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Summary

The kinase interaction (KI) domain of kinase-associated

protein phosphatase (KAPP) interacts with the phosphorylated

form of an Arabidopsis thaliana receptor-like

protein kinase (RLK). The KI domain may recruit KAPP into

an RLK-initiated signaling complex. To examine additional

roles that this domain may play in plant signal transduction,

a search was conducted for other KI domaincontaining

proteins. One gene was isolated which encodes

a KI domain, the maize homolog of KAPP. To test whether

the maize KI domain associates with other maize proteins,

it was used as a probe in a protein-protein interaction

cloning strategy. A new maize RLK, KI domain interacting

kinase 1 (KIK1), was identified by its interaction with the

maize KI domain. The maize KI domain and the KIK1

kinase domain association required phosphorylation of

the kinase. This work establishes that the KI domain

phosphorylation-dependent signaling mechanism is present

in both monocots and dicots. Additionally, it was

determined that both the maize and Arabidopsis KI

domains interact with several but not all of the active

RLKs assayed. These multiple associations imply that

KAPP may function in a number of RLK-initiated signaling

pathways.

Introduction

Plants perceive and respond to endogenous and exogenous

stimuli (e.g. light, hormones, pathogens, sugars,

and wounding); however, the mechanisms by which plants

detect and transduce these signals into the cell are poorly

understood. Recent evidence suggests that plants have

many different types of transmembrane protein kinases

that may function to transduce extracellular information

into the cell. These plant proteins are the receptor-like

protein kinases (RLKs).

The plant RLKs are composed of an extracellular domain,

a transmembrane domain, and a cytoplasmically localized
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serine/~hreonine protein kinase domain. The extracellular

domain is hypothesized to function in the recognition and

binding of a ligand, the transmembrane domain to anchor

the protein in a membrane, and the protein kinase domain

to transduce the signal.

RLKs have been identified from a number of plants and

have been categorized into classes based on different

structural motifs found in their extracellular domains

(Braun and Walker, 1996). The physiological functions of

most RLKs are unknown, but recent studies have established

that some RLKs function in disease resistance and

plant development (Becraff et al., 1996; Clark, 1997; Lee

et al., 1996; Song et el., 1995; Torii et al., 1996).

While the functions of several RLKs are known, the

proteins responsible for transducing a signal downstream

of an activated receptor kinase have not been well characterized.

Three proteins have been identified which may

mediate a downstream step in an RLK-initiated signaling

pathway: kinase associated protein phosphatase (KAPP)

from Arabidopsis and two thioredoxins from Brassica.

Using the yeast two-hybrid system, Bower et aL (1996)

identified two thioredoxin proteins that interact with the

catalytic domain of a Brassica S-receptor kinase (SRK), an

RLK known to function in the self-incompatibility response.

These two thioredoxins do not associate with the kinase

domains of two Arabidopsis RLKs in the two-hybrid assay

(Bower et al., 1996). This suggests that the thioredoxins

may function along with the SRK in the rejection of selfincompatible

pollen, although both thioredoxins are

ubiquitously expressed and may have additional functions

in other plant tissues.

Kinase-associated protein phosphatase was shown to

interact in vitro with the phosphorylated form of RLK5, an

Arabidopsis RLK, but not with the non-phosphorylated

form (Stone et al., 1994). As RLK5 is a serine/threonine

protein kinase (Horn and Walker, 1994), the association

between the KI domain and RLK5 is contingent on a

phosphoserine and/or a phosphothreonine residue. Hence,

KAPP can distinguish between the autophosphorylated,

activated state of the kinase and the non-phosphorylated,

inactive form, and associates only with the active, phosphorylated

kinase to presumably function in a signaling

complex.

KAPP is comprised of three domains: an amino-terminal

type one signal anchor, a central kinase interaction (KI)

domain, and a carboxy-terminal type 2C protein phosphatase

catalytic domain. A type one signal anchor is a
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topogenic signal which localizes a protein to the cytoplasmic

surface of a membrane. It consists of a series of

hydrophobic residues, which are co-translationally inserted

into a membrane, followed by a stop transfer sequence

composed of positively charged basic amino acid residues

(High and Dobberstein, 1992). The remainder of the protein

is exposed to the cytoplasm. Type 2C protein phosphatases

are characterized by their substrate preference, insensitivity

to various protein phosphatase inhibitors, and an absolute

requirement for divalent cations (Smith and Walker, 1996).

The kinase interaction domain is a protein domain that has

been demonstrated to bind to the catalytic domain of RLK5

in a phosphorylation-dependent manner in vitro (Stone

et al., 1994).

The phosphorylation-dependent association between the

kinase domain of RLK5 and the kinase interaction domain

of KAPP is similar to the interaction between animal cell

receptor tyrosine kinases and Src homology 2 (SH2)

domains or protein tyrosine-binding (PTB) domains (Cohen

etaL, 1995; Kavanaugh etaL, 1995). SH2 and PTB domains

are modular protein domains that recognize and bind to

phosphorylated tyrosine residues of proteins within

specific amino acid sequence contexts (Songyang and

Cantley, 1995). SH2 domains are found in many different

proteins, coupled to other signaling domains, such as

protein kinases, protein phosphatases, other protein-protein

interaction domains, and several others (Pawson,

1995). PTB domains are also found in several protein

contexts coupled with other signal transduction domains

(van der Geer and Pawson, 1995; Harrison, 1996).

Proteins that contain SH2 or PTB domains play important

roles in animal cells in mediating cellular signaling based

on phosphorylated tyrosine residues. Because the plant

receptor-like kinases characterized to date are predicted to

encode serine/threonine kinases and not tyrosine kinases,

RLKs must use alternative means to transduce a signal to

the next protein downstream in a signal transduction

cascade. Therefore, we hypothesized the kinase interaction

domain would function in a manner analogous to SH2 or

PTB domains, but would bind to phosphoserine and/or

phosphothreonine residues of active RLKs. If so, identifying

other kinase interaction domain-containing proteins could

further elucidate the functions of this modular domain and

the roles it plays in plant signaling. As KAPP is a singlecopy

gene in Arabidopsis (Stone et aL, 1994) and we have

not been able to detect KI domain-related sequences in

Arabidopsis, we screened a maize cDNA library at low

stringency to identify other KI domain-containing genes.

In this report, we identify and characterize a maize KI

domain-containing gene, the maize homolog of KAPP.

Using the maize KI domain in an interaction cloning

strategy, we isolated a new maize RLK and demonstrated

that the interaction between the two proteins is dependent

on the phosphorylation status of the kinase. Hence, in

maize as in Arabidopsis, KAPP recognizes only the phosphorylated

form of an RLK, suggesting that both monocots

and dicots utilize a phosphorylation-dependent binding

mechanism to transduce an extracellular stimulus into

the cell. Furthermore, we determined that the maize and

Arabidopsis KI domains display similar binding capabilities:

they bind to an identical subset of RLKs, although not

all were assayed. This may indicate that KAPP functions

in multiple RLK-initiated signaling pathways.

Results and discussion

Identification of maize KAPP

To isolate maize kinase interaction domain-containing

genes, we screened a maize leaf cDNA library at reduced

stringency using the Arabidopsis KI domain as a hybridization

probe. Approximately 3.2 × 105 plaques were screened

and five positive clones identified. All positive clones

corresponded to the maize homolog of KAPP; no other

genes containing a KI domain were identified. The longestlength

cDNA insert was sequenced and encodes the

complete protein as shown by comparison to the

Arabidopsis protein (Figure la). The presence of a maize

homolog indicates that KAPP may transduce a signal

downstream of activated RLKs in both monocots and

dicots.

The predicted maize KAPP protein has the same organization

as the Arabidopsis KAPP protein: an amino-terminal

type one signal anchor, a central kinase interaction domain,

and a carboxy-terminal type 2C protein phosphatase (PP2C)

catalytic domain (Figure la). The maize and Arabidopsis

KI domains are 67% identical at the amino acid level (maize

aa 178-279) and 54% identical in the PP2C domains (maize

aa 290-583). Recently, 11 structurally conserved motifs of

PP2Cs were identified (Bork et al., 1996). Maize KAPP

PP2C domain contains all of these conserved features,

suggesting that it is an active protein phosphatase (labeled

1-11 in Figure la).

Like the Arabidopsis KAPP protein, the predicted aminoterminus

of the maize protein is strongly indicative of a

type one signal anchor. It consists of a series of 23/26

hydrophobic residues followed immediately by 7/9 arginine

residues (maize aa 27-35, indicated in Figure la by +

symbols). This stretch of hydrophobic amino acids followed

by charged basic residues is predicted to localize the

protein at the cytosolic face of a membrane (High and

Dobberstein, 1992).

KAPP copy number, expression, and chromosomal map

location

The number of genes in the maize genome related to

KAPP was investigated by genomic DNA blot analysis. A
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Figure 1. Characterization of maize kinase-associated j~rotein phosphatase

(KAPP).

(a) Amino acid alignment of the predicted maize and Arabidopsis KAPP

proteins, Identical amino acid residues are shaded black. Positively charged

arginine residues corresponding to the putative stop transfer sequence of

the maize type one signal anchor are indicated with + symbols. The 11

conserved motifs of type 2C protein phosphatases are indicated by Arabic

numbers. Gaps were introduced for optimal alignment. The Arabidopsis

KAPP GenBank accession number is U09505 and the maize KAPP GenBank

accession number is U81960,

(b) Autoradiogram of a Southern blot of maize genomic DNA probed with

the cDNA fragment corresponding to the maize kinase interaction domain

at high stringency. Genomic DNA was digested with BamHI (B), EcoRI (E),

and Hindlll (H). DNA size markers are shown on the left in kilobase

pairs (kbp).

(c) Autoradiogram of an RNA blot of polyadenylated mRNA from husk

leaves (H) and week-old etiolated shoots (S) probed with the cDNA fragment

corresponding to the maize KI domain. Marker sizes are shown on the left

in kilobases (kb).
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Southern blot of maize genomic DNA probed with the

maize KI domain cDNA fragment at high stringency showed

two or more bands with all restriction enzymes used

(Figure lb). Based on the cDNA sequence, we predicted

two bands in the Hindlll-digested DNA lane, but the

hybridization to multiple bands with other restriction

enzyme-digested DNA indicates that KAPP might be a

member of a small gene family or that it possesses these

restriction endonuclease recognition sites within introns.

At reduced stringency, another cross-hybridizing band was

observed on the Southern blot, so it is possible that another

KI domain-containing gene exists in maize (data not

shown). Because the additional cross-hybridizing band was

visible only at reduced stringency, it is possible that it was

missed during the screen for KI domain-containing genes.

Alternatively, this other gene may not be expressed in leaf

tissues used to isolate the mRNA for the construction of

the library and so was not present in the library.

To examine KAPP expression, we analyzed polyadenylated

mRNA isolated from two different tissues and two

developmental stages. KAPP mRNA was detected in the

shoots of week-old etiolated seedlings (S) and in husk

leaves of mature plants (H) (Figure lc). A single transcript

of approximately 2.4 kb was observed in each lane. This

size corresponds well with the longest-length cDNA clone

obtained and suggests that this clone contains the complete

open reading frame. KAPP mRNA was detected at both

the seedling and mature plant stages of development,

indicating that the function of KAPP may be required at

several different developmental stages.

The genomic location of KAPP was determined by the

University of Missouri Maize Mapping Center to be on

chromosome arm 2L, bin 2.06 (1996 UMC RFLP map, listed

as clone umc267) (Davis et aL, 1996). KAPPwas mapped

to a single locus suggesting that it is a single-copy gene.

Interaction cloning with the maize kinase interaction

domain

The maize and Arabidopsis KI domains are highly related

at the amino acid sequence level; therefore, we predicted

that the maize KI domain would function in an equivalent

manner to the Arabidopsis KI domain and bind to other

proteins. To test this hypothesis, we used a protein-protein

interaction screen similar to the one used to identify the

Arabidopsis KI domain (Stone et al., 1994). We subcloned

the maize KI domain into a glutathione-S-transferase fusion

protein expression system and expressed the protein

(GST:KID) in Escherichia coil The recombinant protein

was purified, 32p-labeled with a protein kinase A catalytic

subunit, and used as a probe to screen a maize leaf cDNA

expression library for any interacting clones. Approximately

3.2 x 105 plaques were screened for interacting

proteins and four positive clones were identified that did

not interact with phosphorylated GST as a negative control

(data not shown). Single-pass sequencing determined that

the four clones encode two proteins containing all of the

conserved subdomains found in serine/threonine protein

kinases (Hanks and Hunter, 1995). The four clones are

independent isolates: each gene is represented by two

clones that differ in the size of the cDNA insert and the

polyadenylation signal used. We named the two newly

identified genes _KI domain interacting k_inase 1 (KIK1) and

K_I domain binding k_inase 1 (KBK1). KIK1 was chosen for

further characterization; a clone containing the complete

open reading frame was obtained and sequenced completely.

Structure of KIK1

KIK1 is predicted to encode a receptor-like protein kinase

composed of an amino-terminal signal peptide, an

extracellular ligand binding domain, a single membranespanning

domain, and a cytoplasmic serine/threonine

protein kinase domain. The deduced amino acid sequence

of KIK1 suggests that the protein is membrane-localized.

The potential co-localization of KAPP and KIK1 at the

cytoplasmic surface of a membrane is consistent with the

model of the two proteins interacting in vivo and KAPP

participating in a KIKl-initiated signaling pathway.

KIK1 is predicted to be a member of the S-domain class

of receptor-like protein kinases. S-domains are protein

domains with homology to the S-locus glycoproteins of

Brassica which are involved in the maintenance of selfincompatibility

(Nasrallah and Nasrallah, 1993). The KIK1

extracellular domain has the characteristic sequence motifs

and the ten conserved cysteines thought to be important

for correct folding of S-domain RLKs (Braun and Walker,

1996) (Figure 2a). There are eight potential N-linked

glycosylation sites (Gahmberg and Tolvanen, 1996) in the

KIK1 extracellular domain.

The KIK1 protein kinase domain has all of the essential

subdomains of protein kinases and is predicted to encode

a serine/threonine-specific protein kinase based on the

sequences found in subdomains Vlb and VIII (Hanks and

Hunter, 1995) (Figure 2b).

KIK1 copy number, expression, and chromosomal map

location

The number of sequences similar to KIK1 in the maize

genome was examined by genomic DNA blot analysis. A

1.9 kbp Acc651 DNA fragment corresponding to the KIK1

protein kinase domain, transmembrane domain, and membrane

proximal third of the extracellular domain was used

to probe a maize genomic DNA Southern blot at high

stringency (Figure 2c). Multiple hybridizing bands were

detected in each lane. The several hybridizing bands

KAPP interacts with a subset of active RLKs 87

detected indicate that KIK1 is probably a member of a

gene family.

To determine whether the KIK1 gene expression pattern

overlapped the KAPP expression pattern, we reprobed the

polyadenylated mRNA blot with the 1.9 kbp Acc6b-1 cDNA

fragment. RNA blot analysis revealed KIK1 mRNA was

present in week-old etiolated shoots (S) and husk leaves

(H) (Figure 2d). A single hybridizing band of approximately

3.1 kb was detected in both lanes, and this size corresponds

well with the longest-length cDNA clone obtained. This

expression pattern is similar to that observed for KAPPand

is consistent with their potential association in the plant.

Figure 2 (Continued overleaf).
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Figure 2 (Continued opposite),

Figure 2. Characterization of KI domain interacting kinase 1 (KIK1).

(a) Amino acid alignment of the extracellular and transmembrane domains

of several S-domain receptor-like kinases. Shown are the maize KIK1

(GenBank accession number U82481) and ZmPK1 (X52384), the Arabidopsis

RLK1 (M84658) and RLK4 (M84659), and the Brassica napus SRK-A14

(U00443) extracellular domains. Identical amino acids are shaded black and

gaps were introduced for optimal alignment. The ten conserved cysteine

residues characteristic of S-domains are indicated by asterisks, and the

eight potential N-linked glycosylation sites of KIK1 are marked by filled

circles. The predicted transmembrane domains are underlined.

(b) Amino acid alignment of the protein kinase catalytic domains of various

RLKs. Identical residues are shaded black and gaps were introduced for

optimal alignment. The 12 conserved subdomains of protein kinases are

indicated by roman numerals. Shown are the protein kinase domains of

maize KIK1, CRINKLY4 (U67422), and ZmPK1, of ArabidopsisTMK1 (L00670),

RLK5 (M84660), and RLK4, and of B. napus SRK-A14.

(c) Autoradiogram of a Southern blot of maize genomic DNA probed with

the 1.9 kbp Acc651 cDNA fragment of KIK1 at high stringency. Marker sizes

are shown on the left in kilobase pairs.

(d) Autoradiogram of a polyadenylated mRNA blot probed with the same

1.9 kbp Acc651 KIK1 cDNA fragment, mRNA was isolated from husk leaves

(H) and week-old etiolated shoots (S). Markers sizes are shown in kilobases

on the left.
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Using a cDNA probe corresponding to the catalytic

and transmembrane domains, KIK1 was mapped by the

University of Missouri Maize Mapping Center to four different

positions (1996 UMC RFLP map, clones umc266a-d)

(Davis et aL, 1996). The mapping of this cDNA fragment to

four distinct genomic positions supports the idea that KIK1

is a member of a gene family, It is noteworthy that KBK1

is not a member of the highly related KIK1 gene family

based on its mapping to a distinct genomic location and

not to one of the other umc266 clones. Whether the other

highly related KIKl-like genes encode proteins that interact

with the kinase interaction domain is not known.

KIK1 encodes an active serine/threonine protein kinase

Because the Arabidopsis KI domain interacts with the

catalytic domain of RLK5 in a phosphorylation-dependent

manner, we hypothesized that only clones capable of

autophosphorylating in E, coliwould associate with the KI

domain. The fact that the four clones identified by interaction

cloning are predicted to encode functional protein

kinase catalytic domains supports our hypothesis that the

interaction between the KI domain and an associating

protein requires that the interacting protein is phosphorylated.

To verify that KIK1 is capable of autophosphorylating

in vitro, the protein kinase catalytic domain of KIK1 was produced

in E. coil as a translational fusion to the

maltose-binding protein (KIK1CAT). As a control for autophosphorylation

activity, we constructed a single amino

acid substitution changing the conserved lysine of

subdomain II essential for catalytic activity (amino acid

558) into a glutamic acid residue. This mutation (K558E) is

predicted to eliminate kinase activity (Hanks et al., 1988).

Recombinant proteins were expressed in E. coil, affinitypurified,

incubated in the presence of [T-32p]ATP, and

separated by SDS-PAGE. The KIK1CAT recombinant protein

incorporates 32p while the site-directed mutated protein,

K558E, is incapable of autophosphorylation (Figure 3a, b).

Note that the K558E mutated kinase migrates faster than the

active KIK1CAT protein during electrophoresis (Figure 3a).

This mobility difference is presumably due to a change in

charge density of the autophosphorylated, active KIKICAT

protein resulting from the additional phosphate groups.

To determine the amino acid specificity of the active

recombinant kinase, we performed a two-dimensional thinlayer

electrophoresis phosphoamino acid analysis (Boyle

et al., 1991). Both phosphoserine and phosphothreonine

were detected at an approximate ratio of 2:3 while no

phosphotyrosine was observed (Figure 3c). These results

establish that KIK1 is a serine/threonine protein kinase.

The K! domain binds KIK1 in a phosphorylationdependent

manner

Our previous work characterizing the association of the

Arabidopsis kinase interaction domain with the catalytic
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Figure 4. Maize kinase interaction domain interacts with KIK1 in a

phosphorylation-dependent manner.

(a) Coomassie blue-stained SDS-polyacrylamide gel of autophosphorylated

KIK1CAT (lane 1), KIK1CAT treated with a maize type one protein

phosphatase, ZmPP1 (lane 2), KIK1CAT treated with ZmPP1 and a specific

inhibitor of type one protein phosphatases, okadaic acid (lane 3), and the

K558E site-directed mutant form of KIK1CAT (lane 4).

(b) Autoradiogram of a duplicate gel blotted to PVDF and probed with a

32p-labeled maize GST:KID fusion protein.

Molecular weight markers on the left are shown in kDa.

Figure 3. KIK7 encodes an active serine/threonine protein kinase.

(a) Coomassie blue-stained SDS polyacrylamide gel showing the

recombinant fusion proteins KtK1CAT and a site-directed mutated form of

the protein, K558E.

(b) Autoradiogram of the gel in (a). Kinases were incubated with [y*32p]ATP

for 1 h at room temperature prior to separation on the gel. Molecular mass

markers are indicated on the left in kDa.

(c) Autoradiogram of a two-dimensional thin-layer electrophoresis

phosphoamino acid analysis of autophosphorylated recombinant KIK1CAT.

Protein was extracted from the gel shown in (a), hydrolyzed in 6 N HCI,

and liberated amino acids separated in two dimensions. Positions of

unlabeled phosphorylated serine, threonine, and tyrosine residues are

indicated.

domain of RLK5 demonstrated that interaction between

the two proteins is phosphorylation-dependent and can be

abolished by dephosphorylating RLK5 with a maize type

one protein phosphatase, ZmPP1 (Stone et al., 1994). To

assess whether this was the case with the maize KI domain/

KIK1 interaction, we tested the autophosphorylated versus

the non-phosphorylated mutated form of the kinase for

association with the KI domain. Additionally, we treated

the KIK1CAT fusion protein with recombinant ZmPP1 to

modify the phosphorylation status of the kinase. ZmPP1 is

expected to dephosphorylate KIK1CAT and to remove a

specific phosphorylated residue(s), predicted to contribute

to the binding site(s) that the KI domain recognizes.

The phosphorylation dependence of the KIK1CAT/KI

domain interaction was studied by in vitro binding assays.

Recombinant fusion proteins of KIK1CAT with or without

phosphatase treatment and the kinase-inactive K558E

mutant protein were separated on an SDS-polyacrylamide

gel, transferred to a polyvinylidene difluoride (PVDF) membrane,

and probed with the 32P-labeled maize GST:KID

fusion protein (Figure 4a,b). Lane 1 contains the untreated

KIK1CAT recombinant protein. Lane 2 contains KIK1CAT

which was treated with recombinant ZmPP1. Lane 3

contains KIK1CAT which was treated with ZmPP1 in the

presence of a specific inhibitor of type one protein phosphatases,

okadaic acid (MacKintosh and MacKintosh, 1994).

Lane 4 contains the kinase inactive K558E mutant protein.

Figure 4(b) demonstrates that interaction between the KI

domain and the KIK1 catalytic domain is contingent on the

kinase being phosphorylated. The KI domain bound to the

untreated KIK1CAT kinase but not to the inactive K558E

mutant. Treatment of the KIK1CAT kinase with ZmPP1

greatly reduced binding of the KI domain, while including

the phosphatase inhibitor in the reaction allowed binding

to occur. The slight amount of binding evident in the

ZmPP1 treatment lane is probably due to incomplete

dephosphorylation of the kinase; however, the majority of

the kinase in this lane has been dephosphorylated and is

not bound by the KI domain. Because the inactive kinase

(K558E) or dephosphorylated KIK1CAT kinase (+ ZmPP1)

showed reduced KI domain binding while the untreated

kinase or kinase treated with okadaic acid and protein

phosphatase simultaneously are bound by the KI domain,

we interpret these data to mean that the KI domain associates

with the KIK1 protein kinase in a phosphorylationdependent

manner.

The Arabidopsis and maize KI domains have similar

binding capabilities

Because the maize KI domain has high homology to and

a binding activity similar to the Arabidopsis KI domain, we

wished to determine whether the two have similar binding

capabilities. To assay their binding capabilities, the catalytic

domains of several receptor-like protein kinases, expressed

as recombinant fusion proteins purified from E. coil, were

separated on an SDS-polyacrylamide gel. The proteins

were transferred to a PVDF membrane and probed with

the 32p-labeled GST:KIDs (maize and Arabidopsis)

(Figure 5a-d). Lower-molecular-weight bands in

Figure 5(a-d) represent proteolytic degradation products.

All of the recombinant protein kinases are capable of

autophosphorylating in vitro, while the protein affinity tag,

maltose binding protein (MBP) does not incorporate any

32p (Figure 5b). The maize and Arabidopsis KI domains

bind to the catalytic domains of KIK1, Arabidopsis TMK1

(Chang et al., 1992), Brassica SRK-A14 (Glavin et al., 1994),

Arabidopsis RLK5 (Horn and Walker, 1994), and Arabidopsis

RLK4 (Walker, 1993), but not to the kinase domains of

maize CRINKLY4 (Becraft et aL, 1996), or maize ZmPK1

(Walker and Zhang, 1990), or to the protein affinity tag,

MBP (Figures 5c,d). Hence, the maize and Arabidopsis KI

domains have an identical spectrum of binding towards

these seven protein kinase catalytic domains.

There are apparent differences in the binding capabilities

of the KI domains for the different kinases. Both the maize

and Arabidopsis KI domains consistently give stronger

signals binding to KIK1, TMK1, and SRK-A14 than to RLK5

or RLK4. This could be due to KIK1, TMK1, and SRK-A14

containing KI domain recognition sequences which are

phosphorylated at a higher frequency or are bound by

the KI domains with higher affinity than RLK4 or RLK5.

Additionally, KIK1, TMK1, and SRK-A14 could contain

multiple KI domain-binding sites. We cannot distinguish

among these possibilities at this time. Inspection of the

deduced amino acid sequences of these RLKs (Figure 2b)

reveals no obvious KI domain consensus binding site.

Conclusions

We have identified and characterized the maize homolog

of the kinase-associated protein phosphatase. We demonstrated

that the maize KI domain specifically interacts with

the active, phosphorylated form of KIK1, and that both the

maize and Arabidopsis KI domains bind several, but not

all, active RLK catalytic domains tested. This suggests that

KAPP may transduce signals from multiple RLKs, but is

not a component of all RLK signaling pathways. Furthermore,

the KI domains bind to at least two different RLK

classes, the S-domain and leucine-rich repeat classes,
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Figure 5. Maize and Arabidopsis kinase interaction domains associate with

a subset of active catalytic domains of receptor-like kinases.

(a) Coomassie blue-stained SDS-polyacrylamide gel of the protein kinase

domains of several RLKs expressed as recombinant fusion proteins. Shown

are KIK1, TMK1, SRK-A14, RLK5, RLK4, CRINKLY4, and ZmPK1, and the

maltose-binding protein (MBP).

(b) Autoradiogram of the gel (a). The proteins were incubated with [7-32p]ATP

for 1 h at room temperature prior to separation on the gel.

(c) Autoradiogram of a duplicate gel blotted onto PVDF and probed with

the 32p-labeled maize GST:KID fusion protein.

(d) Autoradiogram of a duplicate gel blotted onto PVDF and probed with

the 32p-labeled Arabidopsis GST:KID fusion protein.

Molecular weight markers are indicated on the left in kDa.

indicating that KAPP may not function downstream of a

single class of RLKs.

Because not all of the active RLKs were bound by the KI

domains, the KI domains must require additional contextual

information in addition to a phosphorylated serine

or threonine residue to interact with an active kinase

domain. Inspectioh of the amino acid sequences of the

kinase catalytic domains bound by the KI domain revealed

no consensus sequence containing a serine or threonine

residue that was absent in the kinases not bound by the

KI domain. A possible explanation may be that the KI
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domain recognizes a phosphorylated residue in a threedimensional

conformation-dependent manner precluding

the identification of a linear consensus sequence. However,

we have preliminary data suggesting that the KI domain

is capable of binding to a phosphopeptide and does not

require the tertiary structure of the protein for interaction

(J.M.S, and J.C.W., unpublished results). The consensus

constraints for KI domain recognition remain to be characterized.

Many questions about the functions of KAPP remain

unanswered. Do the observed interactions occur in vivo,

and, if so, what are the consequences of these associations?

What is the consensus sequence that the kinase interaction

domain recognizes? Does the protein phosphatase domain

of KAPP dephosphorylate the receptor kinase catalytic

domain to desensitize the receptor or dephosphorylate

another substrate to transduce the signal? How is specificity

achieved if KAPP functions downstream of several RLKs?

Future research addressing these and other questions will

provide insight into the functions of KAPP in plant signal

transduction.

Experimental procedures

Library screening for maize kinase interaction domaincontaining

genes

To isolate potential kinase interaction domain-containing genes,

a maize XZ.ap leaf cDNA library was screened at reduced stringency

by plaque hybridization using a 32p-labeled nucleic acid probe

corresponding to the Arabidopsis KI domain cDNA insert (nucleotides

334-1049). [cc-32pldCTP labeling of probe and hybridization

of filters were performed as described by Walker (1993). Eight

plates (~40 000 p.f.u./150 mm diameter plate) were screened

and five positive clones identified. Dot-blot hybridization at high

stringency using the cDNA insert of one of the positive clones as

a probe along with restriction endonuclease mapping revealed

that the five clones represented the same gene. The longest cDNA

insert was sequenced completely.

Isolation of genomic DNA and mRNA

Genomic DNA and total RNA were isolated from maize inbred

line B73 according to previously published procedures (Sambrook

et aL, 1989). For genomic Southern blot analysis, 10 I~g of DNA

was digested with BarnHI, EcoRI, or Hindlll at 37°C overnight and

then separated on a 0.9% agarose gel. The DNA was blotted to

nitrocellulose (BioTrace NT, Gelman Sciences, Ann Arbor, MI) and

hybridized at high stringency in 50% formamide, 100 t~g m1-1

sonicated salmon testes DNA, 100 ~Lg m1-1 yeast RNA, 5 ×

Denhardt's, 50 mM NaPO4 pH 6.5, 5 x SSC, and 0.2% SDS at

42°C for 12-16 h. Filters were hybridized with the maize KI domain

cDNA probe (nucleotides 338-1021) with ~1 × 106 c.p.m, m1-1.

Filters were washed in 2 × SC, 0.2% SDS at room temperature

for 15 min, 2 x SSC, 0.2% SDS at 65°C for 20 min, followed by

0.2 × SSC, 0.2% SDS at 65°C for 20 min. Reduced-stringency

hybridization conditions were identical to the high-stringency

conditions except that only 25% formamide was used. Reducedstringency

wash conditions for the Southern blot probed with the

maize KI domain were once in 50 mM NaPO4 pH 7.5, 5 x SSC,

and 25% formamide for 10 min at room temperature. The highand

reduced~stringency blots were dried and put on Kodak X-Omat

X-ray film for four days with intensifying screens. The same

genomic DNA blot was stripped and reprobed with a KIK1 cDNA

probe at high stringency. The KIKI cDNA probe is a 1.9 kbp Acc651

probe (nucleotides 893-2793). The blot was dried and put on X-ray

film for four days with intensifying screens.

Total RNA was isolated from one-week-old etiolated seedling

shoots and husk leaves of second ears of field grown B73 (Haffner

et al., 1978). mRNA was isolated from total RNA using the

PolyATract system (Promega, Madison, Wl). For RNA blot analysis,

5 ~tg of mRN,~ was separated in a 16.2% formaldehyde/1.0%

agarose gel and then transferred to nitrocellulose (BioTrace NT,

Gelman Sciences, Ann Arbor, MI). RNA blot hybridization conditions

were identical to the high-stringency Southern blot

conditions. RNA blots were dried and exposed with intensifying

screens to X-ray film for four days for both the maize KI domain

and the 1.9 kbp Acc6b-1 KIK1 cDNA probes.

Interaction cloning

For interaction cloning, the kinase interaction domain of maize

KAPP (corresponding to aa 101-328) was subcloned into a modified

version of pGEX-2T (Pharmacia, Piscataway, N J) which contains

a protein kinase A recognition site to allow 32p-labeling

of the recombinant protein (Stone et aL, 1994). Recombinant

glutathione-S-transferase (GST:KID) fusion protein was expressed

in E. coil and purified by affinity chromatography on glutathione

agarose resin (Sigma, St Louis, MO) as described by Horn and

Walker (1994). Protein concentration was determined by the

Bradford method (Bradford, 1976).

Purified GST:KID (1 ~tg) was phosphorylated with 10 units of

cAMP-dependent protein kinase catalytic domain from bovine

heart (Sigma, St Louis, MO) for 1 h at room temperature in a 30 ~JI

reaction containing 20 mM Tris pH 7.5, 1 mM DTT, 100 mM NaCI,

12 mM MgCl 2 and 75 pCi (~416.5 nM) fy-32p]ATP (New England

Nuclear/DuPont, Boston, MA). Unincorporated [)'-32p]ATP was

removed by passing the reaction through a 1 ml Sephadex G-50

column equilibrated in 25 mM HEPES pH 7.7, 12.5 mM MgCI2,

100 mM KCI, 1 mM D'Iq-, 20% glycerol, 1 mg ml -~ BSA. Fractions

(200 p,I) were collected and radioactivity monitored by Cerenkov

counting. The three fractions with the greatest specific activities

were used for interaction cloning.

Bacteriophage (~40 000 p.f.u,/150 mm diameter plate) from a

maize XZap oligo-dT primed leaf cDNA library were grown for 4 h

at 42°C and induced to express ~-galactosidase fusion proteins

by overlaying with isopropyl-~-~-thiogalactopyranoside (10-mM)-

impregnated nitrocellulose filters (BioTrace NT, Gelman Sciences,

Ann Arbor, MI) (Huynh et aL, 1985). After 8 h of additional

incubation at 37°C, filters were removed from the plates, washed

for 15 min in TBS-T (10 mM Tris pH 8, 150 mM NaCI, 0.05% Triton

X-100), blocked for 4 h at 4°C in HBB (25 mM HEPES, pH 7.5, 5

mM MgCI 2, 1 mM KCI, 5% non-fat dry milk), and then incubated

overnight with ~2.5 x 105 c.p.m, ml -I of 32p-labeled GST:KID in

BB (25 mM HEPES, pH 7.5, 7.5 mM KCI, 0.1 mM EDTA, 2.5 mM

MgCI 2, 1% non-fat dry milk) (Blanar and Rutter, 1992). Filters were

washed in BB three times at room temperature for 10 min each,

dried and exposed to Kodak X~Omat X-ray film overnight with

intensifying screens. Successive screening rounds were performed

to isolate single interacting plaques. As a control, the tertiary

screen filters were cut in half and probed with two different

probes. One half was probed with protein kinase A (PKA)-phosKAPP
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phorylated GST as a negative control, and the other half of the

filter was probed with labeled GST:KID. Phage which interacted

only with the GST:KID-probed half filter from the tertiary screen

but not the GST-labeled control were isolated.

phoamino acid standards corresponding to phosphoserine, phosphothreonine

and phosphotyrosine (Sigma, St Louis, MO) were

visualized by spraying the plates with 0.25% ninhydrin in acetone.

Plates were exposed to Fuji Bas-IIIS Imaging Plates (Fuji PhotoFilm

Co., Japan) to detect and to quantify 32p.

DNA sequencing and analysis

cDNA inserts in pBluescript(+) (Stratagene, La Jolla, CA) were

in vivo excised from purified interacting phage and an overlapping

deletion series of the longest clone was generated (Henikoff,

1984). A clone which contained the complete open reading frame

of KIKlwas isolated by rescreening the library by plaque hybridization

at high stringency with a probe derived from a KI domain

interacting clone. The DNA sequence of the cDNA inserts was

determined by the dideoxy chain termination method (Sanger

et aL, 1977) using Sequenase 2.0 (United States Biochemical,

Cleveland, OH).

Searches in the databases of GenBank, EMBL, Protein Data

Bank, Protein Information Resource and SwissProt were performed

with the BLAST Network Service (Altschul et aL, 1990). Amino

acid analysis and alignments were made by the Kyte/Doolittle and

Clustal methods using DNASTAR software (Madison, Wl).

KIK lCAT expression and activity

The protein kinase catalytic domain of KIK1 (KIK1CAT, aa 466-848)

was subcloned into the maltose-binding protein (MBP) fusion

vector, pMalcRI (New England BioLabs, Beverly, MA). To produce

an inactive form of the kinase domain, a single amino acid

substitution at the conserved lysine required for phosphotransfer

(aa 558) was modified to a giutamic acid residue (K558E) by sitedirected

mutagenesis (Deng and Nickoloff, 1992). MBP fusion

proteins were expressed in E. coliand purified on amylose agarose

as described (Horn and Walker, 1994). The predicted molecular

mass of the KIK1CAT fusion to MBP is 84.0 kDa. Similarly, the

K558E MBP fusion is predicted to be 84.0 kDa.

To test for autophosphorylation, 1 lig of purified KIKICAT was

incubated with 15 liCi (~125 nM) of [T-32p]ATP and 200 p_M

unlabeled ATP while 1 rig of the K558E recombinant protein was

incubated with 15 llCi of [~,-32p]ATP without the unlabeled ATP.

Both autophosphorylation reaction incubations were for 1 h at

room temperature in kinase buffer (50 mM HEPES pH 7.4, 5 mM

MgCI2, 1 mM MnCI2, 1 mM DTT) in 20 p.I total volume. After 1 h,

an equal volume of 2 x SDS-PAGE sample buffer was added,

samples were boiled for 3 min, and separated on a 7.5% polyacrylamide

SDS-PAGE gel (Laemmli, 1970). The gel was dried and

exposed to Kodak X-Omat X-ray film for 20 h at -70°C with

intensifying screens.

Phosphoamino acid analysis

The phosphoamino acid content of KIK1CAT was analyzed

essentially as described by Boyle et aL (1991). Samples were acidhydrolyzed

in 6 N HCI (Pierce, Rockford, IL) for 1 h at 110°C,

repeatedly lyophilized to remove the HCI, resuspended in pH 1.9

electrophoresis buffer (0.22% formic acid, 0.78% acetic acid) containing

phosphoamino acid standards and applied to thin-layer

cellulose plates (E. Merck, Darmstadt, Germany). Samples were

electrophoresed at 1.5 kV for 30 min in pH 1.9 buffer in the first

dimension followed by electrophoresis in pH 3.5 buffer (0.5%

acetic acid, 0.05% pyridine) at 1.3 kV for 25 min in the second

d~mension using a Hunter Thin Layer Electrophoresis System,

Model HTLE 7000 (C.B.S. Scientific Company, Del Mar, CA). Phos-

KI domain/KIK1 binding assay

The protein probe used in the in vitro binding studies was a GST

fusion to the maize KI domain, the same probe used in the

interaction cloning experiments. The GST:KID fusion was

expressed in E. coil, purified and labeled with [~,-32p]ATP as

described for interaction cloning.

The KIK1CAT sample was spun through a 1 ml Sephadex G-50

column equilibrated in ZmPP1 buffer (50 mM Tris-HCI pH 7.5,

1 mM MnCI2, 1 mM DTT). The sample was divided into thirds,

and two of the samples were incubated with a recombinant maize

type one protein phosphatase, ZmPP1, prepared as described by

Smith and Walker (1991). Reactions (100 p.I) containing 10 lig of

KIK1CAT and 1 p,g of ZmPP1 in ZmPP1 buffer were incubated at

37°C for 2 h in the presence or absence of 10 JiM okadaic acid (LC

Laboratories, Woburn, MA). The K558E recombinant protein was

also incubated in ZmPP1 buffer for 2 h at 37°C. After that time,

all of the reactions were mixed with an equal volume of 2 x SDSPAGE

sample buffer, heated to 100°C for 3 min and 1/10 vol of

each sample fractionated on a 10% polyacrylamide SDS gel. The

proteins were transferred to a polyvinylidene difluoride (PVDF)

membrane (Harlow and Lane, 1988), blocked in HBB at 4°C for

4 h, probed overnight at 4°C with 32p-labeled GST:KID in BB, and

washed as described for interaction cloning. The blot was exposed

to X-ray film for 1 h at -70°C.

Recombinant protein kinase/kinase interaction domains

binding assays

The TMK1 catalytic domain (aa 577-942) MBP fusion is predicted

to be 83.0 kDa, the SRK-A14 catalytic domain fusion (aa 462-849)

MBP fusion 86.5 kDa, the RLK5 catalytic domain (aa 649-999) MBP

fusion 80.7 kDa, the RLK4 catalytic domain (aa 427-797) MBP

fusion 83.0 kDa, the CRINKLY4 catalytic domain (aa 451-901) GST

fusion 78.2 kDa, and the ZmPK1 catalytic domain (aa 503-816)

GST fusion 63.6 kDa. MBP is expected to be 50.1 kDa. All were

purified as described by Horn and Walker (1994).

For KI domain binding experiments, 1 pg of each recombinant

protein kinase catalytic domain of KIK1, TMK1, SRK-A14, RLK5,

RLK4, CRIN KLY4 and ZmPK1, as well as MBP alone, were separated

on 7.5% polyacrylamide SDS gels. For autophosphoryiation reactions,

1 ~g of recombinant protein was incubated with 15 llCi

(~125 nM) [~'-32p]ATP for 1 h at room temperature in kinase buffer

prior to SDS-PAGE fractionation. The KIK1 autophosphorylation

reaction additionally contained 200 tiM unlabeled ATP and the

CRINKLY4 autophosphorylation reaction contained 100 llM unlabeled

ATP. After 1 h, I/5 vol of 5 × SDS sample buffer was

added, samples were boiled for 3 min, and separated on the SDS

polyacrylamide gels. Gels were dried and autoradiographed on

Kodak X-Omat X-ray film with intensifying screens for 20 h at

-70°C. For blots probed with the KI domain GST fusions, recombinant

protein kinases were transferred to PVDF and probed with the

GST:KID phosphoproteins as described for interaction cloning.

Blots were exposed to Kodak X-Omat X-ray film with intensifying

screens for 20 h at -70°C. Theexperiment was repeated multiple

times and representative blots are shown.
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Figure preparation

Coomassie-stained SDS polyacrylamide gels and autoradiographic

images were digitized at a resolution of 324 pixels per

inch using a Silverscanner IITM (LaCie Ltd, Beaverton, OR) flatbed

scanner. Image files were assembled and labeled, and

brightness and contrast adjusted when necessary, using Adobe

Photoshop 3.0.3 (Adobe Systems Incorporated, Mountain View,

CA). Some of the figures were labeled using Canvas 3.0.3 (Deneba

Systems Inc., Miami, FL). The images in Figure 5 are composite

images from several gels.
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