leu-340 (Figure 3C, left panel). As a replacement for this 

interaction, Mob2 Lys-118 and Tyr-119 extend from the Mob H1–H2 loop and contact Cbk1 

Glu-312, forming a salt bridge and a hydrogen bond, respectively, and laying in a pocket 

formed at the intersection of the two αMob helices (Figure 3C, right panel). Glu-312 is not 

conserved in Dbf2 (see Figure 1C) but is found in other known Ndr/Lats-subfamily kinases 

in metazoans. Thus, Cbk’s interaction with Mob2 partially occurs through an interaction 

distinct from the Lats1–Dbf2 interaction (Figure 3D).

Budding Yeast Mob1 and Mob2 Exhibit Intrinsic Binding Specificity for Their Cognate 
Kinases.

Evidence from S. pombe suggests yeast kinases Sid2 (SpDbf2) and Orb6 (SpCbk1) bind 

Mob1 and Mob2 to form the cognate Sid2–Mob1 and Orb6–Mob2 complexes, respectively, 

without cross-interaction.31,38 While genetic evidence supports a similar organization in S. 
cerevisiae, this has never been demonstrated biochemically. We therefore sought to examine 

the specificity of binding of Dbf2 and Cbk1 to Mob1 and Mob2, respectively. First, we used 
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the yeast two-hybrid assay to probe Dbf2–Mob1 and Cbk1 NTR–Mob2 interaction. This 

genetic assay showed that cognate Dbf2NTR–Mob1 and Cbk1NTR–Mob2 interaction is 

stronger in vivo compared to noncognate ones, as expected (Figure 4A). Next, we examined 

kinase NTR–Mob interaction specificity in biochemical binding assays. To test binding, we 

co-expressed Dbf2–Mob1 and Cbk1–Mob2 interaction from separate plasmids in E. coli 
with His6-fused Mob179-278. His6-Mob was purified with nickel resin, and the ability of the 

kinase NTR to co-purify was examined by SDS–PAGE and Coomassie stain. We found 

cognate Dbf2–Mob1 and Cbk1–Mob2 complexes co-purified (Figure 4B,C, lanes 1 and 4), 

while the noncognate Dbf2–Mob2 complex did not (Figure 4B,C, lane 3). Cbk1 showed a 

weak interaction with Mob1 (Figure 4B,C, lane 2). Taken together, these data support the 

idea that limited cross-interaction occurs between the noncognate complexes, suggesting 

Dbf2–Mob1 and Cbk1–Mob2 act as the dominating complexes.

The Mob Kinase Restrictor Motif (KRM) Constrains the Binding of Kinase to a Single 
Cofactor.

Despite differences in sequence, all crystallized Ndr/Lats kinases interact with Mob through 

a conserved loop connecting the two first two helices of Mob (H1 and H2) (Figure 4D).
15,34,35 Alignment of the H1 and H2 loops of yeast and human Mob reveals a highly 

conserved sequence (LP)xxx(D,N) that separates Mob1 and Mob2 subfamilies (Figure S1). 

In yeast Mob1, the conserved Pro-148 is hypothesized to stabilize the H1–H2 loop,15 with 

the solvent-exposed Asp-152 initiating helix 2. Mutations in Pro-148 lead to a loss of Mob1 

function.15 Importantly, the three variable residues are subfamily-specific, with xGE 

representing Mob1 and Mob2 having no strongly conserved alignment (Figure S1). We 

named this tripeptide the kinase restrictor motif (KRM) and posited it strengthens or 

otherwise affects kinase–Mob binding specificity.

We sought to determine the role of this motif in the kinase–Mob interaction. Mob1 and 

Mob2 with sequences swapped between proteins were co-expressed with stabilized MBP 

fusions of Dbf2NTR and Cbk1NTR. The Mob1SWAP (Mob1 R149K G150Y E151V) mutant 

bound its cognate Dbf2 weakly and the noncognate Cbk1 with greater affinity when 

compared with those of the wild type (Figure 4E). The Mob2SWAP (Mob2 K118R Y119G 

V120E) chimera bound Dbf2, an interaction not reported in S. pombe, in S. cerevisiae, or in 

human Lats1 (Figure 4F).8,38,39 Thus, exchange of this region between Mob cofactors can 

confer or enhance their ability to bind noncognate Ndr/Lats kinases.

The Higher-Resolution Structure of Cbk1–Mob2 Reveals Mob Binding Properly Positions 
the Kinase HM Motif.

On the basis of the higher-resolution Cbk1NTR–Mob2 structure, we revisited our 

crystallographic analysis of the full length Cbk1–Mob2 complex.33 We improved the 

electron density map of the Cbk1–Mob2 complex, which enabled us to correct inaccuracies 

in the lower-resolution model, such as the conformation of the DFG motif important in 

kinase activation and the NTR of Mob2, particularly αMobA, which was not interpreted as 

being α-helical in the old model (Figure 5 and Figure S3). Notably, enhancement of the 

Cbk1–Mob2 structure resolves the C-terminal extension of Cbk1’s hydrophobic motif (HM), 

providing a new view of the conformation of this important region involved in allosteric 
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activation of the kinase.37 We found that Cbk1’s C-terminal HM regulatory region is helical 

(αHM) in the structure, making contact with residues in Cbk1’s αMobB and the core of the 

kinase domain (Figure 5A). In addition, we found that Arg-746 of Cbk1’s αHM interacts 

with Glu-336 between the αMob helices, potentially explaining notable phosphorylation-

independent interaction of the HM with the kinase as we described previously (Figure 5B).33 

The Cbk1 HM falls next to residues forming interface II between Cbk1NTR and the H1–H2 

loop from Mob2. Additionally, our revised model shows Thr-743 in the HM is positioned 

proximal to the conserved Arg-343 and -344 of the NTR (Figure 5C). This suggests an 

activating phosphorylation at Thr-743 could hypothetically provide an electrostatic 

interaction that stabilizes the HM conformation, which in turn drives a disorder-to-order 

transition of the αB–αC region, similar to what had been shown for AKT/PKB40 (Figure 6).

Helix C (αC) plays an important role in protein kinase activity regulation by affecting ATP 

binding; moreover, for AGC kinases, HM phosphorylation may directly influence αC 

flexibiliy or conformation.40 This critical region, however, is disordered in the 

nonphosphorylated Cbk1–Mob2 crystal structure, as seen for another AGC kinase, AKT/

PKB. In AKT/PKB, αC becomes ordered upon HM phosphorylation and this promotes the 

proper positioning of ATP for substrate phosphorylation and makes the activation loop (AL) 

ordered. We used the active AKT/PKB crystallographic model to build αB–αC and the 

corresponding AL region of the Cbk1 kinase domain. This model was then phosphorylated 

at the HM phosphosite (p-T743) and at the activation loop (p-S570) in silico and subjected 

to energy minimization to obtain a biochemically feasible starting model for MD 

simulations (Figure S4). This latter showed that phospoThr-743–Arg-343 binding may hold 

the HM fixed in the binding slot between the NTR and the N-terminal kinase lobe (N-lobe) 

of Cbk1, if the αC from Cbk1 were ordered (Figure 7). Indeed, MD simulation showed that 

the salt bridge between phosphoThr-743 (pT743) and Arg-343 is stable during the time 

course of the simulation (25 ns), suggesting that this interaction may serve as an anchor 

around which the HM, particularly the bulky tyrosine or phenylalanine side chains, may 

pivot and thus push the αC more toward the core of the kinase N-lobe (Figure 7, right 

panel). We postulate that Cbk1 activation may mechanistically proceed similarly to 

AKT/PKB activation, but the former also depends on Mob2 binding as the cofactor holds the 

NTR in position for HM and particularly for phosphorylated HM binding. According to this, 

Ndr/Lats kinases substitute the classical HM-binding pocket in AGC kinases located on the 

top of the N-lobe (such as in AKT/PKB, and termed the PIF pocket) with a unique HM-

binding slot that is buttressed between the NTR and the kinase N-lobe.

Our revised model also provided additional insight into the substrate binding of the Cbk1 

kinase. Full length Cbk1–Mob2 was crystallized in the presence of a small docking peptide 

from a Cbk1 substrate, Ssd1, but electron density corresponding to this peptide could not be 

traced in the old crystal structure.33 Our improved map, however, showed additional electron 

density close to the predicted peptide-binding groove (Figure 5E). The observed density 

occurred close to Phe-447, Trp-444, and Tyr-687, mutation of which interfered with peptide 

binding, and was distant from Phe-699, a mutation that did not affect binding.33 These data 

reveal the region on Cbk1 required for docking motif binding.
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Strikingly, all major interacting amino acids we identified in Cbk1’s NTR and HM are either 

identical or highly similar at corresponding sites in human Lats1 and Ndr1 (Figure 5D). The 

crucial Arg-343 of Cbk1 is charge-conserved in human Lats and Ndr kinases at a similar 

position in NTR–Mob1 structures. This would position a positively charged side chain above 

the key HM phosphorylation site (Cbk1 Thr-743, Ndr1 Thr-444, and Lats1 Thr-1079) with 

additional conserved salt bridges forming between Cbk1 Glu-336 and Arg-746. Notably, the 

Lats equivalent of Cbk1 Glu-336, Glu-689, is crucial for interaction with Mob1 in humans 

and is also conserved.35 Taken together, the revised Cbk1–Mob2 structure highlights an 

extensive electrostatic network among the residues of the HM, NTR, and Mob, and 

evolutionary sequence conservation of these suggests that a similar regulatory mechanism 

likely present in other hippo pathway components across the eukaryotic world.

DISCUSSION

Dbf2 and Cbk1 are conserved AGC kinases in the Ndr/Lats family and are evolutionarily 

related to their human counterparts. The conserved arginines on the αMobA and αMobB 

helices of Dbf2, Cbk1, Lats, and Ndr contain a conserved RxxR motif (Figure 1C). Dbf2/

Lats uses this motif to bind its Mob factor, whereas Cbk1 does not appear to. While the 

second arginine appears to electrostatically cohere the αMob helices, the function of Cbk1’s 

Arg-304 remains unknown, as it does not bind Mob2. However, Cbk1 Arg-304 may have 

some role in stabilizing the HM-binding site in the kinase–coactivator complex as Cbk1 HM 

Arg-746 interacts electrostatically with the conserved Glu-336 that is coordinated by the 

RxxR of the Cbk1 NTR (Figure 5B). Mob1 binds Dbf2 RxxR (involving Arg-125 and 

Arg-128) directly to form interface II (Figures 2B and 3A), suggesting roles for the cofactor 

in kinase regulation through modulation of the HM-binding site if the structures are similar.

Comparing the kinase restrictor motifs (KRMs) of eukaryotic Mob1 and Mob2 subfamilies 

may reveal similarities in cofactor function. Mob1’s high degree of conservation in this 

region is consistent with its generally conserved role in binding Lats-subfamily kinases and 

in cell cycle exit. Mob2 is more diverse, potentially reflecting the larger variety of functions 

performed by the Ndr subfamily of kinases in eukaryotic systems. Human Mob2 may 

interact with Ndr through Arg-48 and Glu-49 of its KRM. In contrast, Drosophila Mob2, 

which contains Ala/Gly in place of Arg/Glu, may not utilize the motif to bind Tricornered, 

the Drosophila Ndr. Such large differences within the normally conserved Ndr–Mob families 

may explain the difficulty in abolishing the human Ndr1–Mob2 interaction through point 

mutations at conserved residues in previous work.39

In our revised structure, the conserved arginines in Cbk1’s Mob2-binding NTR (RxxR) 

associate with Arg-746 in the kinase’s C-terminal regulatory hydrophobic motif (HM) 

(Figure 5B,D). The position of the Mob2 KRM directly covering the highly conserved HM-

binding site in Cbk1 suggests a role for regulation (Figures 4D and 5B). As the hMob1/

Mob1 KRM directly binds the homologous domain through Glu-51/151 (Figure 3A,D), we 

hypothesize Mob1 modulates the conformation of the putative Lats/Dbf2 HM-binding 

region and subsequently controls the kinase.
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CONCLUSIONS

Our analysis here indicates that the Ndr/Lats NTR–Mob interface is a common structural 

platform through which kinase–cofactor binding is mediated; however, amino acid variations 

in key positions contribute to subgroup- and organism-specific differences. While the first 

Mob crystal structures suggested that a conserved and acidic surface was responsible for 

interactions with Ndr/Lats through the kinase N-terminus, the reality may be more complex. 

Some Mob cofactors may bind and activate their cognate kinases through a conserved set of 

charged residues; others may bind using distal regions and use these residues for activation 

only, or for alternative functions of Mob.

MATERIALS AND METHODS

Cloning of DNA Constructs.

We were unable to stably express and purify monomeric Mob2 in an E. coli overexpression 

system. Therefore, to produce suitable protein for crystallization and biochemistry, we 

engineered Mob2 V148C Y153C, which recapitulates a zinc-binding motif found in most 

metazoan Mob2 orthologs as well as in S. cerevisiae Mob1. Unless otherwise noted, 

interaction data and the Cbk1NTR–Mob2 crystal structure were obtained using this mutant.

For expression of Cbk1NTR–Mob2 for crystallography, the modified bicistronic pBH4 vector 

containing His6-Cbk1 (Cbk1 NTR, residues 251–351) and zinc-binding GST-Mob2 V148C 

Y153C (residues 45–287) were expressed from a single T7 promoter. The expression 

construct was made by cloning the cDNA corresponding to Cbk1 residues 251–756 and 

Mob2 residues 45–287 into the backbone, and then Cbk1 Phe-352 was mutated to a stop 

codon using the QuickChange technique (Agilent). His6-Cbk1NTR is 5′ to GST-Mob2 in 

this vector; both open reading frames contain separate ribosome-binding sites. Val-148 and 

Tyr-153 were mutated to cysteine using the same technique. For expression of Dbf2NTR–

Mob1 for crystallography, a GST-less form of the bicistronic vector used for Cbk1NTR–

Mob2 was utilized. His6-Dbf2NTR (residues 85–173) was cloned into the 5′ cistron, and tag-

less Mob179-314 was cloned into the 3′ cistron. For vectors used for pull-downs, Dbf2 (85–

173) and Cbk1 (251–352) were cloned into pMAL-c2x (New England Biolabs) and fused to 

an N-terminal MBP tag. S. cerevisiae Mob1 (79–314) and zinc-binding Mob2 V148C 

Y153C (45–278) were cloned into pET28a (EMD Biosciences).

Expression and Purification of Proteins.

To purify the zinc-binding Cbk1NTR–Mob2 V148C Y153C complex, protein was 

overexpressed in BL21(DE3) RIL (Agilent) at 37 °C in Terrific Broth (TB) containing 40 

μM zinc chloride. After growth to mid-log phase, IPTG was added to a final concentration of 

0.2 mM and expressed overnight at 37 °C. Cell pellets were lysed by sonication and purified 

using nickel chromatography, and tags cleaved using tobacco etch virus (TEV) protease 

overnight on wet ice. Cleaved protein was further purified using a hand-poured SP-

Sepharose (GE) column and eluted with a gradient from 50 to 2000 mM NaCl, exchanged 

into 20 mM HEPES (pH 7.4) and 300 mM NaCl using size exclusion chromatography, and 

concentrated to 55 mg/mL.
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To purify the Dbf2NTR–Mob1 complex, a bicistronic vector containing His6-Dbf2NTR (85–

173) and untagged Mob1 (79–314) expressed from a single T7 promoter was cloned and 

overexpressed in BL21 (DE3). Mob1 (79–314) contained the N-terminal amino acid 

sequence ENLYFQGS as a byproduct of cloning. TB cultures containing 40 μM zinc 

chloride were inoculated, grown to mid-log phase, induced with IPTG to 0.2 mM, and 

expressed overnight at 24 °C. Cell pellets were lysed by sonication. Protein was purified 

using nickel chromatography and cleaved overnight on wet ice using TEV protease. 

Residual TEV and nickel-binding contaminants were reabsorbed using nickel resin, and the 

final protein was then exchanged into 100 mM sodium phosphate (pH 7.4), 50 mM KCl, and 

100 mM L-arginine HCl using size exclusion chromatography and concentrated to 30 

mg/mL. L-Arginine was present throughout the purification to prevent oligomerization of the 

complex and did not interfere with nickel chromatography.

Crystallization of Cbk1NTR–Mob2, Dbf2NTR–Mob1, and Cbk1–Mob2–pepSsd1 Complexes.

Ndr/LatsNTR–Mob crystals were obtained at 22.3 °C. Cbk1NTR–Mob2 was crystallized 

using the hanging-drop method; the well solution containing 500 μL of 100 mM MES/

imidazole (pH 6.5), 30 mM CaCl2, 30 mM MgCl2, 12.5% (w/v) PEG1000, 12.5% (w/v) 

PEG3350, and 12.5% (v/v) MPD produced crystals. Dbf2NTR–Mob1 was crystallized using 

the microbatch method under 200 μL of mineral oil (Fisher BioReagents); crystals were 

obtained in 100 mM Bicine/Tris (pH 8.5), 30 mM LiCl, 30 mM NaCl, 30 mM KCl, 30 mM 

RbCl, 12.5% (w/v) PEG1000, 12.5% (w/v) PEG3350, and 12.5% (v/v) MPD. All crystals 

were frozen in liquid nitrogen without the addition of further cryoprotectant. Cbk1NTR–

Mob2 and Dbf2NTR–Mob1 diffracted to 2.80 and 3.50 Å, respectively. Data were processed 

with XDS,41 and the structures of Cbk1NTR–Mob2 and Dbf2NTR–Mob1 complexes were 

determined by molecular replacement with PHASER.42 The MR search identified single 

NTR–Mob complexes with a searching model of Lats1–hMob1 (PDB entry 5BRK). 

Structure refinement was carried out using PHENIX,43 and structure remodeling and 

building was performed in Coot.44

Crystallization of the Cbk1–Mob2–pepSsd1 complex was identical to that previously 

published.33 To increase the redundancy of our crystallographic data and to maximize the 

gained experimental information, we merged two independent data sets collected on this 

complex (Table 1). This helped to increase the resolution range to 3.15 Å, meaning an 

additional ~15% experimental data on top of duplicated multiplicity. Data were collected at 

100 K on the PXIII beamlines of the Swiss Light Source (Villigen, Switzerland) and at the 

Advanced Photon Source (Argonne, IL).

Pull-Down Experiments.

Dbf2–Mob1 and Cbk1–Mob2 constructs were co-transformed into BL21(DE3) or 

BL21(DE3) RIL, grown in TB at 37 °C for 2 h, induced with 0.2 mM IPTG, and grown 

overnight at 18 or 24 °C. Cell pellets were lysed by sonication, and raw protein was 

measured by a Bio-Rad Protein Assay. Lysates were normalized, incubated with nickel resin 

(Qiagen), washed twice with 20 mM imidazole, and eluted in 300 mM imidazole. Purified 

protein was separated using 15% SDS–PAGE gels and visualized using an Odyssey infrared 

imager (LI-COR Biosciences).
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Immunoblotting.

Bacterial cell lysates normalized in raw protein concentration were separated via 15% SDS–

PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes. Blots were 

blocked using Odyssey Blocking Buffer (LI-COR Biosciences) for 30 min and probed with 

mouse αMBP or rabbit αHis6 antibodies for 1 h at room temperature. Membranes were 

washed three times with TBS-T, probed with fluorophore-conjugated IRDye 680LT goat 

anti-mouse or IRDye 800CW goat anti-Rabbit antibody (LI-COR Biosciences) for 30 min, 

and washed three more times with TBS-T. Blots were imaged using an Odyssey infrared 

imager.

Yeast Two-Hybrid Assay.

Plasmids containing Mob179-314 and Mob145-278 were fused to Gal-binding domains and 

transformed into the Y2H Gold strain. THe Dbf2 and Cbk1 NTR were fused to the Gal 

activation domain and transformed into Y187. Serial dilutions of cultures were grown on –

Leu –Trp –His triple dropout medium until colonies were visible. The dropout agar plates 

contained 10 mM 3-amino-1,2,4-triazole (3-AT) to repress spurious activation.

Molecular Dynamics Simulations.

Energy minimization, MD simulations were carried out as described earlier but using the 

revised Cbk1–Mob2 crystal structure presented in this study.33 Because αC of Cbk1 was not 

resolved in the crystal structure, we used homology modeling based on the structure of 

activated AKT/PKB to build this region.40 Furthermore, the activation loop segment with the 

Ser-570 autophosphorylation site as well as the DFG loop of the Cbk1–Mob2 complex was 

remodeled to make it adopt a similar structure as it had formerly been observed in other 

activated AGC kinases. The presence of long disordered loops (which could not be traced in 

the Cbk1–Mob2 crystal structure, e.g., AL and the linker that connects the HM to the kinase 

domain core) prevented fully unrestrained MD simulations (see Figure S4A). For example, 

(1) biochemically feasible modeling of the critical αC segment became possible only if main 

chain restraints were applied, and (2) trajectories were too sensitive to differences in the 

starting model as the outcome varied if the full kinase–cofactor structure was allowed to 

move freely. Therefore, the ends of unstructured loops, the Mg·ATP, most of the Cbk1 

kinase domain, and Mob2 had to be restrained. Therefore, we applied heavy atom position 

restraints on those parts of the complex that did not directly seem to be involved in forming 

the active state in GROMACS version 4.5.5,45 but NDR/LATS kinase-specific (e.g., NTR, 

HM, and the C-terminal part of the activation loop harboring an autoregulatory 

phosphorylation site) as well as universally important kinase regions relevant for activity 

(e.g., αC, DFG, and HRD loops) were allowed to move freely. Main chain atom restraints 

were also needed to keep the homology-modeled αC and the small αB region helical (see 

Figure S4B).

Structure Deposition.

The crystallographic models of the Dbf2NTR-Mob1, Cbk1NTR-Mob2, and revised Cbk1–

Mob2–pepSsd1 complexes have been deposited as PDB entries 5NCN, 5NCM, and 5NCL, 

respectively.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Crystal structure of the Cbk1NTR–Mob2 complex that highlights conserved structural motifs 

at the Ndr/Lats–Mob interface. (A) Cbk1NTR (residues 251–351, blue) complexed with zinc-

binding Mob2 (residues 45–287, orange). (B) Cbk1NTR–Mob2 (blue/orange) overlaid with 

Lats1NTR–hMob1 (PDB entry 5B5W, cyan/purple). (C) Alignment of the Ndr/Lats NTR 

regions across eukaryotes. Abbreviations: Ce, Caenorhabditis elegans; Dm/Wts, Drosophila 
melanogaster; Xl, Xenopus laevis; Co, Capsaspora owczarzaki. Basic residues are colored 

blue, acidic residues red, and hydrophobic regions yellow. Interfaces I–III equivalent to 

those described in the Lats1–hMob1 structure are labeled. Conserved residues shown in 

Cbk1 are labeled. (D) Cbk1NTR–Mob2 (top) and Lats1NTR–Mob1 interaction architecture. 
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The NTR is comprised of two Mob-binding helices: αMobA and αMobB. Conserved 

residues are labeled in bold.
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Figure 2. 
Dbf2 interacts with Mob1 through conserved residues. (A) Crystal structure of Dbf2NTR–

Mob1 with conserved motifs labeled: Dbf2, green; Mob1, dark red. (B) Interaction 

architecture of interacting residues within the Dbf2 NTR helices αMobA and αMobB (left) 

and between Dbf2 NTR and Mob1 (right). Conserved residues are labeled in bold. (C) 

MBP-fused Dbf2 NTR (residues 85–173) and His6-fused Mob1 (residues 79–314) co-

expressed in E. coli followed by co-purification of the cognate binding proteins with nickel 

resin. Samples were subjected to SDS–PAGE and stained with Coomassie. The bottom panel 

represents Western blots of the lysate as a loading control. For quantification (right), the 

MBP-Dbf2 NTR Coomassie signal was normalized to the input anti-MBP signal and divided 

by the bait Mob1 Coomassie signal. The resulting ratios were normalized to the wild-type 

input (WT) and averaged over four replicates (n = 4). Error bars represent the standard 

deviation: ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; or ****p < 0.0001, based on a 

two-tailed t test (n = 4).
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Figure 3. 
Conserved regions cohere Ndr/LatsNTR–Mob complexes. (A) Comparison of interface II 

from Lats1NTR–hMob1 (PDB entry 5B5W, center panel) with Cbk1NTR–Mob2 (right) and 

Dbf2NTR–Mob1 (left). Highlighted residues shown as sticks are important for the 

interaction. (B) Comparisons of interface III from Lats1NTR–hMob1 (center), Cbk1NTR–

Mob2 (right), and Dbf2NTR–Mob1 (left). (C) More detailed view of interface II of the 

Cbk1NTR–Mob2 complex showing the orientation of Cbk1 Arg-304 in relation to Leu-340 

and Mob2 Val-120 (left) and Cbk1 Glu-312 and Mob2 Lys-118 and Tyr-119 (right). The 

interaction between Lys-118/Tyr-119 of Mob2 and Glu-312/Leu-329 of Cbk1 is distinct 

from those of Lats and Dbf2–Mob1 complexes. (D) Generalized architecture of Dbf2/Lats1–

Mob1 in relation to that of Cbk1–Mob2. Conserved binding interfaces II and III as shown in 

panels A–C are boxed. Basic residues are colored blue, and acidic residues red. Mob is 

colored black, and the Ndr/Lats kinase NTR is colored gray.
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Figure 4. 
Ndr/Lats–Mob binding is specific and controlled through a three-residue motif. (A) Mob–

NTR interaction specificity is maintained in vivo. Yeast two-hybrid test of kinase–NTR 

complexes. Selection: yeast cells containing binding domain (BD)–Mob and activation 

domain (AD)–NTR fragments on dropout agar serially diluted. Growth on this “Selection” 

agar plate is indicative of binding between BD and AD constructs (BD, DNA-binding 

domain construct; AD, transcriptional activation domain construct; −, empty plasmid). 

Viability/growth “Control” plate: single AD construct transformants grown on nonselective 

YPD agar plates. (B) Dbf2 and Cbk1 form specific complexes with Mob1 and Mob2, 

respectively, in vitro. MBP-fused Dbf2 NTR (85–173), labeled as “D”, and Cbk1NTR (251–

351), labeled as “C”, were co-expressed with His6-fused Mob1 and Mob2 V148C Y153C in 

E. coli, isolated via nickel chromatography, separated via SDS–PAGE, and stained with 

Coomassie. The dotted line demarcates a division in the gel. Bottom panels show Western 

blots of the E. coli lysate using anti-MBP antibody (αMBP). NTR, intact MBP–NTR fusion. 

(C) Quantification of panel B. The Coomassie signal from prey Dbf2–Cbk1 was normalized 

to the amount in the total lysate and divided by the total bait signal. Three individual 

replicates were performed. Samples were normalized to the “cognate” Dbf2–Mob1 (green) 

or Cbk1–Mob2 (orange) signals [ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; or 

****p < 0.0001, based on a two-tailed t test (n = 3)]. (D) Diagram of wild-type (WT) and 

“swapped” Mob cofactors. The kinase restrictor motif (KRM), a short, three-amino acid 
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motif at the interaction interface (purple) between Mob and the kinase NTR, was mutated to 

reflect the paralogous sequence in Mob1 and Mob2. Mob1SWAP was mutated to possess the 

Mob2 sequence (KYV); Mob2SWAP has the KRM mutated to the Mob1 sequence (RGE). (E 

and F) Mob1SWAP and Mob2SWAP mutants gain the ability to bind noncognate kinases. in 

the top panels, wild-type (WT) or His6-fused swapped (SWAP) Mob1 (E) or Mob2 (F) was 

co-expressed with MBP-fused Dbf2 or Cbk1 NTR in E. coli, isolated via nickel 

chromatography, separated via SDS–PAGE, and stained with Coomassie. The middle panels 

show the quantification of the top panels as in panel B. The bottom panels show Western 

blots of the E. coli lysate using the anti-MBP antibody (αMBP). KinaseNTR, intact MBP–

NTR fusion.
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Figure 5. 
Revised Cbk1–Mob2 crystal structure that reveals Ndr structural components conserved in 

Ndr1/Lats1. (A) The crystal structure of the inactive Cbk1–Mob2 complex was remodeled 

on the basis of the new Cbk1NTR–Mob2 structure. In the new model, the coactivator binds to 

two N-terminal helices (αMobA and αMobB) that together with the top of the kinase 

domain (β3) form a binding slot for the AGC kinase hydrophobic motif (HM). The C-

terminal part of this motif also adopts a helical conformation (αHM). (B) Cbk1’s 

hydrophobic motif (HM) binds residues in interface II of the Cbk1NTR. The panel shows the 

view along the axis of αMobA/B and highlights Arg-746 and critical residues at Cbk1NTR–

Mob interface II (Arg-307, Arg-304, and Glu-336). (C) The phosphorylation site on the HM 

(Thr-743, green) is next to Arg-343 and Arg-344 (yellow) from αMobB, hinting about the 

importance of Mob coactivator binding in the allosteric phosphoregulation of the Ndr/Lats 

kinase domain. The HM is shown in stick representation (737-LPFIGYTY-744) or as an α-
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helical cartoon (745-SRFDYLTKRKNAL-756) in gray. (D) Residues in the interacting 

region between the HM and the Cbk1NTR are conserved in human Ndr1/Lats1. Green 

residues are identical; yellow residues are chemically similar. Numbers in parentheses 

indicate the human Ndr/Lats residue orthologous to the indicated Cbk1 amino acid (black). 

(E) Crystallographic model rebuilding also improved the overall quality of the electron 

density and allowed the Ssd1 docking peptide to be traced (green sticks).
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Figure 6. 
Cbk1 activation: the role of HM phosphorylation and Mob binding. (A) The activation of 

AKT/PKB involves a disorder-to-order transition at the αB–αC segment, the activation loop 

(AL), and the HM. Q220 coordinates the phosphorylated HM (here shown with the S474D 

phosphomimicking mutation; PDB entry 1O6K). The phosphorylated activation loop (AL; 

phosphoThr-309) is coordinated by Arg-274 and His-194 (from αC). (B) The inactive Cbk1 

structure shows a similar structure apart from the position of its HM. The inactive crystal 

structure of the Cbk1–Mob2 complex shows that the HM is bound to the groove formed by 

the Mob-bound NTR and β3 from Cbk1. (C) For activation, the ordering of helix αC in 

Cbk1 similar to that of AKT/PKB is likely required (MD model). This latter may be 

supported by interactions formed by phospho-HM and phospho-AL. The activation loop 

phosphosite (AKT/PKB, Thr-309; Cbk1, Ser-570) is coordinated by an arginine residue 

from the kinase HRD motif (AKT/PKB, Arg-274; Cbk1, Arg-474) and by another residue 

from helix αC (AKT/PKB, His-194; Cbk1, His-396). The hydrophobic motif phosphosite 

(AKT/PKB, Ser-474; Cbk1, Thr-743) in most AGC kinases is coordinated by a single 

residue from β3 (AKT/PKB, Gln-220). In the case of Cbk1, an arginine residue (Arg-343) 

from the Mob-bound αMobB coordinates the HM phosphosite while β3 may not be 

involved. For both AKT/PKB and Cbk1, phospho-HM coordination (by Gln-220-pSer-474 

or by Arg-343-pThr-743) brings hydrophobic residues much closer to αC and probably 

facilitates its ordering. This activation model suggests that coactivator binding is essential 

not only in HM binding but also in the precise coordination of the kinase’s active state when 
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it is phosphorylated. AKT/PKB is colored yellow, and both HM regions are shown with gray 

sticks.
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Figure 7. 
Mechanistic model of activation of the Cbk1–Mob2 complex by the HM and activation loop 

phosphorylation. The crystal structure of active AKT/PKB (PDB entry 1O6K) highlights the 

central role of αC in assembling a catalytically competent AGC kinase active site. Glu-200 

on αC together with Lys-181 from the N-lobe of the kinase orients the phosphate moiety of 

ATP (shown in sticks where carbon atoms are colored magenta) and aligns it for substrate 

phosphorylation involving Asp-275. (The backbone of the substrate peptide bound in the 

substrate-binding pocket is colored gray.) Activated HM binding in the PIF pocket and 

activation loop (AL) phosphorylation at Thr-309 buttress αC and promote the proper ATP 

alignment. The middle panel shows the structural model of the activated Cbk1–Mob2 

complex (MD_active_START). The model, which had αC built on the basis of the active 

AKT/PKB crystallographic model shown in the left panel (but lacked long flexible regions 

invisible in the crystal structure, e.g., the linker connecting the HM to the kinase domain 

core or most of the long AL), was created using the revised crystal structure of the 

nonphosphorylated Cbk1–Mob2 complex. The panel shows the energy-minimized 

phosphorylated Cbk1–Mob2 structural model and highlights the same key residues in the 

AGC kinase domain as shown in the AKT/PKB structure on the left. Note that Arg-343 is 

well-positioned to coordinate phosphoThr-743 on the HM, and this together with 

phosphoSer570 at the AL affects salt bridge formation between Glu-400 and Lys-381, which 

in turn could influence active site assembly as in AKT/PKB. The right panel shows the 

active Cbk1–Mob2 complex after a 25 ns molecular dynamics simulation (MD_active_25 

ns).
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Table 1.

Crystallographic Data Collection and Refinement

Dbf2NTR–Mob1  Cbk1NTR–Mob2
Cbk1–Mob2–

pepSsd1

Data Collection

wavelength (Å) 0.978560 0.978720 1.0000

space group P6122 P41212 C121

cell dimensions

 a, b, c (Å) 108.28, 108.28, 134.76 126.23, 126.27, 49.34 138.43, 79.99, 117.59

 α, β, γ (°) 90.0, 90.0, 120.0 90.0, 90.0, 90.0 90.0, 117.6, 90.0

resolution (Å) 46.9–3.5 (3.59–3.50) 39.9–2.8 (2.87–2.80) 44.60–3.15 (3.23–3.15)

CC1/2 99.0 (79.1) 100.0 (67.0) 99.6 (80.4)

R merge 54.1 (259.2) 10.0 (152.4) 16.8 (130.4)

mean I/σI 9.34 (1.49) 21.79 (2.21) 9.37 (2.05)

completeness (%) 99.9 (100) 99.8 (100) 99.7 (99.7)

redundancy 24.60 (25.83) 14.16 (14.74) 7.73 (7.82)

no. of reflections 6385 (447) 10323 (750) 19888 (1455)

Refinement

Rwork, Rfree 0.2292, 0.2631 0.2490, 0.2838 0.2310, 0.2983

no. of atoms

 protein 2024 2196 4715

 ligand/ion 17 1 31

B-factor

 protein 88.3 92.7 98.8

 ligand 139.1 114.7 92.6

Ramachandran plot (%)

 favored 93.5 93 76

 allowed 5 4 23

 outliers 1.6 3 1

 rotamer outliers 1.85 15 21.5

RMSD

 bond lengths (Å) 0.010 0.004 0.011

 bond angles (°) 0.75 0.70 1.35
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