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SUMMARY

The kinetochore scaffold 1 (KNL1) protein coordinates the spindle assembly checkpoint (SAC), a 

signaling pathway that delays chromosome segregation until all sister chromatids are properly 

attached to spindle microtubules. Recently, microtubules and protein phosphatase 1 (PP1), which 

both bind the N-terminal domain of KNL1, have emerged as regulators of the SAC; however, how 

these proteins interact to contribute to SAC signaling is unknown. Here, we use X-ray 

crystallography, NMR spectroscopy and biochemical assays to show how KNL1 binds both PP1 

and microtubules. Unexpectedly, we discovered that PP1 and microtubules bind KNL1 via 

overlapping binding sites. Further, we showed that Aurora B kinase phosphorylation results in 

distinct patterns of KNL1 complex disruption. Finally, combining this data with cosedimentation 

assays unequivocally demonstrated that microtubules and PP1 binding to KNL1 is mutually 

exclusive, with preferentially formation of the KNL1:PP1 holoenzyme in the presence of PP1.
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INTRODUCTION

Accurate chromosome segregation is critical for cellular viability (Nagaoka et al., 2012; 

Santaguida and Amon, 2015). One of the key steps in this process is chromosome 

biorientation, where microtubules that originate from opposite poles of the cell attach to 

kinetochores of sister chromatids. Missegregation, which can lead to aneuploidy and 

tumorigenesis, is prevented by the activation of the spindle assembly checkpoint (SAC), a 

signaling pathway that delays chromosome segregation until all chromosomes are properly 

bioriented (Lara-Gonzalez et al., 2012; Musacchio, 2015; Musacchio and Salmon, 2007). 

However, this need for fidelity is coupled with the need for the timely passage through 
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mitosis. Thus, once biorientation is achieved, the SAC must be effectively silenced. While 

the mechanisms that initiate SAC signaling are becoming increasingly clear, the molecular 

processes that maintain and silence the SAC are comparatively poorly understood.

Protein phosphatase 1 (PP1) and PP2A-B56 are emerging as two of the key phosphatases 

that regulate SAC silencing and mitotic exit (Hertz et al., 2016; Meadows, 2013; Nijenhuis 

et al., 2014; Pinsky et al., 2009; Rosenberg et al., 2011; Vanoosthuyse and Hardwick, 2009; 

Wurzenberger and Gerlich, 2011; Zhang et al., 2014). PP1, in particular, is the most widely 

expressed and abundant serine/threonine phosphatase. It dephosphorylates its 1000s of 

substrates with exquisite specificity via its interaction with scores of regulatory proteins 

(~200 confirmed interactors) (Choy et al., 2014; Hendrickx et al., 2009; Heroes et al., 2013). 

These PP1 regulatory proteins function to direct the activity of PP1 towards specific 

substrates by localizing it to its cellular point of action and/or by directly altering its 

substrate preferences (Hendrickx et al., 2009; Peti et al., 2013).

Recent studies have demonstrated that PP1 binds and is targeted to kinetochores, in part, by 

kinetochore scaffold 1 (KNL1)(Liu et al., 2010; London et al., 2012; Rosenberg et al., 

2011), a scaffolding protein that interacts with missegregation 12 (MIS12) and NDC80 to 

form the KMN network, a conserved kinetochore protein complex that connects 

kinetochores to microtubules (MTs) (Cheeseman et al., 2004, 2006). The N-terminal domain 

of KNL1 is hypothesized to contain three PP1-specific linear interaction motifs (SLiMs), the 

RVxF, the ΦΦ and the SILK motifs (Choy et al., 2014). Previous studies have demonstrated 

that the KNL1 RVxF motif, as is true for most RVxF-containing PP1 regulators, is essential 

for PP1 binding (Espeut et al., 2012; Hendrickx et al., 2009; Liu et al., 2010; Rosenberg et 

al., 2011). However, the role of the SILK motif has remained ambiguous, with some reports 

suggesting it is dispensable for PP1 binding while others have shown that mutation of the 

SILK motif reduces KNL1:PP1 binding (Espeut et al., 2012; Liu et al., 2010; Meadows et 

al., 2011). Furthermore, it was recently demonstrated that the KNL1:PP1 complex is altered 

by the phosphorylation of KNL1 by AURB, a component of the conserved chromosomal 

passenger complex that plays a central role in controlling kinetochore function (Carmena et 

al., 2012; Nasa et al., 2018; Pinsky et al., 2006; Welburn et al., 2010). However, it is 

unknown how the individual phosphorylation events alter the affinity of KNL1 for PP1 

and/or MTs. Moreover, while it is known that the residues N-terminal to the KNL1 SILK 

motif are important for MT binding (Espeut et al., 2012), the molecular details of this 

interaction are entirely missing.

Despite the biological importance of the KNL1-MT and KNL1-PP1 interactions in the 

regulation of the cell cycle, the underlying molecular details and mechanisms by which 

KNL1 binds MT and PP1, and how these complexes facilitate SAC silencing, remain largely 

unknown. Here, we combine X-ray crystallography and NMR spectroscopy to elucidate 

how, at a molecular level, KNL1 binds both PP1 and MTs. Most significantly, we discover 

that MT binding and PP1 binding are mutually exclusive as they have overlapping binding 

sites. Because the affinity of KNL1 for PP1 is significantly higher than that of KNL1 for 

MT, our data suggests that PP1 ultimately displaces MTs from KNL1, resulting in the 

formation of a KNL1:PP1 holoenzyme free to desphorphorylate its multiple kinetochore 

substrates.
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RESULTS

KNL1 binds PP1 at two sites connected by a disordered loop

In order to understand how KNL1 interacts with PP1, we first identified the minimal PP1 

binding domain of KNL1 using isothermal titration calorimetry (ITC; Figures 1B, S1A). 

ITC showed that KNL1 residues 23–80 are necessary and sufficient for PP1α binding (KD = 

89 ± 20 nM; all ITC data is summarized in Table 1 with representative thermograms in 

Figure S1). We then showed that KNL1 binds equally well to both PP1α and PP1γ, the two 

major isoforms of PP1 at the outer kinetochore (Trinkle-Mulcahy et al., 2001) (Figures 1B, 

S1A). Thus, KNL1 exhibits no selectivity for either of these isoforms.

Based on this analysis, we determined the 3-dimensional structure of the 

KNL123–80:PP1a7–300 holoenzyme (2.95 Å resolution; hereafter referred to as KNL1:PP1; 

Table 2; Figure S2). KNL1 binds PP1 in an extended manner using three established PP1-

specific SLIMs: the SILK (aa 25–28), the RVxF (aa 58–61) and the ϕϕ (aa 67/68) SLiMs 

(Figures 1C, 1D). The interaction results in ~2700 Å2 of buried solvent accessible surface 

area, consistent with the strong binding affinity observed between both proteins using ITC. 

Unexpectedly, many residues of KNL1 (aa 31–55 and 71–80) could not be modeled due to a 

lack of electron density, suggesting they remained dynamic when bound to PP1 (Figure 1C). 

We tested this directly using NMR spectroscopy by comparing the 2D [1H,15N] 

heteronuclear single quantum correlation (HSQC) spectrum of unbound 15N-labeled KNL1 

with 15N-labeled KNL1 in complex with PP1 (Figure 1E). In this experiment (Choy et al., 

2014, 2015; Kumar et al., 2016; O’Connell et al., 2012), the peaks corresponding to KNL1 

residues that bind directly to PP1 disappear due to the increased molecular weight of the 

complex, while the peaks corresponding to residues that do not bind remain visible. The 2D 

[1H,15N] HSQC spectrum of free KNL123–80 has the hallmarks of an intrinsically disordered 

protein, including narrow chemical shift dispersion in the 1H dimension. Upon complex 

formation, the peaks corresponding to KNL1 residues 31–55 and 71–80 remain visible and 

are thus not bound to PP1. These data demonstrate that the KNL1 residues connecting the 

SILK and RVxF SLiMs (31–55) stays dynamic when bound to PP1.

The KNL1 SILK motif is critical for PP1 binding

Although the KNL1 RVxF and SILK motifs are exceptionally conserved (Figure S3), the 

importance of the KNL1 SILK motif for PP1 binding has remained controversial (Espeut et 

al., 2012; Liu et al., 2010). Here, our crystallographic and NMR data show that the KNL1 

SILK motif binds directly to PP1 (Figures 1C, 1E). The KNL1 SILK motif binds PP1 in a 

conformation nearly identical to that of the homologous GILK motif of Inhibitor-2, the only 

other PP1 regulatory protein containing a SILK motif whose PP1 holoenzyme structure has 

been determined (Hurley et al., 2007) (Figure 2A). The interaction is both hydrophobic and 

ionic, with Ile26KNL1 and Leu27KNL1 (SILK) binding in deep hydrophobic pockets of PP1 

defined by Leu53PP1, Leu55 PP1, Leu59PP1, L88PP1 and Phe119PP1. In addition, Lys28KNL1 

(SILK) forms multiple ionic interactions with residues Glu56PP1, Asp116PP1 and Glu167PP1 

(Figure 2B). In order to confirm that the SILK motif is important for PP1 binding, we 

generated a KNL1 variant in which the SILK residues were mutated to alanines (AAAA; 

called SILKdead) and determined its affinity for PP1. The SILKdead variant bound PP1 ~5-
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fold more weakly than wt-KNL1 (SILKdead KD = 227 ± 30 nM; Figure 2C), confirming its 

role in PP1 binding.

Speed and interdependence of KNL1 phosphorylation by Aurora B kinase (AURB)

AURB regulates kinetochore function by destabilizing kinetochore-MT interactions 

(Cheeseman et al., 2006; Espeut et al., 2012; Pinsky et al., 2009; Welburn et al., 2010). Here, 

we used in vitro phosphorylation assays and NMR spectroscopy to determine if residues in 

the KNL1 PP1 binding domain are directly phosphorylated by AURB. Of the 9 potential 

phosphorylation sites identified using NetPhos2.0 (Blom et al., 1999) in KNL11–80, we show 

that four (Ser24, Ser25, Ser56 and Ser60) are directly phosphorylated by AURB (Figures 

S4A, S4B). Phosphorylation of Ser24, Ser25 and Ser60 have been confirmed in vivo using 

mass spectrometry (Kettenbach et al., 2011; Welburn et al., 2010)). The chemical shift 

indices (CSI) of unphosphorylated and phosphorylated KNL1 (pKNL1) are essentially 

identical, demonstrating that phosphorylation does not induce a major change in the 

structural secondary propensity of KNL1 (Figure S4C). Notably, all four phosphorylated 

residues are part of or directly adjacent to PP1 interaction SLiMs: Ser24 and Ser25 are N-

terminal to or part of the KNL1 SILK SLiM (SSILK) while Ser56 and Ser60 are N-terminal 

to or within the KNL1 RVxF SLiM (SRRVSF) (Figure 3A).

To identify which residues are most rapidly phosphorylated by AURB, we reconstituted the 

phosphorylation reaction of AURB with KNL1 and monitored the rates of phosphorylation 

of Ser24, Ser25, Ser56 and Ser60 using NMR spectroscopy. Using 50 μM 15N-labeled 

KNL1 as a substrate, 1.25 μM of AURB/INCENP achieved ~100% phosphorylation of 

Ser24 and Ser60 within1 h (Figures 3B, 3C). To determine if the phosphorylation of these 

sites is independent (phosphorylation of one residue is independent of the phosphorylation 

state of the other) or dependent (phosphorylation of one residue occurs only after the other 

has been phosphorylated), we tested the ability of these residues to be phosphorylated in 

KNL1 variants in which one of two sites had been mutated to an alanine (i.e., KNL1-S24A; 

KNL1-S60A). The data show that the phosphorylation of Ser24 and Ser60 are independent, 

as each site is fully phosphorylated in the KNL1 variants (Figures S5A, S5B). Compared to 

Ser24 and Ser60, phosphorylation of Ser25 is slower, beginning at ~1 h and reaching 

completion after only ~24 h (i.e., pS24/pS60 → pS24/pS25/pS60; Figures 3B, 3C). 

Although slower, Ser25 also does not require the phosphorylation of Ser24 and/or Ser60 in 

order for it to be phosphorylated as Ser25 is fully phosphorylated in KNL1-S24A and 

KNL1-S60A variants (Figures S5A, S5B). Finally, phosphorylation of Ser56 is slow, 

beginning at 16 h and continuing until ~36 hr (Figures 3B, 3C). Together, these data 

demonstrate that four serine residues within the KNL1 PP1 binding domain are 

phosphorylated directly by AURB, with those most readily phosphorylated being Ser24 and 

Ser60. Furthermore, the phosphorylation of each site is independent of the other.

Phosphorylation of either the SILK or the RVxF motifs destabilitze PP1 binding by ~5-fold

To quantify the consequences of these phosphorylation events on KNL1 binding to PP1, we 

used ITC. A SILK site phosphorylation mimetic variant of KNL1 (S24D/S25D) resulted in a 

~6-fold reduction in affinity compared to WT (KD = 266.6 ± 26 nM; Table 1; Figure S1B). 

This reduction was nearly identical to that observed for the SILKdead variant, demonstrating 
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the phosphorylation disrupts PP1 holoenzyme formation to the same extent as mutating the 

hydrophobic residues that anchor the SILK site to PP1 (KD = 227.6 ± 30.1 nM; Table 1; 

Figure S1C). Similarly, a phosphorylation mimetic variant of the KNL1 RVxF site (S60D) 

also negatively impacted PP1 binding, with a ~5-fold reduction in affinity (KD = 236 ± 2 

nM; Table 1; Figure S1B). Finally, while a phosphorylation mimic of Ser56 (S56D) resulted 

in enhanced binding (3-fold), the physiological relavence is unclear as this residue has never 

been observed to be phosphorylated in vivo nor does it interact directly with PP1 (Table 1; 

Figure S1B). Together, the data show that three of the four AURB phosphorylation sites in 

the KNL1 PP1 binding domain destablilize PP1:KNL1 holoenzyme formation by 5–6-fold. 

These changes are consistent with those observed for other PP1 regulators, such as 

RepoMan and Ki67, with Ser/Thr residues in the ‘x’ position capable of being 

phosphorylated (Kumar et al., 2016). Namely, that in spite of the fact that the side chain of 

the ‘x’ residue in the RVxF and SILK motifs do not interact directly with PP1 (as is evident 

from the KNL1:PP1 crystal structure), phosphorylation at these sites quanitatively 

destabilizes holoenzyme formation.

KNL1 binds microtubules via two distinct domains

KNL1 binds MTs, an interaction that was previously shown to require residues N-terminal 

to the SILK site (Figure 1A) (Espeut et al., 2012). In order to molecularly define the KNL1 

residues that bind directly to MTs, we used NMR spectroscopy. In this experiment, the 2D 

[1H,5N] HSQC spectra of 15N-labeled KNL1 was compared with that of 15N-labeled KNL1 

bound to MT (Figure 4A) and the ratio of normalized intensities of free (I0) and MT-bound 

(I) used to identify the residues that bind MTs. MTs were assembled from unpolymerized 

tubulin following established methods for the study of protein interactions with MTs using 

NMR spectroscopy (Kadavath et al., 2015a, 2015b; Mukrasch et al., 2007). Unexpectedly, 

the data revealed that the N-terminal domain of KNL1 binds MTs with not one, but two 

distinct regions. First, residues in and around the SILK motif, KNL1 residues 17–34, interact 

directly with MTs (MT binding site 1; MTBS1). Thus, in addition to the positively charged 

residues immediately N-terminal to the SILK motif, the data show that the SILK sequence 

itself and residues C-terminal to it also bind directly to MTs. Unexpectedly, the data also 

revealed the presence of a second MT binding site (MTBS2), defined by KNL1 residues 53–

80, which includes both the RVxF and ΦΦ PP1 binding motifs. To determine the importance 

of the two interaction sites for microtubule binding, we repeated the NMR-based MT 

binding assay using a construct of KNL1 that lacks the positively charged residues in 

MTBS1 (KNL22–80). As can be seen in Figure S6, KNL122–80 does not bind MTs, 

demonstrating that while multiple residues in KNL11–80 interact directly with MTs, the 

residues immediately N-terminal to the SILK site (KNL1 residues 17–24) are essential for 

MT binding.

We proceeded to test how phosphorylation of KNL1 by AURB influences MT binding using 

the same NMR-based microtubule binding assay. The RVxF phosphorylation mutant KNL1 

S60D, which binds PP1 ~5-fold more weakly than wt-KNL1, did not affect MT binding 

(Figure 4B). Similarly, KNL1 S56D shows a slightly reduced MT interaction (Figure 4C). In 

contrast, KNL1 S24D/S25D failed to bind MTs (Figure 4D). We further confirmed this 

using MT cosedimentation assays (Figure 4E). In fact, the S24D/S25D mutant destabilized 
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MT binding to the same extent as simply deleting the first 21 amino acids (KNL122–80; 

Figure S6). This demonstrates that the addition of a negative charge next to the basic patch 

N-terminal to the SILK motif is sufficient to completely inhibit MT binding. Taken together, 

our data show that AURB phosphorylation of KNL1 differentially regulates PP1 and MT 

binding (Figure 4F), with phosphorylation of the SILK motif negatively impacting both PP1 

and MT binding and phosphorylation of the RVxF motif only negatively impacting PP1 

binding.

MT and PP1 binding by KNL1 is mutually exclusive

Our observation that the PP1 and MT binding sites overlap suggested that PP1 and MTs 

compete for KNL1 binding. To test this directly, we performed cosedimentation assays. For 

these experiments, KNL1 or the PP1:KNL1 complex were incubated with MTs for 30 

minutes, after which the fractions of MT-bound versus unbound KNL1 or the PP1:KNL1 

complex were separated using ultracentrifugation. The data show that while KNL1 binds 

readily to MTs, the PP1:KNL1 complex does not and instead remains in the supernatant 

(Figure 5). This demonstrates that MTs, KNL1 and PP1 do not form a triple complex. 

Further, the data show that in the presence of both PP1 and MTs, KNL1 preferentially binds 

PP1, an observation consistent with the known differences in the binding affinities of KNL1 

for MTs versus PP1; namely, that KNL1 binds PP1 ~20-fold more tightly than it binds MTs 

(KD for microtubules ~1 μM (Cheeseman et al., 2006; Pagliuca et al., 2009; Welburn et al., 

2010); KD PP1 ~50 nM).

DISCUSSION

We show how KNL1 binds both PP1 and MTs and reveal that PP1 and MT binding is 

mutually exclusive. First, our data show that KNL1 binds PP1 using not only its RVxF and 

ΦΦ motifs, but also its SILK motif. The role of the latter in PP1 binding was somewhat 

ambiguous, with some data suggesting it was dispensable for PP1 binding (Espeut et al., 

2012; Liu et al., 2010; Meadows et al., 2011; Vanoosthuyse and Hardwick, 2009). Our 

crystallographic, NMR and ITC data show definitively that this PP1-specific SLiM in KNL1 

binds directly to PP1 and that it contributes to binding, as mutating the SILK residues to 

alanines (SILKdead) reduces the affinity of the KNL1:PP1 binding by ~6-fold. We then used 

NMR spectroscopy to define the MT binding domain of KNL1 at atomic resolution. 

Previous studies showed that the basic patch N-terminal to the SILK motif, RRRH, is 

essential for MT binding (Espeut et al., 2012; Welburn et al., 2010), data which we confirm 

here. However, our data also shows that KNL1 does not bind MTs via just these residues but 

in fact engages MTs via two distinct domains: MTBS1, KNL1 residues 17–34, which 

includes the KNL1 basic patch and the SILK motif, and MTBS2, KNL1 residues 53–80, 

which includes the primary PP1 binding motif RVxF. Although our data confirm that it is the 

N-terminal basic patch that is essential for binding, the observed interaction between 

microtubule and KNL1 MTBS2, centered on the RVxF binding site (KKNSRRVSF), is not 

without precedent. Namely, CENP-E, a processive plus end-directed kinetochore motor that 

binds PP1 using an RVxF motif, also binds MTs via its RVxF motif (KRKKRVTW) (Kim et 

al., 2010; Ovechkina et al., 2002; Thorn et al., 2000). Thus, our data show that MT binding 

by KNL1 is mediated by two distinct domains which overlap extensively with the domains 
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that are also critical for PP1 binding. This strongly suggests that MT and PP1 binding by 

KNL1 is mutually exclusive. To test this, we performed MT cosedimentation assays. The 

results show that in the presence of PP1, KNL1 does not pellet with MTs, instead staying 

bound to PP1, confirming that KNL1 cannot bind PP1 and MTs simultaneously.

These data suggest an updated model for the KNL1 complex formation at the kinetochore; 

namely, that the binding of KNL1 to MTs and PP1 is mutually exclusive and, as a 

consequence, likely temporally segregated (Figure 6). Early mitosis is characterized by the 

activity of multiple kinases, including AURB and MPS1. In particular, AURB 

phosphorylation of S24, S25, S60 within or near the KNL1 SILK and RVxF motifs prevents 

KNL1 from binding either PP1 or microtubules (Figure 4)(Nasa et al., 2018; Welburn et al., 

2010). At this same time, the mitotic kinase monopolar spindle 1 (MPS1) kinase is also 

recruited to kinetochores, where it phosphorylates up to 19 motifs in KNL1 referred to as 

MELT motifs (the first MELT motif is located at KNL1 residue 151 while the 19th is located 

at residue 1284)(London et al., 2012; Yamagishi et al., 2012). These phospohrylations create 

docking sites for BUB3 complexed to BUB1/BUBR1 (Figure 6A)(Primorac et al., 2013). In 

prometaphase, when BUBR1 is phosphorylated by CDK1 at Ser670, it then recruits PP2A-

B56 (Hertz et al., 2016; Wang et al., 2016), which, in turn, dephosphorylates the AURB sites 

of KNL1 (Figure 6B) (Nijenhuis et al., 2014). Our data show that the fully dephosphorylated 

KNL1 is free to bind either MTs or PP1, but not both. Here, we suggest that in the absence 

of PP1, KNL1 binds MT. However, if PP1 is present at the kinetochore, or, alternatively, 

delivered to the kinetochore by active MT transport (Kim et al., 2010), KNL1 will dissociate 

from MTs and preferentially bind PP1. This is because the affinity of PP1 for KNL1 is 50 

nM, >20-fold stronger than MT (Figure 6C). Thus, MT binding serves primarily to localize 

KNL1 to pools of available PP1. Once the KNL1:PP1 holoenzyme forms, PP1 then 

contributes to SAC silencing by dephosphorylating its multiple kinetochore substrates, the 

most important of which are the 19 KNL1 MELT motifs themselves (Nijenhuis et al., 2014; 

Zhang et al., 2014).

STAR+ METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Rebecca Page, Ph.D. (rebeccapage@email.arizona.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Expression plasmids of PP1 and KNL1 contained cDNA sequences from Homo sapiens. 

Recombinant PP1 (co-expressed with Gro7 chaperones (Takara Clonetech) was 

overexpressed in E.coli Gold (DE3) cells (Agilent) (Choy et al., 2014) while KNL1 was 

expressed E. coli BL21 (DE3) RIL cells (Agilent) in LB broth or M9, minimal salt media 

containing 15NH4Cl and/or,13C]-D-glucose (CIL or Isotec).

METHOD DETAILS

Cloning, Expression and Purification—DNA coding the human KNL11–150, 

KNL11–80, KNL123–80 was subcloned into a pET-M30-MBP vector, which encodes an N-
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terminal His6-tag followed by maltose binding protein (MBP) and a TEV (tobacco etch 

virus) protease cleavage site. KNL11–80S24DS25D, KNL11–80S24A25A, KNL11–80S56D, 

KNL11–80S60D, KNL11–80S60A, KNL11–80SILK/AAAA (SILKdead), KNL122–80 were 

generated using the Quikchange (Agilent) site directed mutagenesis kit. KNL1 and its 

variants were expressed in E. coli BL21 (DE3) CodonPlus-RIL cells (Agilent) and were 

grown in Luria Broth in the presence of selective antibiotics at 37°C up to OD600 of 0.6–0.8, 

and expression was induced by the addition of 1 mM isopropyl-β-D-1-thiogalactopyranoside 

(IPTG). Proteins were expressed for ~14 h at 18°C prior to harvesting by centrifugation at 

6,000 ×g. Cell pellets were stored at −80°C until purification. For NMR measurements, 

expression of uniformly 15N- and/or 13C-labeled KNL1 was facilitated by growing cells in 

M9 minimal media containing 1 g/L 15NH4Cl and/or 4 g/L [13C]-D-glucose (CIL or Isotec) 

as the sole nitrogen and carbon sources, respectively.

Cell pellets were lysed in lysis buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM 

Imidazole, 0.1% Triton X-100) containing an EDTA-free protease inhibitor, (Roche) using 

high-pressure homogenization (Avestin). The lysate was clarified by centrifugation at 45500 

×g and filtered through a 0.22 μm filter before loading onto 10 ml of pre-equilibrated Ni-

NTA resin (GE Healthcare). After 1 h incubation at 4°C, the resin was washed with 5 

column volumes of wash buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imidazole) 

and protein was eluted with 2 column volume of elution buffer (20 mM Tris-HCl pH 8.0, 

500 mM NaCl, 500 mM imidazole).

MBP-KNL1 containing fractions were pooled and dialyzed overnight at 4°C in Dialysis 

Buffer (50 mM Tris pH 8.0, 500 mM NaCl) with tobacco etch viral (TEV) protease. The 

next day, a ‘subtraction’ his-tag purification was performed to remove the cleaved His6-

tagged MBP, any uncleaved protein and TEV protease. Purified KNL1 was then pooled and 

heat purified by incubation at 95°C, 30 min and centrifuged at 12,000 ×g. The supernatant 

containing KNL1 was concentrated and was subjected to size exclusion chromatography 

(SEC; Superdex 75 26/60; equilibrated in 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.5 mM 

TCEP). Fractions containing KNL1 from SEC were immediately frozen and stored at −20°C 

to prevent degradation.

PP1α7–300:KNL123–80 complex formation for NMR spectroscopy and 
crystallography.—His6-tagged PP1α7–300 was purified using Ni-NTA affinity 

chromatography followed by SEC (Superdex 75 26/60 equilibrated in 20 mM Tris-HCl pH 

8.0, 500 mM NaCl, 0.5 mM TCEP, 1 mM MnCl2). After incubation with TEV protease 

overnight and followed by a second Ni-NTA purification step next day for a subtraction his 

tag, His tagged free PP1α was incubated with a 5-fold molar excess of KNL123–80 for 1 hr 

at 4°C. The complex was concentrated and purified using SEC (Superdex 75 26/60). The 

final SEC buffer for NMR experiments was 20 mM Bis-Tris pH 6.8 150 mM NaCl and 0.5 

mM TCEP, while that for crystallographic experiments was 20 mM Tris-HCl pH 8.0, 500 

mM NaCl and 0.5 mM TCEP.

Crystallization, data collection and structure determination.—The 

PPIα7–300:KNL123–80 holoenzyme (4.5 mg/ml; hereafter referred to as PP1:KNL1) 

crystallized in 100 mM HEPES pH 7.0 and 10% (w/v) PEG6000, at 4°C (hanging drop 
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vapor diffusion). Crystals were cryoprotected using a 2-min soak in mother liquor 

supplemented with 40% glycerol and immediately flash frozen in liquid N2. Data were 

collected at the APS beamline 23-ID-B. Data were indexed, integrated and scaled using 

HKL2000 (Otwinowski and Minor, 1997). The data were phased using Phaser as 

implemented in PHENIX (PDB id 3E7A (Kelker et al., 2009) was used as a search model) 

(Adams et al., 2010). The final model of the PP1:KNL1 complex was obtained using 

iterative rounds of refinement in PHENIX and model building in Coot (Emsley et al., 2010; 

Zwart et al., 2008). The asymmetric unit contains two copies of the complex. Data 

processing and refinement statistics are provided in Table 2.

Phosphorylation of KNL1 with Aurora Kinase B for NMR assignment.—GST-

AURB/INCENP was expressed and purified as previously described (Eiteneuer et al., 2014). 

Purified WT- and variants of KNL1 were buffer exchanged into kinase reaction buffer (20 

mM HEPES pH 7.5, 0.5 mM EDTA, 2 mM DTT, 20 mM MgCl2, 10 mM ATP) and were 

incubated with GST-AURB/INCENP at 30 °C for ~ 14–16 hours. The phosphorylation 

reaction was subjected to heat shock at 95 °C for 15 minutes to remove kinase. After 

centrifugation, the supernatant was diluted into 20 mM Tris-HCl pH 7.5, 25 mM NaCl, 2 

mM DTT, and was further purified using ion-exchange chromatography (Mono S 5/50 GL). 

The flow through containing pKNL11–80 was concentrated and exchanged to NMR buffer 

(10 mM HEPES pH 6.5, 50 mM NaCl). The phosphorylation reaction was monitored by 

ESI-MS and/or NMR spectroscopy.

ITC measurements.—PP1 (PP1α7–330, PPlY7–300 and PPlY7–323) was purified using Ni-

NTA affinity chromatography followed by SEC (Superdex 75 26/60 equilibrated in ITC 

buffer: 20 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.5 mM TCEP, 1 mM MnCl2). KNL1 (WT 

and mutants) were dialyzed overnight or subjected to buffer exchange using SEC into ITC 

buffer. All protein concentrations were measured in triplicate using a colorimetric protein 

assay (Pierce). KNL1 (30–50 μM, syringe) was titrated into PP1 (~2–5 μM, cell) using a VP-

ITC at 25°C (Malvern). All data was analyzed using NITPIC and fitted to a single site 

binding model using SEDPHAT (Zhao et al., 2015); figures generated using GUSSI 

(Brautigam, 2015).

NMR spectroscopy.—The sequence-specific backbone assignment of KNL11–80, 

KNL123–80 and AURB phosphorylated pKNL11–80 was achieved by recording a 2D [1H,
15N] HSQC and 3D NMR spectra including HNCACB, CBCA(CO)NH, HNCA and 

HN(CO)CA. For KNL11–80 and pKNL11–80 the sequential assignments were verified using 

a (H)CC(CO)NH. All NMR data were collected on a Bruker Avance 500 MHz (1H Larmor 

frequency) spectrometer equipped with TCI HCN z-gradient cryoprobe at 298 K 

(KNL123–80) or 283 K (KNL11–80 and pKNL11–80). All NMR data were processed using 

Topspin 3.2 (Bruker) or NMRPipe (Delaglio et al., 1995) and analyzed using CARA (http://

www.cara.nmr.ch) or SPARKY (Goddard, T. D. and Kneller, D.G., 2004). Chemical shift 

referencing and secondary structure propensity calculations were performed as previously 

described (Kumar et al., 2016).
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NMR-based MT binding assay.—1 mg of lyophilized Bovine tubulin (Cytoskeleton; 5 

mg/ml) was freshly dissolved in 200 μl of tubulin buffer (80 mM PIPES pH 7.0, 2 mM 

MgCl2 0.5 mM EGTA) and was polymerized at 35°C for 20 minutes to form MTs, after 

which an equimolar concentration of paclitaxel was added (Cytoskeleton, Inc.; as per 

manufacturer protocol). Paclitaxel-stabilized MTs were pelleted at 100,000 xg at 25 °C for 

40 minutes. The pelleted MTs were resuspended in NMR buffer (10 mM HEPES, pH 6.5, 25 

mM NaCl). MTs (0.5 mg/300 μl of NMR sample) were incubated with 15N-labeled KNL1 

and its variants at 25°C for 30 minutes prior to NMR spectra acquisition. The intensity of 

each spectrum was normalized to residue M−3 as an internal control, which is not involved 

in binding to MTs and ratio of normalized intensities in free (I0) and MT-bound (I) were 

used for monitoring the residues involved in binding to MTs.

Monitoring phosphorylation of KNL1 by Aurora B kinase using NMR 
spectroscopy.—TheNMR sample contained 50 μM of 15N-labeled KNL11–80 in 20 mM 

HEPES pH 7.0, 0.5 mM EDTA,2 mM DTT, 20 mM MgCl2 10 mM ATP and 10% D2O. The 

phosphorylation reaction was initiated by addition of AURB/INCENP into the NMR sample, 

at a 1:40 molar ratio of kinase to KNL1. The enzymatic reaction was monitored using 2D 

[1H,15N] HSQC spectra at 283 K for 36 hours on a Bruker AvanceIIIHD 850 MHz 

spectrometer (1H Larmor frequency) equipped with a TCI HCN z-gradient cryoprobe and a 

total acquisition time of 145 seconds/HSQC. All NMR spectra were processed using 

NMRPipe17 and analyzed using SPARKY(Goddard, T. D. and Kneller, D.G., 2004). The 

extent of phosphorylation of each serine residue was calculated using the ratio of peak 

intensity of the phosphorylated serine in the spectra at the particular time (It) and 36 hours 

(Imax).

MT cosedimentation assay.—60 μg of KNL1 (WT) and its variants or equimolar 

KNL1:PP1 holoenzyme and KNL1 (60 μM) were exchanged into MT binding buffer (80 

mM HEPES pH 6.8, 2 mM MgCl2 and 25 mM NaCl), and incubated alone or with 

Paclitaxel-stabilized MTs (prepared as described above) at 25 °C for 30 minutes. Each 50 μl 

reaction was loaded onto 200 μl of cushion buffer (80 mM PIPES pH 7.0, 2 mM MgCl2 0.5 

mM EGTA, 60% glycerol, Cytoskeleton, Inc.) and centrifuged for 40 minutes at 25 °C and 

100,000 xg, as per manufacturer protocol. Samples for the supernatant and pellet were TCA 

precipitated and analyzed using SDS-PAGE and quantified using ImageJ. The quantification 

of SDS-PAGE gel for MT cosedimentation assay was performed using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

ITC measurements and MT pelleting assays were repeated between 2–4 times; reported 

values are the average and standard deviation for the replicated measurements.

DATA AND SOFTWARE AVAILABILITY

All NMR chemical shifts have been deposited in the BioMagResBank (BMRB 27057, 

27066). Atomic coordinates and structure factors have been deposited in the Protein Data 

Bank (PDB6CZO).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: KNL1 binds PP1 using three PP1-specific SLiMs separated by a disordered loop
(A) KNL1 domain structure, highlighting the putative protein interaction sites (microtubule, 

MT, blue; PP1, magenta). The PP1 binding domain is hypothesized to contain three 

established PP1 binding SLiMs, namely the SILK, RVxF and ΦΦ motifs, while the putative 

MT binding domain is positively charged. The constructs and variants examined in this 

study are shown below.

(B) Binding isotherms of KNL1 variants with either PP1γ or PP1α.

(C) Crystal structure of the KNL123–80:PP1 holoenzyme. PP1 is in grey and KNL1 in 

magenta. Residues not modeled due to a lack of density are indicated by a dashed line.

(D) The ordered KNL1 residues are specified in text (magenta). The established PP1 binding 

motifs present in KNL1 are indicated in grey text.

(E) Overlay of the 2D [1H,15N] HSQC spectra of KNL123–80 (black) with the 

KNL23–80:PP1 holoenzyme (red). Peaks observed in the KNL23–80:PP1 holoenzyme 

spectrum correspond to residues that remain disordered upon complex formation. Peaks 

present only in the KNL123–80 spectrum are underlined.

Related to Figures S1–S3
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Figure 2: KNL1 binds PP1 via its SILK motif.
(A) Overlay of the KNL1 (magenta) and Inhibitor-2 (beige) SILK motifs bound to PP1.

(B) PP1 residues that interact directly with the KNL1 SILK motif; polar/electrostatic 

interactions are indicated by black dashed lines.

(C) ITC thermograms of wt-KNL1 and the KNL1-SILKdead variant (aa 1–80), in which the 

KNL1 25SILK28 residues are mutated to AAAA.
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Figure 3: Real-time NMR monitoring of the phosphorylation of KNL1–80.
(A) Sequence of WT-KNL11–80 with the potential phosphorylation sites indicated; the 

residues that bind directly to PP1 are underlined. The four residues phosphorylated directly 

by Aurora B kinase, as observed using NMR spectroscopy, are indicated (Ser24, Ser25, 

Ser56 and Ser60).

(B) 2D [1H15N] HSQC spectra of KNL11–80 after the addition of Aurora B kinase. The N-

HN cross peaks of the phosphorylated serines are labeled.

(C) Build-up curves showing the time-course of phosphorylation of KNL11–80 by Aurora B 

Kinase.

(D) KNL1 phosphorylation rates in descending order.

Related to Figure S4–S5.
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Figure 4. KNL1 interacts directly with MTs using two distinct binding domains.
(A) KNL11–80

(B) KNL11–80S60D

(C) KNL11–80S56D

(D) KNL11–80S24DS25D. Upper panel, overlay of the 2D [1H,15N] HSQC spectra of 

unbound (black) and MT-bound KNL1 (green). Lower panel, the normalized intensity ratios 

of I (KNL1 MTbound)/I0 (KNL1unbound) upon addition of MTs plotted against the amino 

acids of KNL11–80; MT binding sites 1 (MTBS1) and 2 (MTBS2) are shaded in green. The 

PP1 SILK, RVxF and ΦΦ interaction motifs in KNL1 are indicated by pink squares. ‘*’ 

indicates overlapped resonance; grey bars are normalized intensity ratios for resonances at or 

close to site of mutation.

(E) Co-sedimentation assays with KNL1 and variants. MT, microtubules, S, supernatant, P, 

pellet.

(F) Cartoon illustrating KNL1 phosphorylation variants and their ability to bind MTs.
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Related to Figure S6.
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Figure 5. KNL1 binding to PP1 and MTs is mutually exclusive.
(A) SDS-PAGE showing the cosedimentation of unbound KNL11–80 (60 μM) and the 

KNL1:PP1 holoenzyme (60 μM).

(B) Graph showing the average percent protein bound relative to the total KNL1/KNL1:PP1 

holoenzyme (results are the average of 2 experiments ± sd).
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Figure 6; Model for the consecutive recruitment of microtubules and PP1 to KNL1 during SAC 
signaling.
(A) When the SAC is activated during prophase, KNL1 is phosphorylated by MPS1 and 

AURB. Threonine phosphorylation of the MELT motifs by MPS1 enables the recruitment of 

BUB1-BUB3 and BUBR1-BUB3 complexes via BUB3, a key step in the generation of 

mitotic checkpoint complexes (MCCs). At the same time, the phosphorylation of KNL1 at 

and near its SILK and RVSF sequences by AURB prevents the binding of both microtubules 

and PP1 to its N-terminus.

(B) In prometaphase, the phosphorylation of BUBR1 at its B56-binding motif (LSPIxE) 

enhances the recruitment of PP2A-B56, which then dephosphorylates the AURB sites of 

KNL1. This enables the binding of MTs or PP1 to the N-terminus of KNL1. In the absence 

of PP1, it will bind MTs (shown).

(C) However, in the presence of high concentrations of PP1, or, alternatively, the delivery of 

PP1 to kinetechores via active transport along MTs, the N-terminus of KNL1 dissociates 
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from MT to bind PP1, due to the much tighter binding of PP1 for KNL1. KNL1-associated 

PP1 is then able dephosphorylate its kinetochore substrates, the most important of which are 

the MELT motifs from KNL1 itself.
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Table 1:

Isothermal titration calorimetry (ITC) measurements of WT KNL1 and KNL1 variants with PP1.

KNL1 PP1 KD (nM) ΔH (kcal/mol) −TΔS (kcal/Mol) repeats

1–150

 WT Υ 7–323 55.2± 9.5 −9.3 ± 0.7 0.6 ± 0.7 2

1–80

 WT α7–330 46.4 ± 4.5 −22.6 ± 1.7 −12.6 ± 1.8 2

 S24AS25A α7–330 93.5 ± 8.4 −21.5 ± 1.6 −14.2 ± 3.0 3

 S24DS25D α7–330 266.6 ± 26.0 −10.9 ± 1.0 −1.9 ± 1.0 3

 SILKdead α7–330 227.6 ± 30.1 −21.5 ± 0.8 −12.3 ± 0.9 3

 S56D α7–330 14.7 ± 6.4 −12.4 ± 1.9 −1.7 ± 2.2 2

 S60A α7–330 154.2 ± 0.2 −20.1 ± 1.2 −10.8 ± 1.2 2

 S60D α7–330 236.0 ± 2.1 −30.7 ± 6.8 −21.7 ± 6.8 2

 WT Υ7–323 38.3 ± 2.0 −8.6 ± 0.7 1.6 ± 0.7 2

23–80

 WT α7–330 89.0 ± 19.6 −13.7 ± 0.9 −3.8 ± 0.9 3

 WT Υ7–300 82.0 ± 10.3 −28.3 ± 1.4 −18.6 ± 1.4 2

 WT Υ7–323 52.4 ±2.3 −10.0±0.4 −0.1 ±0.4 2
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Table 2:

Data collection and refinement statistics

PP1α7–300: KNL123–80
a

Protein

Organism Homo sapiens

PDBID 6CZO

Data collection

Space group P42212

Cell dimensions

 a, b, c (Å) 138.0, 138.0, 118.4

 α, β, γ (°) 90.0, 90.0, 90.0

Resolution (Å) 50.0 − 2.95 (3.00 − 2.95)

Rmerge 8.9 (66.5)

I/I 29.2 (4.4)

Completeness (%) 100.0 (100.0)

Redundancy 7.9 (8.1)

Refinement

Resolution (Å) 45.13 − 2.95 (3.06 − 2.95)

No. reflections 24763

Rwork / Rfree 0.17 (0.0.23)/0.21 (0.32)

No. atoms

 Protein 5001

 Ligand/ion 14

 Water 61

Average B-factor (Å2)

 Protein 65.8

 Ligand 63.9

 Water 62.2

R.m.s. deviations

 Bond lengths (Å) 0.004

 Bond angles (°) 0.615

Ramachandran

 Outliers (%) 0.3

 Allowed (%) 5.7

 Favored (%) 94.0

Clashscore 3.43

a
Data was collected from a single crystal

*
Values in parentheses are for highest-resolution shell.
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KEY RESOURCE TABLE (uploaded separately)

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial Strains

E.coli BL21 (DE3) RIL expression strain Agilent Cat#230140

E.coli BL21 (DE3) Gold expression strain Agilent Cat #230132

Recombinant DNA

GFP-KNL-1 wt Hardened Addgene Id 45223

pET-M30-MBP-TEV-KNL11–150 This study N/A

pET-M30-MBP-TEV-KNL11–80 This study N/A

pET-M30-MBP-TEV-KNL123–80 This study N/A

pET-M30-MBP-TEV-KNL122–80 This study N/A

pET-M30-MBP-TEV-KNL11–80S24A This study N/A

pET-M30-MBP-TEV-KNL11–80S24AS25A This study N/A

pET-M30-MBP-TEV-KNL11–80S60A This study N/A

pET-M30-MBP-TEV-KNL11–80SILK/AAAA This study N/A

pET-M30-MBP-TEV-KNL11–80S24DS25D This study N/A

pET-M30-MBP-TEV-KNL11–80S56D This study N/A

pET-M30-MBP-TEV-KNL11–80S60D This study N/A

pGEX-Aurora-INCENP or AUKB M. Bollean Laboratory Available on request

pRRP1B-Thio6-His6TEV-PP1 γ 7–323 Addgene Id 51770

pRRP1B-Thio6-His6TEV PP1 α7–330 Addgene Id 51768

pRRP1B-Thio6-His6TEV- PP1 α7–300 Addgene Id 26566

Chemicals, Peptides, and Recombinant Proteins

Tubulin protein ( 99% pure, Porcine brain) Cytoskeleton, Inc. Cat #T240

General Tubulin Buffer Cytoskeleton, Inc. Cat # BST06

Tubulin Glycerol Buffer Cytoskeleton, Inc. Cat # BST05

GTP Cytoskeleton, Inc. Cat # BST06

Paclitaxel Cytoskeleton, Inc. (Cat. # TXD01)

Gro 7 Chaperone Takara clonetch Cat #3340

Critical Commercial Assays

Microtubule Binding protein Spin Down Assay Biochem Kit Cytoskeleton, Inc. Cat # BK029

QuikChange site directed mutagenesis Kit Agilent Cat# 200524

PDB search model Kelker (2009) PDBID: 3E7A

Deposited Data

BMRB (NMR assignment KNL-11–80 and pKNL-11–80 This study BMRBID: 27057, 27066

PDB This study PDBID: 6CZO

Software and Algorithms

Topspin 3.1 and 3.2 Bruker https://www.bruker.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

UCSF SPARKY Goddard et al., 2004 https://www.cgl.ucsf.edu/home/sparky/

NMR Pipe Delaglio et al., 1995 https://www.ibbr.umd.edu/nmrpipe/install.html

CARA www.cara.nmr.ch www.cara.nmr.ch

PHENIX Zwart et al., 2008 https://www.phenix-online.org/

COOT Emsley et al., 2010 https://www.ccp4.ac.uk

Pymol Schrodinger, LLC https://www.pymol.org

NITPIC Brautigam (2015) http://biophysics.swmed.edu/MBR/software.html

SEDPHAT Zhao et al. 2015 http://biophysics.swmed.edu/MBR/software.html

GUSSI Brautigam (2015) http://www.biophysics.bioc.cam.ac.uk/?p=736

XDS Kabsch,W (2010) http://homes.mpimf-heidelberg.mpg.de/~kabsch/xds
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