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ABSTRACT: Glycocyamine kinase (GK), a member of the phosphagen kinase family, catalyzes the Mg*"
dependent reversible phosphoryl group transfer of the N-phosphoryl group of phosphoglycocyamine to ADP
to yield glycocyamine and ATP. This reaction helps to maintain the energy homeostasis of the cell in some
multicelullar organisms that encounter high and variable energy turnover. GK from the marine worm
Namalycastis sp. is heterodimeric, with two homologous polypeptide chains, o and 3, derived from a common
pre-mRNA by mutually exclusive N-terminal alternative exons. The N-terminal exon of GKf encodes a
peptide that is different in sequence and is 16 amino acids longer than that encoded by the N-terminal exon of
GKoa. The crystal structures of recombinant GKo and GKAp from Namalycastis sp. were determined at 2.6
and 2.4 A resolution, respectively. In addition, the structure of the GKf was determined at 2.3 A resolution
in complex with a transition state analogue, Mg —ADP—NO; —glycocyamine. Consistent with the
sequence homology, the GK subunits adopt the same overall fold as that of other phosphagen kinases of
known structure (the homodimeric creatine kinase (CK) and the monomeric arginine kinase (AK)). As with
CK, the GK N-termini mediate the dimer interface. In both heterodimeric and homodimeric GK forms, the
conformations of the two N-termini are asymmetric, and the asymmetry is different than that reported
previously for the homodimeric CKs from several organisms. The entire polypeptide chains of GKaj are
structurally defined, and the longer N-terminus of the § subunit is anchored at the dimer interface. In GKf
the 24 N-terminal residues of one subunit and 11 N-terminal residues of the second subunit are disordered.
This observation is consistent with a proposal that the GK o8 amino acids involved in the interface formation
were optimized once a heterodimer emerged as the physiological form of the enzyme. As a consequence, the
homodimer interface (either solely a or solely S chains) has been corrupted. In the unbound state, GK exhibits
an open conformation analogous to that observed with ligand-free CK or AK. Upon binding the transition
state analogue, both subunits of GK undergo the same closure motion that clasps the transition state
analogue, in contrast to the transition state analogue complexes of CK, where the corresponding transition
state analogue occupies only one subunit, which undergoes domain closure. The active site environments of
the GK, CK, and AK at the bound states reveal the structural determinants of substrate specificity. Despite
the equivalent binding in both active sites of the GK dimer, the conformational asymmetry of the N-termini
is retained. Thus, the coupling between the structural asymmetry and negative cooperativity previously
proposed for CK is not supported in the case of GK.

Glycocyamine kinase (ATP:guanidinoacetate N-phospho-
transferase, guanidinoacetate kinase, GK,' EC 2.7.3.1) belongs
to the family of phosphagen kinases, enzymes that catalyze the
Mg**-dependent reversible conversion of guanidinium-contain-
ing substrates and ATP into the respective N“-phosphorylated
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substrate and ADP (/—3). GK acts on glycocyamine (guanidino-
acetate) and phosphoglycocyamine (phosphoguanidinoacetate,
N®-phosphonoglycocyamine) (Figure 1). Phosphoglycocyamine
and other phosphagens serve as energy reservoirs for rapid
regeneration of ATP and for maintaining the energy balance of
the cell. Whereas vertebrates produce only one phosphagen
kinase, creatine kinase (CK), lower invertebrates produce multi-
ple phosphagen kinases including GK (4). Eight phosphagen
kinases have been identified in the phyla annelida, CK, arginine
kinase (AK), GK, lombricine kinase, thalassemine kinase, tauro-
cyamine kinase, hypotaurocyamine kinase, and opheline ki-
nase (1, 4, 5). The need for so many phosphagen systems in the
same organism is poorly understood. All of these enzymes are
thought to have evolved from a common ancestor (6). It was
proposed that because creatine contains a methyl-substituted
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FiGuRrE 1: Reaction catalyzed by GK.

internal nitrogen atom (guanidino N), the compound is thermo-
dynamically less stable than other phosphagens containing
unsubstituted internal N such as glycocyamine or arginine. Thus
the latter phosphagens may be preferred over phosphocreatine
for ATP production under stress conditions such as acidosis (7).
The importance of phosphoglycocyamine for immediate energy
provision under extreme environmental stress is underscored by
the unprecedented high content of this compound in the warm
Nephtys hombergii, a burrowing predator living in marine sedi-
ments (8).

Sequence analyses led to the proposal that AK is the oldest
phosphagen kinase and CK diverged from it at an early stage of
evolution (9, 10). Monomeric AK is the most prevalent phospha-
gen kinase in invertebrates. Dimeric AK exists in sea cucumber
and may have back-evolved from CK (/7). There are three types
of CK, cytosolic (muscle-type and brain-type), mitochondrial,
and flagellar (/2). The cytosolic CK assembles into dimers.
Mitochondrial CK is in equilibrium between dimeric and octa-
meric forms (/3, 14). Flagellar CK comprises a fused trimer,
which is found in many protostome and deuterostome inverte-
brates and in protochordate.

The GK from marine worms is a dimeric protein that is
alternatively spliced at the N-termini of the subunits with the
shorter exon encoding the o chain and the 16 amino acid residue
longer exon encoding the 5 chain (6). Ellington and colleagues
proposed that the ancestral GK was composed of the oo
homodimer but alternative splicing occurred possibly to remove
the deleterious effect of mutation in the original gene, thus
resulting in the GKog heterodimeric enzyme currently present
in the marine warms. The molecular mass of the a subunit is ~42
kDa, and that of the  subunit is ~44 kDa (6). Because of the high
level of sequence identity between GK and CK (>50%), the
three-dimensional structures of the two enzymes are expected to
be similar.

The crystal structures of various homodimeric vertebrate CKs,
with and without bound ligands, show that the N-terminal region
is involved in dimer formation (/5—20). With the exception of
one example of dimer subunits that are related by perfect
crystallographic symmetry and contain N-termini that adopt
two alternative conformations (20), each of the two CK N-termini
adopts a different conformation, which introduces structural
asymmetry irrespective of the presence of bound ligand (15—17,
21). Structures of rabbit muscle and Torpedo californica CKs
in complex with the transition state analogue (TSA)
Mg*"—ADP—NO;—creatine revealed an asymmetry: a ligand-
free subunit (or bound to only Mg —ADP) that adopted an
open conformation and a TSA-bound subunit that adopted the
closed conformation (16, 17). For the human brain-type CK,
both the CK—TSA and CK—ADP complexes exhibited the
closed conformation in the ligand-bound subunit and the open
conformation in the ligand-free subunit (2/). The relationship
between the N-termini conformational asymmetry to the ob-
served subunit binding asymmetry is unknown, although it was
recently proposed that the N-terminal regions play a role in active
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site communication and catalytic regulation (/7). The structural
asymmetry supports the view that the CK subunits exhibit
negative cooperativity (22—25), whereas other chemical modifi-
cation experiments and data from deuterium exchange experi-
ments contradict the notion of negative cooperativity in CK (26,
27). The two distinct alternative spliced GK N-termini imply an
inherently asymmetric structure, which is confirmed by the
crystal structures of both the homodimeric GKff and the
heterodimeric GK a3 reported here. In contrast to the CK—TSA
complexes, GK binds its TSA, Mg*"—ADP—NO;—glycocy-
amine, in both active sites, and both subunits exhibit the closed
conformation while maintaining the asymmetric dimer interface.

MATERIALS AND METHODS

Cloning, Expression, and Purification. The GK a and f§
genes were cloned into the pDEST-His-MBP vector, kindly
provided by David Waugh (28). The genes were amplified from
the pMAL-c2/GKa and pMAL-c2/GKf plasmids (29) by PCR
using the following primers: GKa, Y GAGAACCTGTACTTC-
CAGGGTATGTTTAAGGACTACACTAGGGAGAAATTT-
GC3 (forward) and YGGGGACCACTTTGTACAAGAAA-
GCTGGGTTATTATTACTTGGGAATCATGTCATCGATGY
(reverse); GKf, YGAGAACCTGTACTTCCAGGGTATGG-
GTTCAGCCATTCAGGATTACT3' (forward) and 5YGGG-
GACCACTTTGTACAAGAAAGCTGGGTTATTATTACTT-
GGGAATCATGTCATCGATG3 (reverse). Each of these PCR
fragments contained an N-terminal tobacco etch virus (TEV)
protease cleavage site sequence designed to be inserted between a
maltose binding protein (MBP) gene and the respective GK gene.
The resulting PCR products were used as templates for a second
PCR with the forward primer 5YGGGGACAAGTTTGT-
ACAAAAAAGCAGGCTCGGAGAACCTGTACTTCCAGG-
GT3 and the GKa or GKf reverse primer to anneal an attBl
recognition site. Each of the two resulting PCR fragments were
inserted into pPDNOR221 (Invitrogen) by recombinational clon-
ing with the BP clonase system using the standard Gateway
protocol (Invitrogen). The nucleotide sequence of the entry
clones pGKa221 and pGKp221 were verified by sequencing.
The His¢-MBP fusion protein expression vectors were con-
structed by recombining the GK genes from pGKoa221 and
pGK 221 entry vectors to the destination vector pDEST-His-
MBP using the LR clonase enzyme (Invitrogen).

Escherichia coli BL21star(DE3) cells transformed with GKa
or GKf were grown in Luria broth (LB) media containing 100 ug/
mL ampillicin to ODggy nm ~ 0.6 at 37 °C, chilled on ice, and
induced with 1 mM isopropyl p-thiogalactopyranoside (IPTG) in
a shaker maintained at 22 °C. The cells were harvested by
centrifugation after 23 h, and the pellet was frozen at —80 °C.
The frozen cells were thawed and resuspended in lysis buffer
containing 20 mM Tris-HCI (pH 8.5), 100 mM NaCl, 1 mM
DTT, and 0.5 mM EDTA in 1x of Bug buster protein extraction
reagent (Novagen), benzonase, and protease cocktail for His-
tagged proteins (Sigma). The cells were then lysed by sonication
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and centrifuged, and the supernatant was applied onto a Ni-NTA
column (Qiagen). The bound protein was eluted in a step gradient
with 250 mM imidazole-containing buffer. TEV protease was
added to the MBP-GK fusion protein solution at 1:200 molar
ratio. After 16 h, the reaction mixture was applied onto a second
Ni-NTA column to bind the His-tagged cleaved MBP and the
His-tagged TEV protease and elute the cleaved GK. The protein
was further purified by size exclusion chromatography on
Sephacryl S-100 column using 20 mM Tris-HCI (pH 8.5) and
100 mM NaCl. Protein expression level and sample purity were
assessed by SDS—PAGE analysis and homogeneity of the
purified protein was assessed by native PAGE analysis. The
molecular weight was confirmed by MALDI-TOF mass spectro-
metry. The oligomeric state of the protein was determined by
analytical size exclusion chromatography using a Superdex S200
analytical size exclusion column (GE Healthcare) and also by
dynamic light scattering using a DynaPro instrument (Protein
Solutions).

Crystallization and Data Collection. GK crystals were
obtained at room temperature by vapor diffusion in hanging
drops. Drops containing equal volumes of protein (at concentra-
tion of 10 mg/mL) and reservoir solution were equilibrated
against the reservoir solution containing 22% (w/v) polyethylene
glycol 3350, 200 mM NaNOs, and 100 mM Tris-HCI (pH 8.0).
To obtain GKag crystals, GKa and GKf solutions were mixed
in 1:1 molar ratio just prior to setting up crystallization experi-
ments. Crystals of 0.2 x 0.2 x 0.1 mm? size appeared within 1
week. Both GKfp and GKo yielded crystals useful for X-ray
work whereas the GKaa yielded only stacks of thin needles that
could not be improved further.

Crystals of GKff bound with the TSA comprising glycocy-
amine, Mg“, ADP, and NO;~ were obtained by the vapor
diffusion method from reservoir solution containing 22.5%
polymethylmetacrylate 2000, 100 mM calcium acetate, and
100 mM Tris-HCI (pH 8). The TSA was added to the protein
solution to achieve a final concentration of 5 mM each MgCl,,
ADP, and NaNO;, and 1.25 mM glycocyamine. Rod-shaped
crystals of 0.1 x 0.1 x 0.2 mm? in size appeared within 3 days.
Efforts to obtain GKa3/TSA crystals were unsuccessful.

The crystals were flash-cooled in liquid nitrogen or in liquid
propane cooled with liquid nitrogen. The 2.4 A diffraction data
from a ligand-free GK5p crystal were collected at ~100 K on the
home facility consisting of Osmic Max-Flux monochromated
X-rays generated by a Rigaku MicroMax 007 rotating anode
equipped with a Rigaku AXIS IV** image plate detector. These
GKfp diffraction data were processed with the CrystalClear
program (Rigaku/MSC, Woodlands, TX). For the ligand-free
GKap, 2.6 A data were collected at the SER-CAT 22BM
beamline of the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL). The SER-CAT beamline was
equipped with a MAR CCD detector. The HKL suite of
programs was used to process the GKoy diffraction data (30).
The 2.3 A resolution diffraction data from a crystal of the
GKpp—TSA complex were collected on the SER-CAT 22ID
beamline and processed with the XGEN program (3/). Data
collection statistics are provided in Table 1.

Structure Determination and Refinement. The GKpp
structure was determined by the molecular replacement method
with the computer program Phaser (32, 33) using a monomer of
the chicken brain-type CK crystal structure as the search model
(ref 15; PDB code 1QH4, 56% sequence identity with GK). The
N-termini were built de novo because they adopt two different
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Table 1: X-ray Data Collection and Structure Refinement Statistics

GKap GKpp GKpB—-TSA
data collection
space group P2, P2, P2,
cell dimensions
a,b,c(A) 84.1,98.2, 84.6,99.7, 243.1, 114.3,
93.1 93.3 259.9
p (deg) 91.3 92.4 90.3
no. of dimers in 4 4 18
asymmetric unit
solvent content (%) 44 44 46
wavelength (A) 1.00 1.54 1.00
resolution (A) 2.6 2.4 23
no. of observed 116527 228348 1872589
reflections
completeness (%)* 90.7 (84.7) 99.6 (99.4) 96.9 (81.2)
no. of unique 42293 60423 610182
reflections
Rmcrgcb 0.085(0.317)  0.084 (0.344)  0.094 (0.403)
{Io(D) 10.7 (3.4) 11.6 (3.5) 13.8 (3.1)
redundancy 2.8 (2.7) 3.8(3.7) 3.1(2.3)
refinement
no. of reflections used 42274 60171 586126
no. of protein atoms 12034 11833 107131
no. of ligand atoms 1440
no. of water molecules 268 623 6774
Rerys 0.192 (0.293)  0.197 (0.276)  0.197 (0.273)
Rpree? 0.266 (0.371)  0.267 (0.341)  0.263 (0.344)
rmsd from ideal
geometry
bond length (A) 0.015 0.014 0.009
bond angle (deg) 1.5 1.6 1.3
average B factor (A )
protein 52 43 28
TSA 22
water 49 41 23

“The values in parentheses are for the highest resolution shell (2.72—2.60
Afor ligand-free GKoB, 2.49—2.40 A for ligand-free GKﬂﬁ and2 38—-2.30
Afor GKBB=TSA). "Runerge = Sl (11— DD/ Reryst = Sl

— |FI/> mlFol, where F, and F, are the observed and calculated
structure factors, respectively. “Riee is computed from 2118 randomly
selected reflections omitted from the refinement for ligand-free GK a3, 3038
for ligand-free GK/33, and 31024 for GKSS—TSA.

conformations, none of which is similar to that of the CK N-
termini. Later, the refined GKf structure was used as the search
model to obtain a molecular replacement solution for the GKa,
again with the program Phaser.

The structure of the GKSS—TSA complex was determined by
molecular replacement using Phaser. A search model based on the
structure of GKff in the unbound form did not yield a useful
molecular replacement solution. Instead, the rabbit muscle
CK—TSA structure (creatine-containing TSA (/7)) was modified
to generate a search model as follows. The rabbit muscle CK—TSA
structure forms an asymmetric dimer with one subunit containing
the TSA and exhibiting closed conformation and the second
subunit containing only Mg>"—ADP and exhibiting an open
conformation. This asymmetric dimer did not yield a useful
molecular replacement solution. The search model that produced
the molecular replacement solution was obtained by generating a
CK dimer in which both subunits adopted the closed conformation
and the ligands were omitted to avoid phase bias. The entire
asymmetric unit, containing 18 dimers, was built gradually, and the
progress of the molecular replacement was assessed by the reduced
Ry value (< 0.40 when all 18 dimers were placed in the asymmetric
unit) and the improved quality of the electron density map.
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Structure refinements were performed initially with the CNS
program (34) followed by either REFMAC (35) or PHENIX (36).
For the ligand-bound GKf structure, the Ry and Ry values
were reduced substantially when twinning refinement was applied
in PHENIX with the twinning operator (—h, —k, /). The estimated
twinning fraction was 0.31. In contrast, the diffraction data for the
substrate-free GKof and GKff crystals did not indicate signifi-
cant twinning, and in both cases the structure refinement was
completed with REFMAC. Water molecules were added to
account for peaks in the F, — F. electron density map higher
than 30 and observed within hydrogen bond distance from protein
atoms or other water molecules. Model building and modifications
were performed with the interactive graphics programs O (37) and
COOT (38). Refinement statistics are provided in Table 1.

It worth noting that the diffraction data for the crystals of the
GKpp—TSA complex were processed in space group P2, which
yields 18 dimers in the asymmetric unit; however, the data could
also be processed using the higher symmetry space group,
P2,2,2;. Although a molecular replacement solution was ob-
tained also in the orthorhombic cell, the reduced symmetry
(coupled with twinning) was required for the structure refinement
to progress.

Figures were generated with MOLSCRPT (39) followed by
RASTER3D (40, 41). Conformational changes were analyzed
with the computer program DynDom (42).

RESULTS AND DISCUSSION

Note on Sequence Numbering. The GK o and f3 polypep-
tide chains are identical except in the N-terminal alternatively
spliced segments (29):

GKa MFKDYTREKFAKE......... YE...
GKB MGSAIQDYFVKNRVGHSKPWESGKFKAAD.......KE...
5 10 15 20 25 48

Exon 1 of the GK gene encodes the 48 N-terminal amino
acids of GKf, and exon 2 encodes the 32 N-terminal
amino acids of GKo. The first residue of the longer
S chain is numbered 1, and the first residue of the shorter
o chain is numbered 17. As depicted above, the N-
terminal sequences of the a and f GK variants differ
over the first 29 amino acid residues, the ensuing 17
residues are identical, position 47 differs, and position
48 is identical. Beyond exons 1 and 2, the amino acid
sequences of the GK ocand 3 isoforms are encoded by the
same exons and are thus identical.

GK Purification. The expression constructs developed for
crystallographic studies consist of a TEV protease cleavable Hisg-
MBP-GK fusion protein, which enables the application of an
affinity purification step followed by cleavage of the fusion protein,
separation of the His-tagged MBP, the uncleaved fusion protein,
and the His-tagged TEV protease from the cleaved GK, and further
purification of the GK by size exclusion chromatography. During
the size exclusion step, most of the GKao sample formed high
aggregates that were eluted in the void volume while the yield of the
dimeric protein was low. In contrast, most of the GK 33 sample was
eluted as dimers with high aggregates comprising the minor form.
These results are consistent with previous reports that the MBP-
GKaa fusion protein was unstable (29). The GKaa tendency to
aggregate may also account for failure to form diffraction quality
crystals. Nevertheless, the analytical size exclusion analysis and the
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GKBB-TSA

FIGURE 2: Ribbon representations of GK structures. (A) Ligand-free
GKogf heterodimer. (B) Ligand-free GKf3f homodimer. (C) The
GKpp homodimer bound with glycocyamine, Mg*", ADP, and
NO;  (transition state analogue). For each dimer, the o subunit
(or the a-equivalent S subunit in the GK5p) is colored yellow, and the
[ subunit is colored cyan. The N-terminus of the a subunit is colored
red, and the N-terminus of the S subunit is colored blue. The
phosphagen-specific loop (brown color) and nucleotide-binding loop
(magenta color) are far apart in the ligand-free state (A, B) and are
placed in close proximity in the ligand-bound structure. The nucleo-
tide-binding loop is partially disordered in the  subunit of the ligand-
free GKog (A).

dynamic light scattering of the nonaggregated fractions of both GK
variants were consistent with dimeric association. The analytical size
exclusion also shows that GK a3 migrates differently than either of
the two homodimers, consistent with spontaneous formation of the
heterodimer from a 1:1 mixture of GKao and GKf6.



Article

Biochemistry, Vol. 49, No. 9, 2010 2035

FIGURE 3: Stereoscopic representation of the GK overall conformational change displayed together with the effective hinge calculated by the
program DynDom (42). The open conformation is depicted in gray color. The fixed domain of the closed conformation is colored cyan, and the
moving domain is colored yellow. The arrow corresponds to the effective hinge axis around which the moving domain rotates 22° upon TSA

binding.

Overall Structure. The crystals of apo GKap and GKpp are
isomorphous and contain two dimers in the asymmetric unit.
Except for the N-termini, which are fully defined in GKo, but
exhibit some disorder in GK3f (no interpretable electron density
is associated with the 24 N-terminal residues of one subunit and
11 N-terminal residues of the second subunit), the structures are
the same (Figure 2A,B). The root-mean-squared deviation
(rmsd) of the common o-carbon residues 27331 and 343—390
is 0.6 A. As with other phosphagen kinase family members, the
molecule consists of an N-terminal a-helical domain (residues
12—114) and a larger C-terminal a/f saddle domain (residues
115—390). The subunits’ N-termini form much of the dimer
interface, although the C-terminal domain loop residues
156—160 and 220—221 are also involved in subunit contacts.
Different in length and sequence, the N-termini of the o and j
subunits in the GKaf dimer adopt different conformations,
which result in an asymmetric interface. Moreover, the two N-
termini in the GKff homodimer also form an asymmetric
interface despite their identical N-termini sequence. As discussed
later in more detail, the interfaces of both structures are similar
except for the partial disorder in the GKAf N-termini.

Binding of the TSA Mg*"—ADP—NO;—glycocyamine to
GKfB (NO; mimics a planar phosphoryl group during the
phosphotransfer reaction) induces a rigid body like conforma-
tional transition that changes the relationship between the a-
helical and a/f domains so that the active site crevice is less
accessible to bulk solvent and the two lobes of each subunit are
closer to one another (Figure 2C). The dimer interface is not
affected; thus the rigid body movement is best envisaged as
shifting the C-terminal o/ domains with respect to the fixed N-
terminal a-helical domains. In the following discussion, we refer
to the ligand-free GK conformation as the open conformation
and to the enzyme conformation induced by binding of the TSA
as the closed conformation.

The computer program DynDom was used to analyze more
accurately the quasi rigid body domain motion (42). The Dyn-
Dom analysis yields an effective hinge axis, which is defined as an
interdomain screw axis that passes within 3 A of the Ca atom of
any of the interdomain residues involved in the interdomain
motion. Using the GK / subunit structure in the open (ligand
free) and closed (ligand bound) states, the DynDom analysis
defines a fixed domain that encompasses residues 27—115,
141—-249, and 264—302, corresponding to the lobe close to the

dimer interface. The domain that moves relative to the fixed
domain encompasses residues 116—140, 250—263, and 303—388
and corresponds to the lobe remote from the dimer interface. This
analysis yielded a 22° rotation around an axis approximately
parallel to the dimer interface and traversing the 5-sheet under-
lying the active site crevice (Figure 3). The effective hinge axis has
essentially no translation component (0.04 A). Using DynDom
analysis, effective hinge axes also describe the CK and AK
conformational transition with 13° and 20° rotation, respectively,
and no significant translation component.

Two active site loops, an N-terminal domain loop (residues
75—84) involved in glycocyamine binding (referred to as the
phosphagen-specificity loop, Figure 4) and a C-terminal domain
loop (residues 333—342) involved primarily in ATP/ADP bind-
ing (referred to as the nucleotide-binding loop, Figure 4), are
positioned remotely from one another in the open conformation,
whereas they interact with one another in the closed conforma-
tion (colored brown and magenta, respectively, in Figure 2). In
the ligand-free state, the nucleotide-binding loop exhibits multi-
ple conformations, which may arise from the different crystal
environments among the four molecules in the asymmetric unit.

TSA Binding. Previous studies demonstrated that the com-
bination of Mg®", ADP, nitrate, and phosphagen comprises a
transition state analogue that inhibits the catalytic activities of
phosphagen kinases. In such a TSA, the planar nitrate serves as
a mimic of the planar phosphoryl group during phospho-
transfer (43—45). Indeed, this complex was used in crystallo-
graphic studies of CKs and AK (16, 17, 21, 46—48), which
confirmed that the nitrate is stationed between the ADP and the
phosphagen. We followed the same strategy in studying the
structure of the GK—TSA complex, using Mg>"—ADP, nitrate,
and glycocyamine (Figure 5). The electron density map showed
that both GKfp subunits contained the bound TSA in all 18
dimers of the crystal asymmetric unit. Superposition of Ca atoms
of all dimer combinations resulted in a rmsd value of 0.5 + 0.2 A,
with 0.9 A for the largest deviating dimer pair. The structural
variability occurs primarily in the C-terminal o-helix that tends to
adopt slightly different orientations with respect to the rest of the
structure.

In contrast to the GK—TSA complex, where both subunits
bind the glycocyamine TSA, the three reported CK—TSA
complexes (from rabbit muscle, 7. californica, and human
brain-type) bind the creatine TSA only in one subunit, which
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o5 o6 B1 a7
« X G
90 100 110 120 130 140 150 160
GKa/p 90 .EYSIEC.KEFFIKCIEEIIH—FKPS.KIPAPDLDHNKLVGGV FEDK.VK.C.IIClISVKlVCLP.AMSRAERRLV 165
100 110 120 130 140 150
rmCK 78 PEES¥TVEKDLED ODRHGEFKP TDKHK-TDLNHENLKGGDDLDPHEVLSSRVRTEGKSIKEYTLPBHCSRGERRAV 154
erCK 78 DEEC E KDLF EDRHGGYKPT K K-TDLNQENLKGGDDLDPN VL s v T SIKGIALPPHCSRGERRLV 154
bbCK 78 DEES KELF EDR YKPT K-TDLNADNLQGGDDLDPN SIRGFCLPPHCSRGERRAI 154
hsAK 71 IAESIRTIGPLFII IDDYIGIFKLT KIPPKQWGDINTLVGLDPAGQ IIITIVICIISLQ YPFNBCLTAEQYKEM 148
tcAK 71 DAES¥TLEAALL EDYHKGFKPSDKQPPKDSGDLNTFIDVDPDKK SLEGYPFNBCLKKQQYEEM 148
scAK 69 IEETITVIADLFIIVIEE!INIFKKT.N --KTDLDASKILDDVLDPA VI IVITIINIR MALSBHVCRSERRAI 144
suAK 69 DEET SDLL sSDY FSKDQDH--VTDMDVSKIKDDILDEE NLKGFCLSEFICRAERRKV 144
2 o8 o9 3 4
0 —> N G ¢ 0 BN b
)
170 180 190 200 210 220 230 240
GKa/B 166 EKVVSDAEGGLKGDLAGBKE¥PET TMNEKDQEQEEEDHEEFEKP TGALLTTSGCARDWEDGREIWENNERNEEVNINEE 243
160 170 180 190 200 210 220 230
rmCK 155 EKLSVEAENSLTGEFKEK¥¥PEKSMTEQEDQ DKPVSPLLLASGMARDWEDA DNEKS A 232
erCK 155 EKLCIDGLATLTGEFQ x p ss SDAE Q DKPISPLLLASGMARDWEDG NDKT A4 232
bbCK 155 EKLSVEALGSLGGDLK TDAE DKPVSPLLLASGMARDWEDA DNKT I 232
hsAK 149 EEKVSST, suEDELKI Ilpl ISKAT Q KE-GDRFLQTANAC YIITG DAKT I 225
tcAK 149 ESRVKGQIESMSGELREGK TKET KE-GDRFLQAAHAC DAKT 225
ScAK 145 IKMVSEA NSLAADLKEK| I DEKT, Q DRPVSRHFTSGGMARD 222
SuAK 145 ESLVSSAIASLDGELK SEAD EKPISRHFTSGGMARD 222
B5 al0 pé
G
250 260 270 280 290 300 310
GKa/B 244 PHIRVESMOKEEDLKAVFSRFARGLLEVERLMKECGHG-LMHNDRLEYICTEBETNMETVVRASVHLRLAFLEKHPR—- 318
240 250 260 270 280 290 300
rmCK 233 LRV EKEENMKEVFRRFCVGLQKIEEIFKKAGHP-EMWNEHLEYVLTEBSNLEFGLRGGYHVKLAHLSKHPK-~ 307
erCK 233 LRV QKGEENMKEVFRRFCVGLKKIEDIFVKAGRG-FMWNEHLEGYVLTCBSNLETGLRGGVHVKIPHLCKHEK-- 307
bbCK 233 NMKEVFTRFCTGLTQIETLFKSKNYE-EMWNPHLGYILT IKLPNLGKHEK-- 307
hsAK 226 IILI I I IIDDLKTV!KRLVTAVDNIESKLP ————— SHDDRFEFLTF TILIITM IQLPKLAKDRK-—- 295
tcAK 226 LRI QKGEN-LKEVFGRLVTAVGVIEEKVK-— SRDDRLGFLTFCETNLGTTIRASVHIKLPKLGADRK-- 294
scAK 223 ITIII IQ:IINMKEVFERFTRGLTEVEKHIKDKTGKEIMKNDHL FVLT| AKLPHMAKDKR-- 297
SuAK 223 E NMKRVFTRWANGLDQVEKHIK-KNGSEEMASKHLGFILT VKIPKLAAIDKEA 298
a1l p7 nucleotide- ps 12 ¢
blndlng loop >
320 330 40 350 360 370 380 390
GKa/p 319 —FDlMLGKLRlGKl-GIEssmrrn}s'rll NWAREEKSERELVQVLVDEVNLLIACDEKLEAGQSIDDMIPK—— 390
310 320 330 340 359 369 379 389
rmCK 308 -FE ILTRLR VDTAAVESY SSEVEQVQLVVDEVKLMVEMEKKLEKGQSIDDMIPAQK 381
erCK 308 -FS vmuu' VDTAAVG 1 FSEVEQVOMVVDEGVKLMVEMEKRLENGKSIDDLMPAQK 381
bbCK 308 -FGEVLKRL VDTAAVG OMVVDEVKLLIEMEKRLEKGQSIDDLMPAQK 381
hsAK 296 VLE IASKE‘N R EHTESEG]G KR YIAIREMQ IILEMIKMIIAAA-- 357
tcAK 295 -LEEVAAKYN QV EHSDSPDG AVKEMODGILELIKAEESAR-— 355
scAK 298 —FEIICTKMR I SSIVIQINCVIIIVKVLIEMIIKLEKGESIDDLVPK 369
SuAK 299 KLKEICKKLRIQE NRVIDGVKLIIQMEKRLEKGESIDDLIPA-- 371

FIGURE 4: Amino acid sequence alignment of GK, CK, and AK. GK secondary structure elements are indicated above the sequence blocks as
cylinders for a-helices and arrows for -strands. The phosphagen-specificity loop and the nucleotide-binding loop are indicated. The GK acand
N-termini sequences are different. Beyond residue 47 (5 isoform numbering) the a and /3 isoforms exhibit identical sequences. The following
sequences are aligned below the GK sequence: rabbit muscle CK (rmCK), 7. californica CK (electric ray, erCK), chicken brain CK (bbCK),
horseshoe crab AK (hsAK), Trypanosoma cruzi AK (tcAK), sea cucumber (scAK), and sea urchin (suAK). The hsAK and tcAK are monomeric
proteins whereas scAK and suAK are dimeric proteins. Residue numbers are provided for AK and CK above the respective block. Amino acid
residues are shaded according to BLOSUMG62 scores of 3.0 (cyan), 1.5 (pink), and 0.5 (yellow) (53).

adopts the closed conformation. The second subunit of the rabbit that of the human brain-type enzyme is ligand-free (2/). In all
muscle and T. californica binds Mg>*—ADP (16, 17) whereas of these CK complexes the second subunit adopts the open
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FIGURE 5: Stereoscopic representation of the binding of the TSA
(Mg*>"—ADP—NO;—glycocyamine) to GKf. The F, — F, electron
density map was calculated prior to the inclusion of the TSA and
water molecules in the model and is contoured at 2.5¢ level. The
phosphagen-specific loop and the nucleotide-binding loop are indi-
cated and colored brown and magenta, respectively. Key interactions
with the ADP, NO;, and glycocyamine are shown.

conformation. It is also important to note that, in contrast to the
T. californica CK—TSA complex, the closed conformation has
been recently observed also in the Mg> " —ADP-bound subunit of
human brain-type CK (27). The asymmetric binding of the TSA
to CK has been viewed as supporting the notion of negative
cooperativity (/6), although the mechanism by which this occurs
is not clear. The GK structures retain the same asymmetric
interface in both the open conformation and when both subunits
adopt the closed conformations. Thus there is no structural
support for negative cooperativity in this enzyme.

The CK and GK subunits that bind the TSA undergo similar
global conformational changes. This is easily discernible when N-
terminal domain segments of the TSA-free and TSA-bound
molecules are superposed. The N-terminal domain segments
encompassing residues 26—76 in GK and residues 14—64 in
CK serve as the reference framework in this comparison because
they mediate the dimer interface and remain unaltered in the two
states. The analysis of the AK conformational change includes a
10 residue shorter N-terminus (residues 24—61) as the reference
unit because this monomeric protein contains an N-terminal a-
helix absent in GK and CK. The analyses show that the shifts are
most pronounced in the phosphagen-specificity loop, a-helices
7 and 8 on the C-terminal domain, and the ensuing S-strand
except that the shortest phosphagen-specificity loop of AK does
not change upon TSA binding (Figure 6). AK exhibits the
greatest displacement of a7 perhaps because it is a monomeric
enzyme and not restricted by interaction with a partner subunit
(in the dimeric enzymes the N-terminus of a7 is placed in close
proximity to the N-terminal region of the partner subunit).
Concomitant with the conformational transition of secondary
structure units, the side chains of residues that must accommo-
date these global changes adjust as well, for example, Thrl88,
Lys207, and Pro208 in GK and the respective Serl78, Lys196,
and Pro197 in CK (Figure 6).

In a phosphotransfer that follows the associative mechan-
ism (49), the transition state places the transferred phosphorus
such that it forms pentagonal bipyramidal geometry with the
donor and acceptor groups located in the apical positions ~2 A
from the phosphorus atom. The postulated transition state in
the glycocyamine kinase reaction is depicted schematically in
Figure 1. The nitrate in the GK—TCA complex mimics the planar
phosphoryl group of the transition state (Figures 5 and 6) as its
nitrogen atom is positioned approximately midway between the
guanidino group of the glycocyamine and the S-phosphoryl of
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FIGURE 6: Global conformational changes associated with TSA
binding in phosphagen kinases. The N-terminal domains in the
ligand-free and ligand-bound structures were superposed as de-
scribed in the text, and shifting structural units in the vicinity of the
active site are shown. The arrows depict the direction of movement
upon TSA binding.

ADP. Modeling shows that modest rotations around the ADP
a- and S-phosphate bonds bring the f-phosphoryl group in line
with the nitrate and with a guanidino N atom phosphoryl
acceptor of glycocyamine. A similar arrangement occurs in the
CK and AK with their respective TSA complexes (Figure 6).
The Mg>" cofactor forms octahedral coordination with the
nitrate ion, the P, and P phosphates of ADP, and three water
molecules (Figure 5). The coordinating water molecules, in turn,
form hydrogen bonds with the carboxylate groups of Glu242,
Glu243, and Glu336. Similar Mg>" coordination is present in the
CK—TSA and AK—TSA complexes. In addition to the Mg*",
the active site is enriched with arginine residues that interact with
the phosphates of ADP and with the NOs, Argl4l, Argl43,
Arg247, Arg303, and Arg331 (Figure 5). In turn (not shown in
Figure 5), Asp244 interacts with Arg247, Asp346 interacts with
Arg303, and Asn297 interacts with Argl43, and all of these
residues are conserved in the CK and AK amino acid sequences.
Other conserved residues that interact with the nucleotide are
His202 that is hydrogen bonded to the ADP ribose C(2)OH and
Ser139 that is hydrogen bonded to the adenine’s NI1. The
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FIGURE 7: Stereoscopic representations showing phosphagen-specific residues in the vicinity of the TSA-bound active sites of (A) GK, (B) CK,
and (C) AK. Phosphagen abbreviations used: Glyc, glycocyamine; Cr, creatine; Arg, arginine. The phosphagen-specific loop is colored brown and

the nucleotide-binding loop is colored magenta.

interaction of Ser305 with the adenine’s NH2 and the N6 occurs
also in AK, whereas a glycine residue occupies the same position
in CK and instead a water molecule replaces the Ser305 hydroxyl
group. The nucleotide-binding loop residues 333—336 flank the
ribose and phosphate of ADP and contribute backbone inter-
actions; Thr533 and Gly534 CO groups form hydrogen bonds with
the ribose C(2)OH and C(3)OH, respectively. These two residues
are conserved to maintain the structural integrity of the nucleotide-
binding loop; the Thr533 hydroxyl group is hydrogen bonded
to the backbone NH and the hydroxyl group of Thr341, and
the backbone of Gly335 (conserved in all phosphagen kinase
sequences) adopts dihedral angles that lead to steric strain in
Cg-containing residues. Notably, the nucleotide-binding loop is
also involved in phosphagen binding specificity through Glu336
as discussed in the following section. Finally, the m-electron
stacking interactions of the His307 imidazole ring and Argl4l
guanidinium group occur also in CK and AK.

The GK interactions with the glycocyamine are fewer than the
interactions with the nucleotide (Figure 5). Two of these inter-
actions are conserved in all phosphagen kinases of known
structure; Glu243 and Cys294 interact with the glycocyamine
guanidinium group. The glycocyamine carboxylate group forms
a hydrogen bond with the backbone NH of Thr84 located on the

phosphagen-specific loop, a conserved interaction in CK and
AK. The remaining interactions are phosphagen specific. Glu336
interacts with the glycocyamine guanidine group. Lys83 and
Thr84 of the phosphagen-specific loop flank the glycocyamine.
The Thr84 hydroxyl group is hydrogen bonded with the glyco-
cyamine carboxylate group. The side chain of Lys83 contributes
to the sequestering of the glycocyamine from solvent, but its
amino group does not form an ion pair with the substrate’s
carboxyl group.

Determinants of Phosphagen Specificity. Both glycocy-
amine and arginine lack the internal guanidinium N-methyl
present in the creatine molecule. A glutamate residue conserved
in GK and AK but missing in CK defines the specificity toward a
nonsubstituted guanidinium group by engaging it in a salt bridge
(Glu336 and Glu314 in GK and AK, respectively). CK displays
in the equivalent position a smaller and hydrophobic residue
(Val325), which complements the creatine’s N-methyl substituent
(Figure 7) (16). The other end of the phosphagen molecule
interacts with the phosphagen-specificity loop, which is longest
for the smallest phosphagen, glycocyamine, and shortest for the
largest phosphagen, arginine (Figures 4 and 7). Here, the inter-
action of GK and CK with the phosphagen’s carboxylate group
is the same, employing the Thr84 or Val72 backbone NH,
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respectively. A shorter AK loop is required to accommodate the
additional four atoms of the arginine substrate. Nevertheless, the
backbone interaction with the carboxylate group is conserved in
AK (via Val65 NH), and in addition, the Gly64 NH also engages
the arginine carboxylate group in a hydrogen bond interaction.
In AK, the amino group of the arginine substrate interacts with
the Tyr68 hydroxyl group, located on the phosphagen-specific
loop, and with an internal water molecule that in turn is hydrogen
bonded to Ser63, also an AK phosphagen-specific loop residue.
Thus, Tyr68 and Ser63 are determinants of AK activity with the
exception of the two dimeric enzymes from the phylum Echino-
dermata (sea cucumber and sea urchin) where the sequences
contain two hydrophobic residues (Phe and Leu) in the analo-
gous positions (Figure 4). Presumably, in these cases the enzymes
employ a different strategy to complement the sequestered
arginine amino group.

Figure 7 shows that the nucleotide-binding and phosphagen-
specific loops in GK and CK interact with one another in the
closed conformation. One of the CK conserved phosphagen-
specificity loop residues, His66, interacts with the nucleotide-
binding loop, Asp326, conserved in all CKs. Site-directed muta-
genesis studies of the human CK support the importance of this
interaction in catalysis (50). In GK, the phosphagen-specificity
loop is longer than that of CK or AK. Closure of the GK loops
brings Phe79 and Tyr80 on the N-terminal domain in contact
with Leu339 on the C-terminal domain, which “locks” the GK
closed conformation. These residues are conserved in the few
known GK sequences and distinguish the GK from CK.

The short phosphagen-specificity loop of AK does not reach
the nucleotide-binding loop (Figure 7C). Instead, both loops
exploit interactions with a-helix 9 to establish the closed con-
formation; Asp62 forms an ion pair with Argl93, and the His315
imidazole ring stacks against the benzene ring of Phe194 (His in
the Echinodermata AKs; Figure 4). The GK and CK loops lack
equivalent interactions; therefore, the AK Asp62, Argl93,
Phel94, and His315 may be considered signature residues of
AK activity. Currently, only a few AK sequences have been
reported. As more sequences become available, other residue
combinations that anchor the loops may emerge, and the validity
of these four AK signature residues may need to be revised.

It is important to emphasize that although the structure-based
signature residues discussed above help to identify the substrate
specificity of phosphagen kinases, by no means is it possible to
switch enzyme specificity solely by exchanging the relevant
residues. This has been demonstrated by the mutagenesis studies
of Jourden et al. (57). The authors replaced the CK valine
signature residue discussed above by the GK glutamate signature
residue and exchanged the phosphagen-specific loop alone or in
combination with the Val to Glu replacement. All mutants
impaired both CK and GK activities dramatically, and the huge
reduction in k., values rules out conclusions about specificity
change. Presumably, as proteins evolve in nature, specificity
changes are followed by further sequence changes. Some changes
optimize the emerging new activity, and some are random drift
from the ancestral molecule, ultimately arriving at a structure
that cannot be reversed to perform the ancestral function by
simply changing the signature sequences. Indeed, although CK
and GK exhibit over 50% sequence identity, there is ample
opportunity to drift away from the ancestral enzyme in the
remaining residues.

Mutagenesis studies of AK also demonstrate that structures
evolve further after function changes occur (52). In this case, the
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FIGURE 8: N-Termini interactions in the dimer interfaces of phos-
phagen kinases: (A) ligand-free GKa,5 and (B) GK3—TSA complex
(most ordered dimer). Hydrophobic amino acid residues (Ile5, Phe9,
and Phe26) mediate the interaction between neighboring a-helices in
GKogf (colored blue and red). In GKfp, the two N-termini are
incompatible and exhibit more conformational disorder compared
with those of GKa3. The GKSf a-helix of the chain analogous to the
P chainin GKayg (colored blue) is seen only in 2 out of the 18 dimers in
the asymmetric unit of the GKBS—TSA complex, and the 3 chain
analogous to the a chain of GKag (colored red) is almost entirely
disordered. The interface interaction involving Glu161 is asymmetric
in both GK structures (one Glul61 interacts with Argl3 of the same
subunit, and the second interacts with Ser17 of the partner subunit).
The segments colored in cyan and yellow correspond to N-terminal
domain segments of partner subunits that adopt the same conforma-
tion and which have been used as reference for structure super-
position. (C) Rabbit muscle CK—TSA complex (ref /7, PDB 1u6r)
and (D) T. californica CK CK—TSAC (ref 16, PDB 1vrp). The
N-termini of rabbit muscle CK are fully ordered, whereas those of the
electric ray CK are partially disordered. Glu150 (a residue equivalent
to Glul6l of GK) interacts with the N-termini (of the partner
subunit) with the exception of one subunit of the electric ray CK
which exhibits more N-terminal disorder.

entire AK loop containing the Glu314 (analogous to GK
Glu336) was replaced with the analogous CK loop, so that
position 314 was occupied by a valine, a proposed determinant of
CK activity. This replacement and four additional replacements
all resulted in smaller side chains compared with the AK amino
acid residues. No CK kinase activity was observed whereas the
AK activity was reduced only slightly. Apparently, other protein
groups that interact with the arginine substrate contribute
sufficiently to binding to retain the authentic AK activity.
Lacking a crystal structure of the five-residue substituted AK
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mutant, it remains unknown whether the grafted loop adopts the
same conformation as seen in the CK structure, which would be
expected for an enzyme that switches substrate specificity.

The N-Termini Mediate Dimer Assembly. Mutually ex-
clusive alternative splicing of the two N-terminal exons produces
the a and f§ variants of GK (Figure 4). The substrate-free GKa3
heterodimer structure shows that the two N-termini complement
one another through hydrophobic interactions that contribute to
the dimer interface (Figure 8A). The longer N-terminus of the
p chain in the GKof structure is fully visible in the electron
density map and traverses nearly the entire dimer interface while
the shorter N-terminus of the o chain is also fully ordered and
located on one side of the dimer interface. The two termini
interact only through their respective first o-helices (labeled ala
and alb in Figure 4) such that Ilu5 and Phe9 of the 5 chain form
hydrophobic interactions with Phe26 of the o chain (Figure 8A).

The spontaneous formation of GKog from a 1:1 mixture of
GKoa and GKff suggests that the heterodimer is the most
stable form. Indeed, the GK a3 interface is better packed than the
GKfp. The N-termini of the GKff homodimer exhibit sub-
stantial disorder; one chain (the counterpart of the o chain in
GKop) is visible only from residue 24 (instead of residue 18 as
defined in the a chain of the heterodimeric structure), and the
second chain (analogous to the f chain of the GKay) is visible
only from residue 12. This structural disorder is attributed to the
structural incompatibility arising from two identical sequences
instead of the complementing a and f§ sequences.

The catalytic rates of GK are comparable with those of CK,
and the activity of recombinant GK/3f is similar to that of native
GKo (29). Thus, the disorder of the GKf N-termini does not
affect enzyme activity. In contrast, GKoa tends to aggregate
and, in our hands, did not yield single crystals useful for X-ray
work. A model of a GKoa dimer using GKas or GKf3f as the
template for dimer association shows much reduced contact
between the two subunits. Thus, if as proposed by Ellington
and colleagues the ancestral enzyme consisted of GKowa (6), the
interface of that ancestral protein could not resemble the current
interface.

Interestingly, several but not all dimers in the crystal asym-
metric unit of the GKBB—TSA complex (containing 18 dimers)
exhibit more order in the interface-traversing 5 chain compared
with the corresponding 5 chain of apo GKfp. For two of these
dimers, the electron density map accounts the complete o-helix
1b except for the first couple of residues (Figure 8B). This a-helix
is misaligned by 25° with the alb of GKa3, presumably because
of incompatibility in packing against the N-terminus of the
partner 8 chain. As a result of the o-helix shift, Phe9 packs
against Trp54 of the partner protein in contrast to GKa,3, where
it is Tyr8 that interacts with Trp54.

The interface-traversing § chain in all versions of GKff and
the GKBB—TSA complex is well-defined in the electron density
map beginning with Argl3. Argl3 forms a salt bridge with
Glul61 of the same f§ subunit, an interaction that is independent
of the second subunit (Figure 8A,B). Interactions of residues
beyond Argl3 involve the partner subunit beyond residue 47,
which are identical in both o and f isoforms. The Argl3/Glul61
salt bridge occurs only in one subunit whereas Glul61 of the
partner subunit interacts with Serl7; i.e., one Glul61 is involved
directly in dimer formation and the second is not (Figure 8A,B).

Both hydrophobic and hydrophilic interactions mediate the
contact between the two subunits. There are also water molecules
in the interface that bridge the subunits. An intersubunit salt
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bridge between Asp65 and Argl59 (occurring twice) is a contact
conserved in both GK and CK (the corresponding CK residues
are Asp54 and Argl48). The Asp/Arg pair is also conserved in
the sequences of the dimeric AK from sea cucumber and sea
urchin but not in the sequences of the monomeric AK enzymes
(Figure 4), which suggests that the presence of these residues may
serve to distinguish between dimeric and monomeric phosphagen
kinases.

The N-termini of the CK homodimers are also located at the
subunit interface, and they are fully or partially ordered in the
various structures deposited in the PDB. Two examples of
interfaces are depicted in Figure 8C,D. When visible, the
arrangement is asymmetric despite the identical sequence of each
subunit. Unlike the GKo arrangement, where the N-terminus
of the § chain mediates most of the intersubunit contacts, the
shorter two N-termini of CK mediate intersubunit contacts to the
same extent. Nevertheless, the CK residue equivalent to GK
Glul6l, Gluls0, also interacts asymmetrically with the N-
terminus except that Glul50 in each subunit interacts with a
residue on the partner molecule. For the rabbit muscle CK one
Glul50 interacts with Tyrl0 (this interaction is not seen in
T. californica CK because of a larger extent of N-terminal disorder),
and the second Glul50 interacts with Asn8 (and with Trpl0 in
T. californica CK) (Figure 8C,D). Taken together, the structural
data show that CK and GK evolved different dimerization
properties despite the evolutionary relationship they share in
terms of sequence, function, overall structure, and the employ-
ment of the same dimerization strategy, which exploits the
N-termini to generate an asymmetric interface.
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