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ABSTRACT The several hundred members of the eukary-
otic protein kinase superfamily characterized to date share a
similar catalytic domain structure, consisting of 12 conserved
subdomains. Here we report the existence and wide occur-
rence in eukaryotes of a protein kinase with a completely
different structure. We cloned and sequenced the human,
mouse, rat, and Caenorhabditis elegans eukaryotic elongation
factor-2 kinase (eEF-2 kinase) and found that with the
exception of the ATP-binding site, they do not contain any
sequence motifs characteristic of the eukaryotic protein ki-
nase superfamily. Comparison of different eEF-2 kinase se-
quences reveals a highly conserved region of '200 amino
acids which was found to be homologous to the catalytic
domain of the recently described myosin heavy chain kinase A
(MHCK A) from Dictyostelium. This suggests that eEF-2
kinase and MHCK A are members of a new class of protein
kinases with a novel catalytic domain structure.

Protein phosphorylation plays a pivotal role in a wide variety of
cellular processes (1–3). Two protein kinase superfamilies have
been described. The vast majority of protein kinases belong to the
serineythreonineytyrosine kinase superfamily (2, 3). Several hun-
dred members of this superfamily have thus far been character-
ized and found to share similar structural organization of their
catalytic domains consisting of 12 conserved subdomains (2, 3).
There is also the histidine kinase superfamily consisting primarily
of sensor components of the prokaryotic two-component signal
transduction systems (4–6). Eukaryotic members of this super-
family have been recently described (7–9). In addition, mitochon-
drial branched-chain a-ketoacid dehydrogenase kinase (10) and
themitochondrial pyruvate dehydrogenase kinase (11) have been
described which are structurally related to the histidine kinases,
but phosphorylate their substrates on serine. Finally, the exis-
tence of several protein kinases have recently been reported
which have very little or no homology to either superfamily
(12–16). However, most of these unusual protein kinases are not
well characterized and therefore viewed as an exception to the
general rule.
Here we describe the cloning and sequencing of the extensively

characterized eukaryotic elongation factor-2 kinase (eEF-2 ki-
nase), from various eukaryotic organisms which reveals the
existence of a novel class of protein kinases. eEF-2 kinase,
previously known as Ca21ycalmodulin-dependent protein kinase
III, is highly specific for elongation factor-2 (eEF-2), an abundant
cytoplasmic protein that catalyzes the movement of the ribosome
along mRNA during translation in eukaryotic cells (reviewed in

refs. 17 and 18). eEF-2 kinase activity is found in virtually all
mammalian tissues as well as in various invertebrate organisms
(19). eEF-2 kinase phosphorylates eEF-2 at two threonine resi-
dues that are conserved in all eukaryotes and are located within
a GTP-binding domain (17, 18). Phosphorylation of eEF-2 by
eEF-2 kinase results in the inactivation of eEF-2 (20). Because
eEF-2 kinase is Ca21 and calmodulin-dependent, eEF-2 phos-
phorylation is a mechanism by which changes in the intracellular
calcium concentration canmodulate the rate of protein synthesis.
There is also evidence that eEF-2 phosphorylation is involved in
the regulation of cell cycle progression. For example, transient
phosphorylation of eEF-2 occurs during the mitogenic stimula-
tion of quiescent cells (21) and during mitosis (22). In addition,
changes in the level of eEF-2 kinase activity accompany such
processes as cellular differentiation (23–25), oogenesis (26), and
malignant transformation (27).
Surprisingly, sequence analysis reveals that eEF-2 kinase ap-

pears to have no homology to eitherCa21ycalmodulin-dependent
protein kinases or to any members of the two known protein
kinase superfamilies. We found that it is homologous to the
recently describedmyosin heavy chain kinaseA (MHCKA) from
Dictyostelium (15) and thus these two kinases define a novel class
of protein kinases that may represent a new superfamily.

MATERIALS AND METHODS
Materials. Buffer reagents were obtained from Sigma. All

radioisotopes were from Amersham with the exception of
[35S]methionine, which was fromDuPontyNEN. PCR reagents
and restriction enzymes were from GIBCOyBRL. TA cloning
kits and cloning vectors were from Invitrogen. Mammalian
cDNA libraries were from CLONTECH, and the TNT in vitro
transcriptionytranslation kits were from Promega.
Rabbit reticulocyte eEF-2 and eEF-2 kinase were purified as

described (28).
Peptide Sequencing. Peptides were generated from the nitro-

cellulose-bound 103-kDa eEF-2 kinase protein by in situ tryptic
digestion (29) and fractionated by reverse-phaseHPLC (30) using
a 1.0 mmReliasil C18 column. Selected peak fractions were then
analyzed by a combination of automated Edman sequencing and
matrix-assisted laser-desorption time-of-flight mass spectrometry
(29).
cDNACloning.To clone the cDNAforC. elegans eEF-2 kinase,

oligonucleotide primers were designed based on the amino and
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carboxy termini of the predicted gene product from F42A10.4.
Reverse transcriptase–PCR (RT-PCR) was performed using
these primers and total RNA fromC. elegans (a gift fromMonica
Driscoll, Rutgers University). A single PCR product of '2.3 kb
was obtained and gel-purified using a gel extraction kit (Qiagen,
Chatsworth, CA). The fragment was ligated into vector pCR2.1
using the TA cloning kit (Invitrogen), and then transformed into
Escherichia coli. Plasmid DNA was purified, and restriction
analysis used to verify the orientation of the coding sequence with
respect to the T7 promoter. Two clones (Cefk-1 and Cefk-2, C.
elegans eEF-2 kinase isoforms 1 and 2) were chosen and se-
quenced using a Li-Cor (Lincoln, NE)LongRead IRmodel 400L
Automated DNA Sequencer. Analysis revealed that the two
cloneswere identical except for a deletion of 24 bp inCefk-2which
corresponds to exon 4 and probably represents an alternatively
spliced form.
To clone the mouse eEF-2 kinase, degenerate primers were

designed based on the amino acid sequence of two peptides
from rabbit eEF-2 kinase (LTPQAFSHFTFER and
LANXYYEKAE): primer A, CA(GyA)GC(CyGyTy
A)TT(CyT)(TyA)(CyG)(TyCCA(CyT)TT(CyT)AC(CyGy
TyA)TT(CyT)GA(GyA)(CyA)G; and primer B, TC(CyGyTy
A)GC(CyT)TT(CyT)TC(GyA)TA(GyA)TA(CyT)TT(Gy
A)TT(CyGyAyT)GC. RT-PCR was performed using primers
A and B and poly(A)1 RNA from mouse spleen (CLON-
TECH). A single PCR product ('1.6 kb) was cloned into
pCR2.1 (Invitrogen) and sequenced. Using sequence informa-
tion from these mouse eEF-2 kinase cDNA fragments, new
primers were designed for 59 rapid amplification of cDNA ends
(RACE) and 39 RACE to obtain full-length mouse eEF-2
kinase cDNA. 59 RACE and 39 RACE were performed using
Marathon-Ready mouse spleen cDNA (CLONTECH). This
was carried out according to the manufacturer’s instructions
using the primers AP1 and C (TACAATCAGCTGATGAC-
CAGAACGCTC) 59 antisense, or D (GGATTTGGACTG-
GACAAGAACCCCC) 39 sense.
To clone rat eEF-2 kinase, PCR was performed on a rat

PC12 cDNA library cloned in lGT10 (CLONTECH) using
primer B and vector primers. A 700-bp fragment was specif-
ically amplified. The fragment was cloned into pCR2.1 (In-
vitrogen) and sequenced. This 700-bp fragment was radiola-
beled and used to probe the same PC12 cDNA library (600,000
plaques). Fourteen positives were obtained in the initial
screening. Five plaques were chosen for further analysis and
sequencing based on insert sizes that ranged from 1.4 to 2.0 kb.
Expression of eEF-2 Kinase in Cell-Free System. Plasmid

DNA from clones Cefk-1, Cefk-2, as well as mouse and human
eEF-2 kinase cDNA were used in the TNT wheat germ extract
coupled transcriptionytranslation system (Promega). [35S]Me-
thionine-labeled products were then analyzed by SDSyPAGE.
The reaction mixture (50 ml total volume) contained 1 mg of
plasmid DNA and 26 mCi of [35S]methionine (specific activ-
ity 5 1175.0 Ciymmol; 1 Ci 5 37 GBq). Other components
were added to the reaction mixture according to the manu-
facturer’s protocol. The reaction mixture was incubated for
1.5 h at 308C and terminated by incubation on ice. A 10 ml
aliquot of the reaction mixture was mixed with 2 ml of 53
Laemmli buffer and boiled for 5 min. Samples were analyzed
by SDSyPAGE on 8% gels and autoradiography.
eEF-2 Kinase Assay. To assay for eEF-2 kinase activity, 5 ml

from each fraction was added to a reaction mixture (40 ml)
containing 50 mM Hepes-KOH (pH 7.4), 10 mM magnesium
acetate, 0.1 mM CaCl2, 5 mM dithiothreitol, 50 mMATP, 2 mCi
[g-32P]ATP, 0.6 mg calmodulin, and 0.5 mg rabbit reticulocyte
eEF-2. Reactions were incubated at 308C for 2 min and were
terminated by adding 20 ml of 33 Laemmli sample buffer.
Samples were boiled for 5 min and proteins separated by SDSy
PAGE on 8% gels. Phosphoproteins were analyzed by autora-
diography.

Chromatography on Mono Q Fast Protein Liquid Chroma-
tography Column. The transcriptionytranslation reaction was
diluted 4-fold with buffer A (20 mM TriszHCl, pH 7.4y1 mM
MgCl2y10% glyceroly7 mM 2-mercaptoethanol) and applied
to a HR5y5 Mono Q column (Pharmacia) equilibrated with
buffer A. The column was developed with 20 column volumes
of a 50–600 mM KCl linear gradient in buffer A.
Northern Blot Analysis. eEF-2 kinase and eEF-2 hybridiza-

tions were performed using a 1.6-kb EcoRI mouse cDNA frag-
ment and a 2.6-kb EcoRI human cDNA fragment, respectively.
cDNAs were labeled with [32P]dCTP using the random-primed
DNA labeling method (31). A multiple tissue Northern blot
(CLONTECH) was prehybridized at 428C for 16 h in a 50%
formamide solution containing 103 Denhardt’s, 53 SSPE, 2%
SDS, and 100 mgyml salmon sperm DNA. Hybridizations were
completed in the same solution containing the 32P-labeled probe
(13 106 cpmyml; specific activity,'13 108 dpmymg DNA) and
10% dextran sulfate at 428C for 16 h. Blots were washed twice at
room temperature (15 min) in 23 SSPE, 0.05% SDS, and once
at 508C (15 min) in 0.53 SSPE, 0.5% SDS. RNAycDNA hybrids
were visualized by autoradiography.
Preparation of C. elegans Extracts. Extracts from C. elegans

were prepared as follows: wild type (N2)C. elegans were grown
on bacterial strain OP50 spread on nematode growth medium
according to ref. 32. Worms from twenty-seven 100-mm
culture plates were harvested by trituration with cold PBS,
pelleted by gentle centrifugation, and resuspended in 2.0 ml of
25 mM Hepes (pH 7.4), 100 mM NaCl, 20 mM sodium
pyrophosphate, 3 mM EGTA, 0.5 mM phenylmethylsulfonyl
f luoride, 1.25 mgyml leupeptin, and 1.25 mgyml pepstatin A.
The suspension was homogenized by mechanical shearing in a
Dounce homogenizer, and centrifuged at 16,0003 g for 30 min
at 48C. The protein concentration of the supernatant was
determined by Bio-Rad protein assay.

RESULTS AND DISCUSSION
Molecular Cloning of C. elegans eEF-2 Kinase cDNA.Recently

we purified eEF-2 kinase from rabbit reticulocyte lysate to near
homogeneity (28)which enabled us to determine its partial amino
acid sequence (see Materials and Methods). Two peptide se-
quences (LTPQAFSHFTFER and LANXYYEKAE) were com-
pared with entries in a nonredundant database using theNational
Center for Biotechnology Information BLAST program (33).
Matches were found with a C. elegans hypothetical protein
(F42A10.4; GenBank accession number U10414). This sequence

FIG. 1. Expression of recombinant eEF-2 kinase in vitro. Plasmid
DNA from clones Cefk-1, Cefk-2, as well as mouse and human eEF-2
kinase cDNA were used in the TNT wheat germ extract coupled
transcriptionytranslation system (Promega). [35S]Methionine-labeled
products were then analyzed by SDSyPAGE.
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was obtained from theC. elegans genome sequencing project and
is located on chromosome III (34). The 100% identity between
the sequenced peptides and the C. elegans protein, as well as the
fact that the predicted molecular weight of the C. elegans protein
is similar to that of eEF-2 kinase, suggested that this gene
encoded eEF-2 kinase. We cloned the full-length cDNA by
RT-PCRusingC. elegans total RNA. Several clones were isolated
and sequenced.Cefk-1 has six of the predicted exons and encodes
768 amino acids. Cefk-2 represents an alternatively spliced form
that has five exons; it is missing amino acids 625–632 that
correspond to exon four.
Expression of C. elegans eEF-2 Kinase in a Cell-Free Coupled

TranscriptionyTranslation System and Analysis of Kinase Ac-
tivity. To determine whether Cefk-1 and Cefk-2 have eEF-2
kinase activity, we expressed them in a cell-free coupled tran-
scriptionytranslation system. Translation of Cefk-1 and Cefk-2
produced products with an apparentmolecular weight of 100 kDa
(Fig. 1), which is slightly larger than the computer-predicted
molecular weight of the protein but is identical to the molecular
weight of rabbit reticulocyte eEF-2 kinase as determined by
SDSyPAGE. The translation products of the mixture of Cefk-1
and Cefk-2 are able to phosphorylate eEF-2 (Fig. 2) and elute
from a Mono Q column at the same position as endogenous C.
elegans eEF-2 kinase (Fig. 2A). The eEF-2 phosphorylation
activity of the recombinant protein is Ca21ycalmodulin-
dependent (Fig. 2C).We are currently studying whether there are
differences in the catalytic properties between Cefk-1 and Cefk-2
isoforms.
Molecular Cloning of cDNAs Encoding Mouse, Rat, and

Human eEF-2 Kinases. To determine the amino acid sequence
of mammalian eEF-2 kinase, we cloned and sequenced the
cDNA of mouse eEF-2 kinase. We reasoned that since the
sequenced peptides from rabbit eEF-2 kinase were 100%
identical to C. elegans eEF-2 kinase, then the two peptides
should also match the sequence of mouse eEF-2 kinase.
Degenerate primers were designed based on the amino acid
sequence of the peptides and were used to perform RT-PCR
on mouse spleen poly(A)1 mRNA. A single PCR product of
'1.6 kb was obtained and sequenced. To obtain the full-length
cDNA, 59 RACE and 39 RACE were performed using mouse
spleen cDNA. The full-length cDNA, which encodes 724
amino acids, was expressed in a cell-free coupled transcrip-

tionytranslation system. A single translation product with an
apparent molecular weight of 100 kDa was obtained (Fig. 1).
We next cloned and sequenced cDNA for rat eEF-2 kinase

using a fragment of mouse eEF-2 kinase cDNA to probe a
PC12 cDNA library. While our manuscript was in preparation,
a paper describing the cloning of eEF-2 kinase from rat
skeletal muscle was published (35) and the reported sequence
appears to be identical to the eEF-2 kinase sequence from
PC12 cells. Like the mouse eEF-2 kinase, the rat eEF-2 kinase
cDNA encodes a 724-amino acid protein.
We also cloned the human eEF-2 kinase cDNA. RT-PCR

was performed on poly(A)1 mRNA from the human glioma
cell line T98G using 20-mer primers corresponding to the 59

FIG. 2. Activity of recombinant eEF-2 kinase
in vitro. A large-scale (0.5 ml) reaction using a
mixture of Cefk-1 and Cefk-2 plasmids was run as
in Fig. 1, with the omission of labeledmethionine.
In the control experiment, the reaction was run
with a plasmid containing a luciferase gene. (A)
The reaction mixtures were separated by chro-
matography on a Mono Q column as described.
(B) eEF-2 kinase activity in fractions was mea-
sured as the ability to phosphorylate purified
rabbit eEF-2 in the presence of [g-32P]ATP.
Purified rabbit reticulocyte eEF-2 kinase was
used in the (1) control experiments. (C) Ca21y
calmodulin-dependency of recombinant C. el-
egans eEF-2 kinase. Mono Q fraction 25 was
assayed in a standard eEF-2 kinase assay in the
presence and absence of Ca21 and calmodulin
and 20 mM trif luoperazine (TFP) or N-(6-
aminohexyl)-5-chloro-1-napthalene-sulfonamide
(W7). (D) Ca21ycalmodulin-dependency of re-
combinant human eEF-2 kinase. Human eEF-2
kinase cDNA was expressed in a coupled tran-
scriptionytranslation system as described above
and eEF-2 kinase activity was assayed without
further purification.

FIG. 3. Northern blot analysis of tissue distribution of mouse eEF-2
kinase mRNA. Northern blots of mouse tissues containing 2 mg of
polyadenylylated RNA per lane were probed with the random-primed
32P-labeled mouse eEF-2 kinase cDNA (31). The major transcript
appeared at 3.1 kb and minor transcripts at 6.1 and 2.5 kb were also
apparent (exposure time, 5 days). The same blots were stripped and
rehybridized with a human eEF-2 cDNA (exposure time, 4 days).

4886 Biochemistry: Ryazanov et al. Proc. Natl. Acad. Sci. USA 94 (1997)



and 39 ends of the mouse eEF-2 kinase coding region. The
human eEF-2 kinase cDNA encodes a 725-amino acid protein.
Expression of Mammalian eEF-2 Kinase in a Cell-Free

Coupled TranscriptionyTranslation System and Analysis of
Kinase Activity.Mouse and human eEF-2 kinase cDNAs were
expressed in a coupled transcriptionytranslation system and a
product of '100 kDa was obtained (Fig. 1). As shown in Fig.
2, the recombinant human eEF-2 kinase activity was strictly
Ca21ycalmodulin-dependent. The kinase activity was com-
pletely inhibited by the calmodulin antagonists trif luoperazine
and N-(6-aminohexyl)-5-chloro-1-napthalene-sulfonamide.
We have recently expressed human eEF-2 kinase in bacteria as

a glutathione S-transferase fusion protein and demonstrated
that the ability of the recombinant enzyme to phosphorylate
eEF-2 and to undergo autophosphorylation are strictly cal-
modulin-dependent (data not shown).
Analysis of Mouse eEF-2 Kinase mRNA Expression in

Various Tissues. Northern blot analysis shows that eEF-2
kinase is ubiquitously expressed in mouse tissues and is
particularly abundant in skeletal muscle and heart (Fig. 3). The
abundance of eEF-2 kinase mRNA in muscle tissues may
indicate that phosphorylation of eEF-2 is particularly impor-
tant in muscle, or that there are additional substrates of eEF-2
kinase which are muscle-specific.

FIG. 4. Sequence alignment of C. elegans, mouse, human eEF-2 kinase, and the catalytic domain of Dictyostelium discoideum MHCK A. Identical
amino acids are indicated by dark blue boxed regions and chemically conserved amino acids are indicated by light blue shaded regions. Amino acids in
the human sequence that are identical to the mouse sequence are represented by dots. Amino acids underlined in black correspond to the six regions
that match peptides obtained from the sequencing of purified rabbit reticulocyte eEF-2 kinase. The GXGXXG nucleotide-binding motif is underlined
in red. The blue dashed line over residues 625–632 in C. elegans eEF-2 kinase designates the amino acids corresponding to exon 4, which is missing in
Cefk-2.
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Lack of Homology of eEF-2 Kinase to Members of Eukary-
otic Protein Kinase Superfamily. The alignment of the amino
acid sequences of C. elegans and mammalian eEF-2 kinases is
shown in Fig. 4. Rat and mouse eEF-2 kinase are very similar,
being 97% identical and differing by only 23 amino acids.
Human eEF-2 kinase is 90% identical to mouse and rat eEF-2
kinase. In contrast, C. elegans eEF-2 kinase is found to be only
40% identical to mammalian eEF-2 kinase.
According to the current classification, eEF-2 kinase belongs to

the family of closely related calmodulin-dependent protein ki-
nases. Surprisingly, upon analyzing eEF-2 kinase sequences, we
did not find any homology to the other calmodulin-dependent
kinases or to any other members of the protein kinase super-
family. The only motif which it shares with all other protein
kinases is the GXGXXG motif (279–284 in C. elegans eEF-2
kinase; 295–300 in mouse eEF-2 kinase) which forms a glycine-
rich loop and is part of the ATP-binding site. Comparison of
mammalian and C. elegans eEF-2 kinase revealed only one
extended region of homology that spans '200 amino acids
upstream of the GXGXXG motif. The high degree of similarity
and the proximity to the nucleotide-binding site suggests that
these 200 amino acids represent the catalytic domain. This region
has a high degree of similarity and a portion of this region (amino
acids 251–300 in mouse eEF-2 kinase) displays 75% identity to
the catalytic domain ofMHCKA (see below), which also suggests
that this is the catalytic domain. In the recently published rat
eEF-2 kinase sequence (35), the catalytic domain was predicted
to reside between amino acids 288 and 554 based on the homol-
ogy with the catalytic domain of cAMP-dependent protein kinase
(PKA). Our results demonstrate that their prediction cannot be
correct for several reasons. First, we find that the homology of this
regionwith PKA is not statistically significant. Second, this region
is the least conserved between mammalian and C. elegans eEF-2
kinase. Finally, according to secondary structure predictions
[made by Alexei V. Finkelstein, Institute of Protein Research,
Russia using the ALB-GLOBULE program (36)], this region most
likely has a distorted structure and contains almost no a-helices
or b-strands, which are characteristic of a catalytic domain.
Because eEF-2 kinase is Ca21ycalmodulin-dependent, it

should contain a calmodulin-binding domain, which is usually
represented by an amphipathic a-helix. There are several
regions that could possibly assume an amphipathic a-helical
conformation. Further biochemical analysis is required to
determine which of these is the calmodulin-binding domain.
In the C-terminal region, there is a short stretch of 22 amino

acids which is 86% identical between mammalian and C.
elegans eEF-2 kinase and is preceded by a longer region of
weak homology. We do not know the function of this con-
served region at present. One of the possibilities is that it is
involved in oligomerization of the kinase. It was thought
previously that eEF-2 kinase was an elongated monomer
because it migrated during gel filtration as an '150-kDa
protein and migrated on SDS gels as a 105-kDa polypeptide
(17, 18). However, the molecular weight of a monomer of
mammalian eEF-2 kinase based on the predicted sequence is
just 82 kDa. Thus, it is possible that eEF-2 kinase is not a
monomer but a dimer and that the conserved C-terminal
region may be responsible for dimerization. Interestingly,
according to computer prediction using the COIL program, this
conserved region can form a coiled-coil. Formation of coiled-
coils is often responsible for dimerization (37).
StrikingHomology Between eEF-2Kinase andMHCKA from

Dictyostelium.We found that eEF-2 kinase is homologous to the
central portion of the recently described MHCK A from Dictyo-
stelium (ref. 15; see Fig. 4). This kinase was biochemically
identified as a 130-kDa protein and has a demonstrated role in
myosin assembly, both in vitro and in vivo (15). As with eEF-2
kinase, MHCK A displays no region with detectable similarity to
the conserved catalytic domains found in known eukaryotic
protein kinases. Primary structure analysis of MHCKA revealed

an amino-terminal domain with a probable coiled-coil structure,
a central nonrepetitive domain, and a C-terminal domain con-
sisting of seven WD repeats (15). A fragment of the central
nonrepetitive domain of MHCK A containing amino acids 552–
841 was recently shown to represent the catalytic domain (38).
Because the catalytic domain of MHCK A and eEF-2 kinase

have a high degree of similarity, the substrate specificity of these
two kinases was assayed. Fig. 5 shows that MHCK A cannot
phosphorylate eEF-2, and likewise, rabbit eEF-2 kinase cannot
use myosin heavy chains as a substrate. This demonstrates that
each of these kinases is specific for their respective substrates.
eEF-2 Kinase and MHCK A Define a New Class of Protein

Kinases.Members of the eukaryotic protein kinase superfamily
are characterized by a conserved catalytic domain containing
approximately 260 amino acids and is divided into twelve sub-
domains (2, 3, 39, 40). The three-dimensional structure of several
protein kinases revealed that the catalytic domain consists of two
lobes. The smaller N-terminal lobe, which has a twisted b-sheet
structure, represents the ATP-binding domain. The larger C-
terminal lobe, which is predominantly a-helical, is involved in
substrate binding. At the primary structure level, the only motif
similar between eEF-2 kinase, MHCK A, and other protein
kinases is the GXGXXG motif which forms the loop interacting
directly with the phosphates of ATP (2, 3, 39). In eukaryotic
protein kinases, this motif is located at the very N terminus of the
ATP-binding lobe of the catalytic domain. In contrast, in eEF-2
kinase and MHCK A, this motif is close to the C terminus of the
catalytic domain (see Fig. 6).However, the overall topology of the
ATP-binding subdomain of eEF-2 kinase and MHCK A can be
similar to other protein kinases because the region upstream of
the GXGXXGmotif is strongly predicted to contain four or five
b-strands and thus can form a twisted b-sheet.
However, the mechanism of ATP-binding to eEF-2 kinase is

probably quite different in comparison to other conventional
members of the eukaryotic protein kinase superfamily. In protein
kinases, there is a conserved lysine residue, corresponding to
Lys-72 in cAMP-dependent protein kinase which binds to the b-
and g-phosphates of ATP and is located at about 20 amino acids
downstream of the GXGXXG motif. Analysis of eEF-2 kinase
and MHCK A sequences revealed that there are no conserved
lysine residues in the vicinity of the GXGXXG motif. There is
another atypical protein kinase, BCR-ABL, which does not
contain this conserved lysine and it is proposed that it interacts
with ATP via two cysteine residues (12). Interestingly, eEF-2
kinase and MHCK-A contain two conserved cysteine residues
(Cys-313 and Cys-317 in mouse eEF-2 kinase) which are located
near the GXGXXG motif and therefore might be involved in
ATP binding. Thus the mechanism of ATP-binding of eEF-2
kinase and MHCK A is different from other members of the
protein kinase superfamily, but may be similar to that of the
BCR-ABL protein kinase.

FIG. 5. Substrate specificity of eEF-2 kinase and MHCK A.
Phosphorylation assays containing eEF-2 kinase ('50 ng) or MHCK
A (0.2 mg) and either 0.5 mg rabbit reticulocyte eEF-2 or 0.1 mg
Dictyostelium myosin were performed under standard conditions
except that incubation time was extended to 10 min.
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The overall catalytic mechanism of eEF-2 kinase and
MHCKA is probably also very different from other eukaryotic
protein kinases. All members of the eukaryotic protein kinase
superfamily contain a DXXXXN motif in the catalytic loop
and a DFGmotif in the activation segment (2, 3, 39, 40). These
two motifs, which are directly involved in the catalysis of the
protein phosphorylation reaction, are absent from the eEF-2
kinase and MHCK A catalytic domain.
We do not know at the present time whether there are other

protein kinases which are structurally similar to eEF-2 kinase and
MHCK A. An extensive search of the entire nonrestricted
database of the National Center for Biotechnology Information
using the BLAST program did not reveal any protein with a
significant homology to the catalytic domain of eEF-2 kinase and
MHCK A. A search of the Expressed Sequence Tag (EST)
database revealed several ESTs from C. elegans, mouse and
human which are essentially identical to portions of eEF-2 kinase
cDNA sequences reported here. Interestingly, a search of the
recently completed genome database of Saccharomyces cerevisiae
did not reveal any protein with homology to eEF-2 kinase despite
the fact that eEF-2 phosphorylation was reported in yeast (41).
Conclusions. Since the catalytic domains of eEF-2 kinase

and MHCK A do not share homology with other known
protein kinases, these two protein kinases establish the pres-
ence of a novel and widespread superfamily of eukaryotic
protein kinases. Although the existence of several unusual
protein kinases have been reported, to our knowledge, we
demonstrate for the first time the existence of a biochemically
well-characterized and ubiquitous protein kinase that is struc-
turally unrelated to other serineythreonineytyrosine kinases.
Contrary to the widely accepted belief that all eukaryotic
protein kinases evolved from a single ancestor, our results
suggest that eukaryotic protein kinases appeared at least twice
during the course of evolution. This also suggests that, in
addition to the relatively well-characterized catalytic mecha-
nism employed by members of eukaryotic serineythreoniney
tyrosine protein kinase superfamily, there exists another
mechanism of protein phosphorylation. Further studies will
reveal the molecular details of this mechanism and whether
there are other protein kinases that phosphorylate their sub-
strates using this mechanism.
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