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Crystal structures of the catalytic domain of
human protein kinase associated with
apoptosis and tumor suppression

Valentina Tereshko'23, Marianna Teplova'-23, Joseph Brunzelle#, D. Martin Watterson* and Martin Egli’

We have determined X-ray crystal structures with up to 1.5 A resolution of the catalytic domain of death-
associated protein kinase (DAPK), the first described member of a novel family of pro-apoptotic and tumor-
suppressive serine/threonine kinases. The geometry of the active site was studied in the apo form, in a complex
with nonhydrolyzable AMPPnP and in a ternary complex consisting of kinase, AMPPnP and either Mg2+ or Mn2+,
The structures revealed a previously undescribed water-mediated stabilization of the interaction between the
lysine that is conserved in protein kinases and the B- and y-phosphates of ATP, as well as conformational changes
at the active site upon ion binding. Comparison between these structures and nucleotide triphosphate
complexes of several other kinases disclosed a number of unique features of the DAPK catalytic domain, among
which is a highly ordered basic loop in the N-terminal domain that may participate in enzyme regulation.

Programmed cell death (apoptosis) is key to normal develop-
ment, and alterations of its control have been implicated in
human disease, including the loss of tumor suppression linked
to cancer progression!->. Multiple intracellular protein phospho-
rylation pathways have been implicated in apoptosis induction
and control (reviewed in refs 6,7). Recently, a calmodulin
(CaM)-regulated serine/threonine protein kinase termed death-
associated protein kinase (DAPK) has been identified as a posi-
tive mediator of apoptosis and a regulator of tumor
suppression®®. DAPK features a multidomain structure (Fig. 1),
comprising eight ankyrin repeats (a 33-amino acid repeat that
has been implicated in mediating protein—protein interactions),
P-loops (a mononucleotide-binding sequence motif), a
cytoskeleton-binding region, a death-domain and a catalytic
(kinase) domain'®>" that has high sequence similarity to verte-
brate myosin light chain kinase (MLCK). Like MLCK, DAPK
does not require phosphorylation for activation.

DAPK was the first described member of a family of pro-
apoptotic serine/threonine kinases, which includes at least four
other kinases with significant homology in their catalytic
domain to DAPK!!5, ZIP(DIk)-kinase, a serine/threonine
kinase with a C-terminal leucine zipper domain, and DAPK-
related protein-1 (DRP-1) are both closely related to DAPK, and
their catalytic domains show [B0% identity with that of
DAPK'>-"7. By comparison, DAPK-related apoptosis-inducing
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protein kinases DRAK1 and DRAK?2 display [50% identity to
DAPK in their catalytic domain'®. ZIP-kinase and DRAK1 and
DRAK?2 are nuclear proteins that do not require Ca** and
calmodulin for activation. Conversely, DRP-1 is a cytoplasmic
kinase whose CaM regulatory domain is similar to that of
DAPK!>¥,

Although the kinase region of DAPK and related protein
kinases has been implicated in their cellular functions>-, little
is known about the properties of this essential catalytic domain.
For example, endogenous protein kinase substrates for DAPK
have yet to be determined, and efficient peptide substrates that
allow the characterization of the enzyme activity of DAPK have
been described only recently?®. As part of an effort to better
define potentially unique properties of the catalytic domain of
DAPK and gain insight into the structural features of this new
family of protein kinases linked to apoptosis and tumor suppres-
sion, we have determined the three-dimensional structure of the
catalytic domain of DAPK in two crystal forms. Comparison of
the structures of the apo form, the complex with an ATP analog,
and those of other CaM-dependent serine/threonine kinases and
cyclic AMP-dependent kinase reveals several unusual properties
of the DAPK catalytic domain. In addition to filling the gap in
knowledge about the structural properties DAPK and related
enzymes, the structure can provide a starting point for struc-
ture-assisted discovery of substrates and inhibitors.
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Fig. 1 Domain organization of DAPK (numbers refer to amino acids).
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Structure determination

The structures of an orthorhombic and a cubic crystal form of
the apo DAPK catalytic domain (a 285-residue construct with a
10-residue C-terminal streptavidin-tag) were determined at
1.5 A (Apo-1, 1 subunit) and 3.5 A resolution (Apo-II, 2 sub-
units), respectively. The structure of Apo-I was determined by
the single-wavelength anomalous diffraction (SAD) technique
based on a single mercury derivative at Cys 30 (Table 1) and
represents the highest resolution structure for any protein
kinase reported to date. In Apo-I, 276 residues (Tyr 2—Pro 277)
of the DAPK catalytic domain are well ordered in the electron
density maps (Fig. 2). The fully refined orthorhombic model
was then used for structure determination of Apo-II by molec-
ular replacement.

Orthorhombic crystals of the binary complex with AMPPnP
were obtained by cocrystallization. Crystals of the ternary com-
plex, consisting of kinase, AMPPnP and either Mg?* or Mn?*,
were obtained by soaking the binary complex crystals.
Anomalous data collection was performed with Mn?*-contain-
ing crystals to verify ion binding sites (Table 1). The structures of
ternary complexes in the presence of Mg?* and Mn?* ions were
found to be similar, and both feature one bound ion in the active
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Fig. 2 Final electron density and nucleotide binding site geome-
try. Stereo diagrams illustrating the quality of the electron den-
sity in the orthorhombic structures of the DAPK ATP binding
region and solvent rearrangements following binding of the
triphosphate substrate analog. a, DAPK Apo-I form. b, Binary
complex with AMPPnP. ¢ Ternary complex with AMPPnP and
Mn2+. Omit electron density at the 2.5 o level (difference map) is
drawn in green (protein), blue (active site water molecules) and
red (AMPPnP). The protein region displayed comprises residues
94-ELVAGGE-100, 137-HFDLKPENIML-147 and 161- DFGLA-165
in the helix-rich lobe and Lys 42 and Glu 64 (conserved residues
are underlined) from the mostly -stranded lobe. Protein atoms
are colored pink (carbon), red (oxygen), cyan (nitrogen) and vio-
let (sulfur). Water molecules replaced by the ATP analog are
drawn as black spheres in (a), and those conserved in all three
structures are drawn as magenta spheres (selected water mole-
cules are numbered). AMPPnP atoms are colored green (car-
bon), red (oxygen), blue (nitrogen) and orange (phosphorus). In
(c), the Mn2* ion and coordinated water molecules are drawn as
large and small yellow spheres, respectively. The three sites
exhibit a signature feature of all active kinases: the salt bridge
between the universally conserved residues Lys 42 and Glu 64. In
the ternary complex, the disordered y-phosphate group is high-
lighted in white.

site. The overall root mean square (r.m.s.) deviations for
276 Ca atoms between Apo-I and either the binary or
ternary complexes are both [0.7 A (Table 2).

Comparison with other kinase catalytic domains
We conducted a comprehensive analysis of the DAPK
sequence and three-dimensional structure in the context of
other kinase catalytic domains. The five serine/threonine
kinases of known X-ray crystal structure, in either an active
or inactive conformation, were selected because they share
relatively high sequence similarities to DAPK: twitchin
kinase?!, titin kinase??, Ca**—calmodulin-dependent pro-
tein kinase I (CaMKI)?, phosphorylase kinase (PHK)*
and cyclic AMP-dependent kinase (cAPK)? (Fig. 3). Most
of the discussion of the DAPK catalytic domain structure
and active site properties presented here is based on the
Apo-I form.

The DAPK catalytic domain and the other kinase cat-
alytic subunits share a number of essential hallmarks,
first described for cAPK??”. DAPK exhibits the familiar
bilobal conformation for its smaller, mostly -stranded N-ter-
minal domain and the larger, helix-rich C-terminal domain
(Figs 3, 4a). These two lobes harbor a cleft between them for
binding the ATP substrate. The nucleotide-binding fold associ-
ates mostly with B-structure, with B-sheets from both domains
converging at the active site. Further conserved features include
two loops — one located in the small lobe (residues 20-25,
DAPK numbering) (Figs 3, 4) and the other in the large lobe
(residues 138—144) — and two amino acids triads, one of them
harboring Lys 42 (DAPK numbering), which is conserved in
protein kinases.

Both in the Apo-I and Apo-II forms, the DAPK catalytic
domain adopts a closed, activated conformation. The relative
arrangement of domains (Fig. 3) is very similar to the closed
conformations established for the cAPK or PHK kinases in com-
plexes with substrates. Movement of the small lobe, associated
with the open conformation of the autoinhibited forms of the
twitchin, titin and CaMKI kinases, does not affect the conforma-
tion of the loop between helix C and the 4 strand in the N-ter-
minal domain (residues 70-76) (Figs 3, 4a). This loop is part of a
short B-sheet that also includes the 7 and B8 strands near the
hinge region.
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Fig. 3 Structure-based alignment of the DAPK Apo-I structure and five other serine/threonine kinases: twitchin (PDB code 1KOB), titin (1TKI), CaMKI
(1A06), PHK (2PHK) and cAPK (1ATP). The graph depicts distances (A) between corresponding Ca atoms of aligned sequences. Vertical lines indicate
the loss of correlation between the structure of DAPK and that of the other kinase. The numbering refers to the DAPK catalytic domain. Aligned
sequences are colored to match the ribbon diagram of Fig. 4: red for a-helices, blue for B-strands and pink for short a-helical segments. Turns and

loops with conserved three-dimensional structure are highlighted in yel

low, and those that exhibit loss of correlation with DAPK structure are

marked in gray. Residues 46-56 and 168-180 (DAPK numbering) are boxed and constitute unique regions of the DAPK catalytic domain (Fig. 4a).

Amino acids conserved in five or six kinases are marked with asterisks. All si

X sequences contain a number of charged residues that appear universally

conserved in the catalytic cores of kinases (red asterisks). Insertions in kinases compared to DAPK are highlighted as green boxes. Deletions in kinas-
es compared to DAPK are dashed lines. The program MOLREP in BLANC38 was used for the alignments.

Packing forces and conformational flexibility

The availability of two crystal forms is helpful for assessing the
conformational flexibility of DAPK and for studying the influ-
ence of packing forces on its three-dimensional structure.
Superposition of the six independent molecules in Apo-I, Apo-II
and the AMPPnP-bound complexes reveals several areas of
increased conformational variability (Fig. 4c).

The most significant geometric deviations between Apo-I and
Apo-II (overall r.m.s. deviation <1.4 A) occur in the putative
peptide binding region preceding helix F of the large lobe and
include residues 165-181 and 189-96 (green arrows, Fig. 4¢). In
addition, the N-terminal region of the G-helix and the loop
region immediately before the H-helix in the C-terminal domain
exhibit somewhat enhanced conformational freedom (Fig. 4a).
Not unexpectedly, the loop between 37 and 38, which is part of
the interdomain hinge (black arrow), also shows some variation
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between the three molecules. However, the N-terminal domain
appears to be more rigid by comparison.

The relatively large conformational variations in the peptide
binding loop region arise from different packing modes in the
orthorhombic and cubic crystals (Fig. 5). Intermolecular inter-
actions in the former include binding a portion of the C-termi-
nal streptavidin-tag between two neighboring kinases (Fig. 5a,
only residues Pro 290, GIn 291, Phe 292 and Glu 293 are
defined in the electron density maps). When the catalytic
domains of the PHK structure with peptide bound and the
DAPK structure with tag bound are superimposed, the orien-
tations of peptide and tag differ significantly (not shown). This
observation in combination with the fact that the sequences of
optimized target peptide and tag are quite different may argue
against a functional significance of the mode of binding
between tag and activation segment. In Apo-II, two kinase

901



-

i} © 2001 Nature Publishing Group http://structbio.nature.com

Iil © 2001 Nature Publishing Group http://structbio.nature.com

articles

Basic loap

Fig. 4 Overall views of the DAPK catalytic domain. The view is identical in all three panels. a, Schematic of the fold. a-helices and B-strands are
depicted as red cylinders and blue arrows, respectively; short stretches of a-helical and B-stranded conformation are pink and cyan, respectively; and
loop regions are yellow. Residues 46-56 and 168-180 (gray) are unique regions of the DAPK catalytic domain. Selected residues are labeled, and
atoms of the bound AMPPnP molecule as well as four residues PQFE from the C-terminal streptavidin-tag of a neighboring molecule bound near the
cleft are colored green (carbon), red (oxygen), cyan (nitrogen) and orange (phosphorus). The Mn2+ ion coordinated to the a- and B-phosphates is a
green sphere. b, Electrostatic surface potential calculated with the program GRASP3. Basic and acidic regions appear in blue and red, respectively,
with the intensity of the color being proportional to the local potential (energy range -20 to +12). The Apo-I structure was used in the calculations.
The distributions of the electrostatic potential on the surfaces of kinases differ significantly between individual kinases (not shown). The positively
charged crest protruding from the N-terminal lobe of the DAPK catalytic domain represents a unique feature. ¢, Assessment of the conformational
flexibility of the DAPK catalytic domain by superimposing the independent protein molecules from the orthorhombic and cubic crystal forms
(MOLMOL%). The thickness of the line is proportional to the regional deviations between the positions of corresponding a-carbons in individual pro-
tein molecules.

molecules face each other pairwise with residues 165-181 and
189196 (Fig. 5b).

Thus, the interactions between neighboring molecules in
the two crystal forms differ considerably (Fig. 5), and lattice
forces cannot necessarily account for the preference of the
closed and activated states in both of them. Compared to these
variations between the Apo-I and Apo-II forms, the confor-
mation of DAPK changes only minimally upon binding of
AMPPnP either in the presence or absence of divalent metal
ions. Changes include a slight movement (01 A) of residues
20-23 in the Pl strand of the Gly-rich P-loop (red arrows,
Fig. 4c).

The ATP binding site

Consistent with the high degree of conservation for several
amino acids participating in binding ATP, the active site of the
DAPK catalytic domain bears close structural resemblance to
those of analyzed serine/threonine kinases. Residues encasing
the AMPPnP molecule protrude from the 31-32—f33 sheet, helix
C, the loop region linking B5 and helix D, as well as the 637
region and the 38—B9 turn (Figs 2b,¢, 6). Although the adenine
rings are bound very similarly in the DAPK and cAPK kinases,
the comparison between the DAPK and PHK ATP-binding sites
reveals minor relative shifts by kinase residues and substrate
(Fig. 6a). Amino acids that are conserved and consequently

b

Fig. 5 Lattice interactions in the orthorhombic and cubic crystal forms of the DAPK catalytic domain. a, Orthorhombic form. Overview of the envi-
ronment of the putative peptide-binding region preceding the F-helix and the basic loop linking B3 and helix C. Three symmetry mates colored blue,
pink and cyan make up the immediate surroundings of the loop region of each DAPK molecule (red). Secondary structure elements are represented
as cylinders and arrows, and AMPPnP molecules and four residues of the C-terminal streptavidin-tag visible in the electron density maps are in a ball-
and-stick representation. b, Cubic form. The crystallographic asymmetric unit consists of DAPK dimers related by a noncrystallographic two-fold
rotation axis running approximately along the vertical in the plane of projection. Thus, basic loops and peptide binding regions of the two mole-
cules face each other.
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Fig. 6 Active site conformations of kinase-ATP complexes.
a, Superposition of the active sites of DAPK (orthorhombic
form) and phosphorylase kinase (PDB code 2PHK?4). The DAPK
and PHK substrate complexes are drawn with filled and open
bonds, respectively, and amino acids are labeled (numbers in
parentheses refer to PHK residues). Ordered water molecules at
the active sites of DAPK and PHK are drawn as filled and open
circles, respectively, and hydrogen bonds are dashed lines with
distances in A (DAPK). Divalent metal ions are drawn as circles
with larger radius: two Mn2* jons (open circles) in the case of
PHK and one Mn2+ ion (filled circle) in the case of DAPK. The
side chains of Glu 143 and Met 146 in DAPK and the y-phos-
phate of AMPPnP exhibit multiple conformations and are high-
lighted in gray. b, Conformations of the B1-f2 turn and
interactions between residues (labeled) of the turn and the
nucleotide triphosphate in DAPK, PHK and cAPK. The stereo
diagrams depict (from top to bottom): DAPK binary complex,
DAPK ternary complex (one Mn2+ ion), PHK ternary complex
(PDB code 2PHK?%; two Mn2+ jons) and cAPK ternary complex
(PDB code 1ATP25; two Mn2+ ions). Amino acids of the turn are
drawn with open bonds, with selected main chain nitrogen
atoms highlighted as filled circles, and bonds of the triphos-
phate substrates are filled. Hydrogen bonds and metal ion
coordinations at the active sites are indicated with thin and
thick dashed lines, respectively.

a

engaged in interactions with virtually identical geometry
include Lys 42, Glu 64, Glu 100, Glu 143, Asn 144 and
Asp 161 (DAPK numbering, Fig. 6a). Residues Glu 94
and Glu 121 in DAPK and cAPK, respectively, are
replaced by Asp 104 in PHK. In all three cases, the car-
bonyl oxygen is hydrogen bonded to the exocyclic amino
group of adenine. Four ordered water molecules are pre-
sent at all three active sites, but the N7 position of the
adenine base is hydrated only in the case of PHK. This
water may be engaged in a stacking interaction with
Phe 103, a contact that is not possible at the DAPK
(Leu 93) or cAPK (Met 120) active sites (Figs 3, 6a).

We located only one metal ion at the ATP binding site
of DAPK. Conversely, two Mn?* ions neutralize the negative
charges of phosphates in the PHK and cAPK kinase—substrate
complexes (Fig. 6). In the binary AMPPnP complex of DAPK,
the y-phosphate group is directed toward the Gly-rich loop and
forms a hydrogen bond to three amide groups of the $1-f32 turn
(Fig. 6b). In the ternary complex, with one Mn?*" or Mg>* ion
bridging the a- and B-phosphates, the y-phosphate is disor-
dered, and the B-phosphate is slightly rotated from its position
in the binary complex. In the PHK-substrate and
cAPK-substrate complexes with two bound ions, the second ion
bridges the B- and y-phosphates, thus stabilizing the conforma-
tion of the y-phosphate. In the PHK—substrate complex, there
are no hydrogen bonding interactions between phosphate oxy-
gens and main or side chain kinase atoms (Fig. 6b). By compari-
son, at the active site of the cAPK-substrate complex, the
B-phosphate group is engaged in hydrogen bonds to amide
groups from the Gly-rich loop, which is inclined toward the
phosphate moiety in this case.

Solvent structure at the active site

The high resolution structures of the DAPK apo form, as well as
the kinase—AMPPnP complexes in the absence and presence of a
divalent metal ion, allow an analysis of the movements of active
site residues upon binding of substrate and the ensuing changes
in the water structure. From the stereo diagrams (Fig. 2), signif-
icant changes in the main chain conformations of active site
residues are necessary to accommodate the substrate. Of the
total of 26 ordered waters observed at the ATP binding site in
Apo-I (Fig. 2a), 14 occupy virtually identical positions in the
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binary (Fig. 2b) and ternary complexes (Fig. 2¢). The ammoni-
um group of the universally conserved Lys (residue 42 in
DAPK) is surrounded by eight oxygen atoms, contributed by
the a- and B-phosphate groups, Glu 64 and three water mole-
cules (Figs 2, 6a). This previously undescribed mode of interac-
tion is reminiscent of the complexation of alkali metal ions and
ammonium ions by crown ethers?. At the DAPK active site with
one ion bound, only one nonbridging a-phosphate oxygen
forms a hydrogen bond with Lys 42. In the PHK and cAPK
structures with two ions bound at the active sites, both a- and
B-phosphate oxygens form hydrogen bonds to this conserved
Lys residue.

DAPK ‘fingerprint’ regions

A DAPK region of apparently unique sequence and three-
dimensional structure emerges from the alignments (Fig. 3)
and electrostatic surface potential calculations (Fig. 4b). This
region concerns a stretch of mostly basic residues, starting with
Lys 45 and ending with Val 56. It connects 33 and helix C and
maps to the surface of the N-terminal domain, effectively pro-
truding from it and constituting a ‘lid’ above the putative pep-
tide binding ledge (Fig. 4a, gray loops on the right). The loop
contains no less than seven Arg and Lys residues, including
Lys 45 at the C-terminal end of 3. Further contributions to
the positive potential of this area stem from Lys 86 located in
the short loop between 4 and 35 (Figs 3, 4a) as well as Arg 58
near the N-terminal end of the C-helix. This portion of DAPK
is characterized by a complete lack of correlation in the three-
dimensional structural alignments (Fig. 3). The detailed con-
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formation of the unique loop motif of DAPK, along with the
hydrogen bonding interactions between main chain atoms of
the five-stranded B-sheet are depicted in Fig. 7a. The basic loop
connecting 3 and helix C appears to be a conserved feature
among members of the family of death-associated protein
kinases'> (Fig. 7¢).

The putative peptide-binding region of the large lobe, a sec-
ond DAPK region of unique sequence, concerns a portion of the
loop region connecting (39 strand and helix F and includes 11
residues, starting with Ile 168 and ending with Phe 178 (gray,
Figs 3, 4a). The alignments show that the six kinases exhibit
varying sequences in this stretch, and their structures display
very different geometries as a result of an active or inactive state.
In one case, CaMKI, this region is not ordered in the crystal
structure. The entire activation segment of the DAPK structure,
composed of 38, 39, the loop region and the transition to helix F,
is well ordered in the orthorhombic crystal form (Fig. 7b). The
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Fig. 7 Tertiary structure details and main chain hydro-
gen bond networks in the DAPK catalytic domain.
a, Stereo diagram of the smaller N-terminal lobe with
a predominantly B-structure (residues 2-97), viewed
approximately perpendicular to the B-sheet. N-termi-
nus and selected amino acids are labeled. B-stranded
and loop regions in the foreground are drawn with
filled bonds; segments in the background (helix C),
with open bonds. Side chains of amino acids in the
B1-B2 turn are drawn with filled bonds. Side chains of
the basic loop between B3 and helix C (see bottom
portion of drawing) exhibit relatively high B-factors
and are drawn with open bonds. Hydrogen bonds
between main chain atoms from the basic loop and a
‘stabilizing’ water molecule (black sphere) are shown
as dotted lines. b, Stereo diagram of a portion of the
larger C-terminal domain with predominantly a-struc-
ture (residues 98-212; only main chain atoms are
shown). Regions in the foreground are drawn with
filled bonds; those in the background, with open
bonds. The residue closest to the C-terminus in the
sequence is marked with a C, and selected amino acids
are labeled. The loop region constituting the putative
peptide-binding ledge is located at the bottom of the
drawing. In addition, residues 72-77 of the loop
between helix C and the (34 strand involved in hydro-
gen bonds between N- and C-terminal lobes are
shown. ¢, Sequence alignment for members of the
family of death-associated protein kinases and select-
ed other kinases (labeled), focusing on unique regions
of DAPK. Portions comprising the basic loop between
B3 and helix C are depicted on the left; those corre-
sponding to the putative peptide-binding ledge, on
the right. Conserved residues are highlighted accord-
ing to percentage of identity: blue (>80%), green
(>60%) and yellow (>40%). Boxed residues are con-
served in the DAPK family.
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other portion of the loop preceding the F-helix (residues
181-195) is more conserved, and its structure is similar in differ-
ent kinases.

Structure and function

The cellular targets of DAPK are currently unknown. However,
a quantitative enzyme assay for DAPK has recently been estab-
lished as a result of selective peptide discovery, which uses a
positional scanning substrate library synthesis approach?. This
has allowed the testing of hypotheses about the DAPK structure
and its relationship to DAPK catalytic activity. For example, the
proposed peptide substrate recognition structure and con-
served key residues seen in the DAPK structure have been con-
firmed by site-directed mutagenesis®®. Further, the unique basic
loop structure found in the DAPK structure has been perturbed
by site-directed mutagenesis with no significant effect on the
substrate K, values®. This raises the logical question of what
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Table 1 SAD data collection

Crystal data Hg-SAD Mn-SAD
Space Group P2,2,2, P2,2,2,
Unit cell parameters (A)

a 46.92 46.58

b 62.55 62.19

C 88.56 88.51
X-ray source DND-CAT: 5ID IMCA-CAT: 171D
Wavelength (A) 1.00928 1.89200
Resolution (A)

Range 20-1.8 20-2.5

Last shell 1.86-1.80 2.59-2.50
Unique reflections! 24,944 (2,451) 9,277 (910)
Redundancy 6.5 5.9
Completeness' (%) 99.9 (99.7) 99.8 (99.1)

0.041 (0.278)

0.071(0.178)

1.2
Rmerge ’

SAD statistics

AF3 0.58 0.50
Phasing power 1.28 -
Figure of merit4 0.29/0.87 -

"Walues in parentheses correspond to the last resolution shell.
2Rerge = ZhiZi|I(hkl); — <I(hkl)>| / ZnZi<I(hkl)> over i observations of
a reflection hkl.

3AF = (<|[F(+)] = [FOI2>) 2 1 (172(<[F(+)[>2 + <[F(=)]>2) 2.

4Prior and after density modification.

potential functional role this unique basic loop structure plays
in enzyme function.

Although the answer to this question must await additional
studies, the structure suggests priorities for future research. For
example, several of the basic loop residues are conserved among
the members of the death-associated protein kinase family'.
They include Lys 46, Arg 47, Arg 48 (DAPK numbering; excep-
tion Gln 48 in DRP-1), Arg 53 (Lys 53 in DRAK-1), Arg 54
(Gly 54 in DRAK-1 and DRAK-2) and Arg 58 (Fig. 7c). The pres-
ence of the loop structure in death kinases, some of which are
not CaM regulated enzymes, argues against the involvement of
the novel basic loop structure of DAPK in a classical CaM-regu-
lated kinase autoinhibition?. Autoinhibitory domains in CaM-
regulated kinases are usually located farther downstream in the
amino acid sequence, on the carboxyl terminal end of the cat-
alytic domain, and usually feature clusters of basic residues.
Further, DAPK has a potential autoinhibitory domain based on
its high sequence similarity to MLCK, and this potential autoin-
hibitory sequence segment is not included within the catalytic
domain sequence.

Therefore, several arguments suggest that the unique loop
structure of DAPK is not involved in CaM regulation of the
enzyme. In contrast, the conservation of the corresponding
amino acid sequence across death kinases raises the possibility
that this loop might be associated with the regulation of death
kinases. One common feature among death kinases is the critical
need for a cell to keep the enzyme activity turned off until need-
ed for programmed cell death. The location of the loop in the
DAPK catalytic structure near the peptide recognition region
raises the possibility that this could be a site of interaction with a
regulatory protein or a site of modification in DAPK that would
regulate its kinase activity. Clearly, much remains to be deter-
mined, but the availability of the DAPK catalytic domain struc-
ture has revealed logical next steps in attempts to understand the
mechanism of action and regulation of death kinases.
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Conclusions

In addition to conformational features common to all catalytic
domains of protein kinases, the crystal structure of the DAPK
catalytic domain at high resolution has revealed an unusual
highly basic, structured loop in the N-terminal domain
(Figs 3,4). The loop extends from the mouth of the ATP-binding
cleft that lies between the two domains. Thus, it is situated above
a portion of the putative peptide-binding ledge, creating a posi-
tively charged patch on the molecular surface of DAPK (Fig. 4b).
Because the physiological targets of DAPK have not been defined
to date, assigning a definitive function to this loop is not yet pos-
sible. However, the observation that the basic loop structure is
conserved across death kinases but not found in other kinases
argues for a functional importance. The charge properties of the
loop and its presence in death kinases that are not CaM regulat-
ed argue against its involvement in CaM-regulated autoinhibi-
tion. Given their role in apoptosis, the catalytic domain of death
kinases may likely be kept in check by additional regulatory
mechanisms; the loop region may be involved in such critical
regulation. Thus, our structures provide new insights into the
potential regulation and functioning of the family of death-asso-
ciated protein kinases. Our work should benefit the structure-
assisted discovery of new active site-directed inhibitors of DAPK
that may serve as key research reagents to dissect the role of
DAPK in cellular function. Also, our results lay a firm founda-
tion for future investigations into the potential of DAPK being a
target for therapeutics in the treatment of a range of neurode-
generative diseases.

Methods

Protein overexpession and purification. A DAPK construct,
comprising amino acids Met 1-Ser 285 and a C-terminal strepta-
vidin-tag (286-SAWSHPQFEK-295), was subcloned into the pASK-
IBA3 (Genosys Biotechnologies Inc.) expression vector at the Bsal
sites. The protein was produced and purified from E. coli essentially
as described?.

Crystallization. Crystallization conditions were determined with
sparse-matrix screens (Hampton Research and Emerald Biostructures
Inc.) using the hanging drop vapor diffusion technique. For the
orthorhombic crystal form (Apo-l), aqueous protein solution
(6 mg ml-") in 20 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol (DTT),
1 mM EDTA and 0.1 M NaCl was mixed with an equal volume of reser-
voir buffer, containing 1.6 M ammonium sulfate, pH 8.0 (or 1.5 M Li
sulfate, pH 7.5). Droplets were equilibrated against 0.5 ml reservoirs.
The mercury derivative was obtained by soaking orthorhombic DAPK
crystals in crystallization buffer supplemented with 0.5 mM CH;HgCl
for two days. For the cubic crystal form (Apo-lIl), equal volumes of the
above protein solution and a solution containing 5% (w/v) PEG-1000,
40% (v/v) PEG-300 and 0.1 Tris-HCl, pH 7.0, were mixed, and droplets
were equilibrated against 0.5 ml reservoirs. For the DAPK-nucleotide
complexes, orthorhombic crystals were grown by mixing equal vol-
umes of protein solution, preincubated with 2 mM AMPPnP for
30 min, with reservoir solution (1.6 M ammonium sulfate and
100 mM Tris-HCl, pH 8.0), and equilibrating the droplets against
0.5 ml reservoirs. Crystals were soaked in reservoir solution supple-
mented with 50 mM metal ions (MnSO, or MgCl,).

Data collection and processing. Apo-| crystals were shock-frozen
in mother liquor supplemented with 25% (v/v) glycerol. Diffraction
data were collected at 100 K on the 5-ID beam line of the DND-CAT
at the Advanced Photon Source (APS), Argonne, lllinois. SAD data
were collected at 1.00928 A using a single Hg-DAPK crystal. All data
were integrated and merged in the DENZO/SCALEPACK program
suite3'. Details regarding anomalous data collection are listed in
Table 1, and selected crystal data and diffraction data statistics for
native crystals are summarized in Table 2. To maximize the anom-
alous contribution of Mn2+, data were collected at 1.8923 A (17-ID
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Table 2 Crystal data, data collection and refinement statistics

Apo-l AMPPNP AMPPNP-Mn# AMPPnP-Mg?* Apo-li

Crystal data
Crystal system orthorhombic tetragonal
Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P4,
Unit cell paramerers (A)

a 46.93 46.74 46.71 46.63 58.37

b 62.55 62.4 62.34 62.43 58.37

C 88.56 88.11 88.6 88.67 212.61
Asymmetric unit (residues)

Protein / AMPPnP 280/0 280/1 280/1 280/1 2x276/—

Water/ion 353/- 247 /- 267 /1 Mn2+ 132/1 Mg+ -
Data collection
X-ray source DND-5ID DND-5ID IMCA-17ID IMCA-171D DND-ID
Wavelength (A) 1.00928 1.2562 0.979 0.984 1.000
Resolution (A)

Range 20-1.50 20-1.62 20-1.80 20-2.40 20-3.50
Last shell 1.55-1.50 1.68-1.62 1.86-1.80 2.49-2.40 4.0-3.50
Unique reflections? 41,549 (3,938) 32,120 (2,936) 24,665 (2,294) 10,555 (1,033) 8,704 (892)

Redundancy 5.4 6.0 6.9 4.5 5.4
Completeness' (%) 97.7 (94.2) 97.7 (94.2) 99.9 (99.8) 99.8 (99.9) 96.5 (96.1)
Rimerge? 0.037 (0.27) 0.037 (0.27) 0.061 (0.36) 0.070 (0.30) 0.072 (0.39)
Refinement (F > 0)
Reflections
Work 36,218 27,906 21,099 8,877 7,597
Free 4,044 3,096 2,341 1,011 903
R-factor 0.183 0.201 0.189 0.201 0.272
Riree 0.202 0.218 0.214 0.239 0.297
R.m.s. deviation
Bond lengths (A) 0.005 0.010 0.011 0.007 0.009
Bond angles (°) 1.22 1.25 1.29 1.29 1.69
Average B- factors (A2)
Protein / AMPPnP 19.2/- 19.9/35.8 22.1/20.5 27.6/37.9 45.5/-
Water/ion 32.2/- 30.3/- 36.2/23.3 36.9/69.3 -

"Walues in parentheses correspond to the last resolution shell. All data (F > 0) were used in the refinement.
ZRmerge = ZhiZi|I(hkl); — <I(hkl)>| / Z,yZi<I(hkl)> over i observations of a reflection hkl.

beam line, IMCA-CAT, APS). An Apo-ll crystal was shock-frozen in
mother liquor, and diffraction data were collected on the 5-ID
beamline of the DND-CAT at the APS (Table 2).

Structure determination and refinement. Phases for the Apo-I
crystal form were initially determined with the SAD technique
using CNS32. Solvent flipping was applied and significantly
improved the initial electron density maps. Automatic model build-
ing was performed with WARP33. The resulting model was complet-
ed manually using TURBO-FRODO34. The structures of the binary
and ternary complexes, as well as the Apo-Il form, were deter-
mined by the molecular replacement with AMoRe3>. Positional,
simulated annealing and temperature factor refinements were
performed using CNS32. R¢.. was monitored by setting aside 10% of
the reflection as a test set (Table 2)36. The Ramachandran plot cal-
culated with PROCHECK?” indicates that 100% of the non-Gly and
non-Pro residues in the final models lie in the most favored and
additional allowed regions.

Coordinates. Coordinates and structure factors for all described
structures have been deposited in the Protein Data Bank (1JKS
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(Apo-1), 1JKL (binary), 11G1 (ternary, Mn), 1JKK (ternary, Mg) and
1JKT (Apo-ll)).
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