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L-arginine:glycine amidinotransferase (AT) catalyses
the committed step in creatine biosynthesis by forma-
tion of guanidinoacetic acid, the immediate precursor
of creatine. We have determined the crystal structure
of the recombinant human enzyme by multiple
isomorphous replacement at 1.9 A resolution. A telluro-
methionine derivative was used in sequence assignment.
The structure of AT reveals a new fold with 5-fold
pseudosymmetry of circularly arrangedppaB-modules.
These enclose the active site compartment, which is
accessible only through a narrow channel. The overall
structure resembles a basket with handles that are
formed from insertions into the BBaf-modules. Binding
of L-ornithine, a product inhibitor, reveals a marked
induced-fit mechanism, with a loop at the active site
entrance changing its conformation accompanied by a
shift of an a-helix by ~4 A. Binding of the arginine
educt to the inactive mutant C407A shows a similar
mode of binding. A reaction mechanism with a catalytic
triad Cys—His—Asp is proposed on the basis of substrate
and product bound states.

Keywords creatine/induced fit/pseudosymmetry/reaction
mechanism/telluromethionine

Introduction

Kilimann, 1993; Soreet al, 1994). The biosynthesis of
creatine comprises the steps shown in Figure 1: formation
of guanidinoacetic acid from-arginine and glycine by
L-arginine:glycine amidinotransferase (AT, EC 2.1.4.1)
and transfer of a methyl group to guanidinoacetate by
S-adenosylmethionine:guanidinoacetate methyltransferase
(GMT, EC 2.1.1.2) (Walker, 1973). While AT is located
in the cytosol and in the intermembrane space of mitochon-
dria, GMT was only found in the cytosol (Maget al.,
1975; Walker and Hannan, 1976; Walker, 1979). The
activity of AT, the enzyme catalysing the committed step
in creatine biosynthesis, is regulated tightly. The enzyme
is inhibited by ornithine, one of the reaction products
(Sipila, 1980). The expression of AT was reported to be
induced by growth hormone and thyroxine (McGuire
et al, 1980) and repressed by creatine (McGueteal.,
1984; Guthmilleret al, 1994) and in Wilms’ tumour
(Austruy et al, 1993). Inhibition of AT by ornithine was
suggested to be a major cause of muscle weakness in gyrate
atrophy of the choroid and retina with hyperornithinaemia
(Sipila et al,, 1979, 1980; Sipila1980). The sequences
of the human, porcine (Humnet al, 1994) and rat
(Guthmiller et al., 1994) enzymes were obtained recently
by protein and cDNA sequencing. Human mitochondrial
AT is synthesized as a precursor of 423 amino acids from
which the N-terminal 37 residues are supposed to be
cleaved off upon transport of the protein to the mitochon-
drial intermembrane space, yielding a mature protein of
386 amino acid residues (Humet al, 1997). A second
cDNA sequence for a human AT was submitted recently
to the DDBJ/EMBL/GenBank database (accession No.
X86401) by Austruyet al. The sequence codes for a 391
amino acid protein, differing from the mature mitochon-
drial enzyme by only five additional N-terminal residues.

Creatine and its phosphorylated form play an essential This protein is supposed to represent the cytosolic form
role in the energy metabolism of muscle and nerve tissues,of AT. Presumably, the mitochondrial and cytosolic forms
acting as a dynamic reservoir of high-energy phosphate of the enzyme are derived from the same gene by
which buffers the rapid fluctuations of the ATP/ADP ratio alternative splicing of the mRNA precursor (Humm
during muscle and nerve action (Walker, 1979). The et al, 1997).

highest levels of creatine and phosphocreatine are found Active AT was obtained by recombinant expression of
in skeletal muscle, heart, spermatozoa and photoreceptothe human mature mitochondrial protein with an
cells of the retina. Here, the major part of creatine is N-terminal six-histidine tag (AT38H) ifcscherichia coli
phosphorylated in the mitochondrial intermembrane space Cys407 was shown to be the active site residue by
by creatine kinase (Bessman and Geiger, 1981; Bessmanfadioactive labelling of the active site cysteine with
1985; Wyss and Wallimann, 1994). The structure of the L-[guanidino!‘Clarginine and by site-directed mutagen-
octameric mitochondrial creatine kinase isoform from esis (Hummet al, 1997).

chicken cardiac muscle (EC 2.7.3.2) has been solved Here we present the three-dimensional structure of
recently to 3.0 A resolution (Fritz-Wolkt al, 1996). recombinant human AT, the first enzyme in creatine
However, the major sites of creatine biosynthesis are biosynthesis to be structurally characterized. The crystal
kidney, pancreas and liver. Creatine synthesized in thesestructure was resolved by multiple isomorphous replace-
organs is transported via the blood stream to the organsment (MIR). Crystals of AT expressed with
with a high requirement for creatine and taken up from N-acetyltelluromethionine (Karnbroogt al, 1996) were

the blood by Na-dependent creatine transporters (Ku and especially useful to assign the amino acid sequence in the
Passow, 1980; Sylim-Rapopast al, 1980; Guimbal and electron density map. In addition, the structures of AT
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foor and strands are different. The primary structures reveal
HoN= CH no significant internal repeats. A sequence alignment
fooH (CHels including the secondary structure elements is depicted in
HoN—CH NH, COOH Figure 4.
((':Hz)s COOH Omithine 'CHZ In the following the individual modules are described
o+ w N—!)—H N (Flgure 3). Module | comprises the N-terminus and res-
| 2 L-Arginine : Glycine | idues 64-171. After a short coil segmdhstrand S1, the
7N H Amidinotransferase N helices H1 and the handle helix H2 become part of module
N N HN - NHp I which is formed mainly by the longi-helix H3, B-
L-Arginine  Glycine Guanidinoacetic acic strand S2 and an insertion containing the antipardiel

sheet of strands S3 and S4 as well as the short H4 helix.
The strands S1 and S2, together wpkstrand S17 of

Guanidinoacetate

Methyltransferase o GOOH module V, form the first rib of the basket. All secondary
T HZN_C'H structure elements added to tH®RaB-motif of the first
COOH HC—N + module are arranged perpendicular to the basic rib motif
HaN— GH ey (CHa): and the 5-fold axis of the protein structure.
(CHalo HN - NH, S-Rib-Ads Module Il is formed from residues 172-256. The
S Rib-Ade Creatine §-Ado-Homocysteine antiparallelB-strands S5 and S6 are followed by a small
|CH3 insertion containing the short helices H5 and H6. Helix
S-Ado-Met H6 is joined by a short coil to helix H7 and strand S7,

which together with the strands S5 and S6 form the rib
of this module. The residual amino acid residues of this
module form a further insertion with the shorghelices

H8 and H10 and the helix H9.

Helix H10 is connected to strand S8 of module Ill,
which comprises residues 257-307. This module contains
only the cefpap-motif formed from S8, S9, H11l
and S10 and a C-terminal coil, from which residues M302,
H303 and D305 contribute to the active site of the enzyme.

Module IV consists of residues 308—-363 and the second-
ary structure elements S11, S12, H12, S13 and H13. The
first four of these elements form théBaf-core motif.

Theltlix H13 is part of the insertion of this module.

Fig. 1. Enzymatic reactions leading to the formation of creatine.

soaked withL-ornithine and of the active site mutant

C407A soaked withL-arginine were determined. This

allowed a reaction mechanism for AT to be proposed
which involves a covalent amidino—enzyme intermediate
as proposed by Grazi and Rossi (1968).

Results

Secondary and tertiary structure
The crystal structure of the mature form of mitochondrial
human kidney L-arginine:glycine amidinotransferase Module V consists of residues 364—423. The secondary
(AT38H, residues 38-423 encoded by the cDNA, Humm structure elements S14, S15, H14 and S16 build up the
et al, 1997) was solved by MIR. The model comprises fifth rib of the basket and are followed by an insertion
residues 64-423. Residues 38-63 as well as the 14 amino leading to the C-terminus of the polypeptide chain. This
acid fusion peptide that had been cloned to the N-terminus insertion contains helix H15 and the active site cysteine
of the protein for affinity purification are not visible in residue C407 which is placed just in front of the C-terminus
the electron density map and are mobile or disordered. with B-strand S17, forming the inner strand of fhrsheet

The polypeptide chain folds into a compact single- of module 1.
domain structure. Viewed from the side, the structure
looks like a basket with handles (Figure 2A). When Dimer assembly
inspected from the bottom, the structure reveals 5-fold L-arginine:glycine amidinotransferase isolated from human
pseudosymmetry, built up from five modules consisting kidney was reported to form dimers by sedimentation-
of BRap-motifs ordered circularly around the 5-fold sym- equilibrium experiments (Grosst al., 1986). When we
metry axis like ribs of a basket (Figure 2B). The first two performed size exclusion chromatography with purified
strands of the3-sheet of each module are antiparallel, the amidinotransferase from porcine kidney, we found peaks
third strand is parallel to the second strand in each module corresponding to the molecular weight of monomeric and
(Figure 3). Insertions into these building blocks form dimeric enzyme, suggesting an equilibrium between the
connectivities between the modules. These insertions con- monomeric and dimeric forms, shifted towards the side
tain a further 10 helices and a two-stranded antiparallel of the monomer. In the bipyramidal, tetragonal crystals of

B-sheet (strands S3 and S4 in module 1). The short helices

H5, H8, H10 and H13 are in a;@conformation. The
helices H2 and H9, formed from insertions into the
modules | and Il (purple and blue in Figures 2 and 3),
form the handles of the basket. A very narrow channel
leads to the active site residues. It is formed by coil
regions of modules I, Ill and IV. Module | shows only
the B-strands two and three of tH&ap-motif. The first
B-strand is delivered to thp-sheet of module | frong-

recombinant human AT, which belonged to space group

P4,2,2, we found one monomer of AT in the asymmetric

unit. A dimer of amidinotransferase molecules was built

up from two monomers of AT by the crystallographic
2-fold axis (Figure 5).
The interface of the crystallographic AT dimer is formed
by amino acid residues 151 and 153-157 of the first
module aroundB-strand S3 and between residues 190,
191, 193, 194, 197, 201, 204, 205, 209-212, 214 and 217

strand S17 of module V. Although the three dimensional of the second module (Figure 5). This segment contains
structures of the modules are similar, the lengths of helices 3-strand S7 and flanking coil regions on both sides of this
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Structure of L-arginine:glycine amidinotransferase

Fig. 2. (A) Stereo view of AT in standard orientation with the handles of the basket at the top of the model. The different modules are depicted in
different colours (modules I, 11, 1ll, IV and V are presented in purple, blue, green, yellow and orange, respectively; the C-festnarad

completing module | is shown in red) and the active site cysteine residue is shown in a ball-and-stick representation. Helices are numbgred with H
strands with & The secondary structure elements were determined with the program DSSP (Kabsch and Sander, 1983) and the figure was produced
with MOLSCRIPT (Kraulis, 1991).K) Stereo view of the AT model from the bottom of the basket, revealing the 5-fold pseudosymmetry of the

model. The figure was designed with MOLSCRIPT (Kraulis, 1991), the colours are the same as in (A).

strand. The residues W280, R283 and H284 from helix H11 range for dimeric proteins of the size of AT according to
of module Il complete the dimer interface. Interactions by Janinet al. (1988).
aromatic residues provide a major contribution for the
stabilization of the dimer; 9 of the 23 residues of the Enzyme-substrate interactions
dimerization interface have aromatic side chains. The 2- The structure of AT was solved and refined (Tables | and
fold crystallographic axis, building up this dimer, is II) with and withdismercaptoethanol(ME) (Figure
approximately parallel to the 5-fold pseudosymmetry axis 6A), which originated from the buffer solution and was
in the centre of the AT basket. The interface between the found covalently attached to the active site cysteine residue
two AT monomers is rather planar when viewed along C407 in the initial structure. Subsequently, the structure
the 2-fold symmetry axis. was determined witfornithine bound to the active site

A calculation af the solvent-accessible surface afgp (  channel of the native enzyme (Figure 6B) and with
with XPLOR (Brwnger et al, 1987) yielded 25 365 A arginine bound to the active site channel of the inactive
for two AT monomers and 21 820%¥or the crystallo- mutant C407A (Figure 6C).
graphic AT dimer. The interface area of 17734 in the The enzyme exists in a closed conformation when no
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Fig. 3. Representation of the individual modules of the AT structure. The figure was made with MOLSCRIPT (Kraulis, 1991), the colours are the
same as in Figure 2A.

substrate is bound. Upon binding afornithine and molecules leading out of the channel. This chain of water
L-arginine, the enzyme adopts an open conformation. In molecules presumably provides an exit mechanism for
the open conformation the H9 helix of module Il turns water molecules which are displaced upon binding of

back ~3.5 A and the loop containing residues 298-302 of the ligand.

module Il moves aside by 5.0 A for the-carbon atom

of P299 (Figure 7A and B). Both movements open the Active site structure and proposed reaction

channel entrance and may ease the dissociation of reactionmechanism

products from the channel. The ligandornithine and The active site of AT is composed of residues C407, H303
L-arginine become bound tightly to the residues R322, and D254 (Figure 8). The amidino-carbon atom of the
S354 and S355 with their carboxylate groups forming arginine substrate is placed between the thiol group of the
hydrogen bonds to R322, S354 and S355. ©hamino cysteine residue and thE imino group of the histidine
groups of arginine and ornithine form hydrogen bonds to residue. D254 is hydrogen-bondee2mitihegen atom

the main chain carbonyl of M302 and to a water molecule of the H303. The arginine is fixed tightly to the active
which is further hydrogen-bonded by N98. The&mino site by formation of hydrogen bonds between the amidino
group of ornithine is hydrogen-bonded to C407, H303 nitrogen atoms and the carboxyl groups of aspartate

and a water molecule, which is bound to the main-chain residues 170 and 305. These orient the substrate’s guanid-
carbonyl of G402. Thee-imino group of the arginine  ino group such that the sulfur atom of C407, the guanidino-
substrate is hydrogen-bonded to D305 and weakly to carbon atom ar&i thérogen atom of H303 are in a

H303. The amino nitrogen atoms of the amidino group line orthogonal to the plane of the guanidino group

are hydrogen-bonded to D170, H303 and D305 (Figure (Figure 8).

8). In summary-arginine appears to form 11 hydrogen On the basis of the structural data a reaction scheme is
bonds (shorter than 3.2 A) to amino acid residues of the proposed, in which, during a concerted reaction, the thiol
protein molecule and further hydrogen bonds to water group of C407 adds to the carbon atom of the guanidino
molecules in the active site channel, which are hydrogen- group and donates its protorg-imihe group of the
bonded to other residues as well. Alongside the bound arginine substrate. A tetrahedral reaction intermediate is
arginine ligand there is a chain of nine well-defined water formed at this stage (Figure 9). Hydrogen bonds and the
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Structure of L-arginine:glycine amidinotransferase
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accession No. X86401), Pig (pig AT), Rat (rat mitochondrial AT, accession No. U07971) and

Sgrstrbl Streptomyces griseutrB1, accession No. S55493/Y00459), an inosaminphosphate amidinotransferase involved in streptomycin
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biosynthesis. The most abundant amino acid for each position is shown in orange, residues of the proposed catalytic triad are shown in red, residues

forming hydrogen bonds to the arginine substrate are depicted in blue and cysteine residues are shown in grey. The numbering refers to the human
mitochondrial sequence. The cleavage site for the signal peptide is indicated by a black triangle. The secondary structure elements determined with

Fig. 4. Multiple sequence alignment of ATs and StrB1 protein. Abbreviations are Hummito (human mitochondrial AT, DDBJ/EMBL/GenBank
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Fig. 5. Stereo image, showing the AT dimer from the side. The residues at the dimer interface are depicted in green and red for the different
1993).

monomers. The worm plot was produced with GRASP (Nicholls,
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Fig. 6. (A) Stereo view of a By—F; electron density contoured atd], showing the active site of the enzyme with {B&/E molecule attached to
Cys407 at 1.9 A resolutionB] Stereo view of a B—F; electron density contoured atdi, showing the active site of the enzyme with an

L-ornithine molecule located in the active site channel at 2.4 A resolut@nStereo view of a B—F, electron density contoured atd, showing

the active site of the enzyme with ararginine molecule located in the active site channel of the active site mutant C407A at 2.5 A resolution. The
figure was produced using FRODO (Jones, 1978).

salt linkage of the guanidino nitrogens to D170 and D305 this reaction, is stabilized in the active site channel by
enhance the electrophilicity of the guanidino-carbon atom hydrogen bonding to H303-ornithine binds rather stably

and a potential hydrogen bond of teemino nitrogen to to the active site. TH§ for L-ornithine was determined

H303 supports proton transfer to this atom. Subsequentlyto 253 uM (Sipila, 1980) whereas th&,, for L-arginine

the bond between the-imino group and the amidino- lies in the 2.5 mM range (Gressal, 1986). When

carbon atom is broken. The covalent amidino—cysteine ornithine leaves the narrow active site channel, glycine
product of this reaction is rather stable since the amidino— can enter the channel and, in a second half-reaction
enzyme complex can be isolated under acidic conditions (Figure 9), bind to the amidino-carbon atom of the
(Grazi and Rossi, 1968)-ornithine, the other product of amidino—cysteine.
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Structure of L-arginine:glycine amidinotransferase

Fig. 7. (A) Superposition of @-models of AT withp-ME bound to the active site cysteine (blue) and the mutant C407A (red)Lwatiginine
(green) located in the active site chann@&) Zoom out showing the rearrangements upon binding-afginine to the active site. The figure was
produced using MAIN (Turk, 1992).

Fig. 8. Stereo view of_-arginine in the active site channel of the mutant C407A. The catalytically active cysteine residue 407 (green) is modelled
into the active site model of the mutant C407A by adding the coordinates to the coordinates of C407A. Some hydrogen bonds (bond lengths
<3.2 A) are depicted in white dotted lines. The residues C407, H303 and D254 form the proposed catalytic triad of the enzyme. This image was
produced with MAIN (Turk, 1992).
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Fig. 9. Transamidination reaction as proposed in the text. Amino acid residues of the protein molecule are shown in black, the substrate in green and
the amidino group after its transfer to the Cys407 residue in blue.
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Structure of L-arginine:glycine amidinotransferase

Fig. 10. Superposition of a R,—F electron density from AT at a resolution of 1.9 A, contoured at (blue), with anF4—F. electron difference
density of AT, expressed witN-acetyltelluromethionine, at a resolution of 3.0 A, contoured at(8ed). The image displays the positions of three
tellurium atoms revealing the methionine residues. The figure was produced using FRODO (Jones, 1978).

The reaction may start with a proton transfer from The crystallographic model contains the amino acid
the positively charged glycine substrate to H303 and a residues 64—423 and thus omits the first 26 residues of
nucleophilic attack of the lone electron pair of the glycine the mature form of the enzyme (AT38) as well as the 14
nitrogen atom at the carbon atom of the bound amidino amino acids of the fusion peptide. Besides this form of
group. In the next steps formation of a tetrahedral adduct the enzyme, a second, shorter form of mitochondrial AT,
and its collapse by cleavage of the amidino—carbon—sulfur starting at the amino acid corresponding to codon 56 of
bond occurs. The thiol group of C407 is regenerated and the cDNA of the mitochondrial human enzyme, was found
the reaction product, guanidinoacetic acid, leaves thein pig kidney (Hummet al, 1994). The eight amino acid
active site channel to complete the reaction cycle. The residues (56-63) missing in the model of the enzyme
transamidination step of the second half-reaction is specu-structure compared with the shortest form of the enzyme,
lative since no structure of an AT glycine or AT guanidino- which proved to be fully active (AT56) (Hwhil.,
acetic acid complex is available. 1997), point out from the bottom surface of the basket-

For the small amidino-acceptor molecule glycine, a like structure into the solvent (Figure 2A). We believe
direct transfer reaction from-arginine to the acceptor that these residues do not play a critical role in the
molecule may be possible since the acceptor and donor enzymatic activity of AT because they are located far
molecules could be present in the active site channel ataway from the entrance to the active site channel.
the same time, as simple modelling shows. However, AT The polypeptide chain of AT folds into a compact single
also catalyses the transfer of an amidino group from domain composed of repeating structural units, the five
L-canavanine ta-ornithine, from guanidinoacetic acid to  BBap-modules (Figure 3), which surround the central
L-ornithine and from.-arginine toL-canaline (Ratner and  active site compartment in a 5-fold pseudosymmetric
Rochovansky, 1956; Walker, 1956) for which there is manner (Figure 2B). In addition to the characteristic
insufficient space in the active site channel to be bound secondary structure elements, the modules contain inser-
at the same time. tions of variable length which connect different modules
and form the handles of the basket-like structure (Figure
2A). Human AT is the only representative of this structural
fold. Although the module structures are very similar, no
The crystal structure of recombinant mitochondrial AT significant homology between the amino acid sequences

Discussion

from human kidney was solved by MIR. AT containing of different modules could be detected, leaving issues of
telluromethionine (TeMet) instead of methionine turned divergent versus convergent evolution and gene multiplica-
out to be a valuable derivative for assigning the amino tion open.

acid sequence to the initial polyalanine model (Figure 10 In the AT crystals which belonged to space group
and Table 1). P4£,2 one protein molecule was found in the asymmetric
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Table I. Data collection statistics

Derivative No. of No. of unique Resolution ~ Completeness overalRy, (%) Ry (%) No. of sites  Phasing power
measurements  reflections A last shell (%/%) (25.0-3.0 A)

NATI 1 26 959 15 648 2.9 91.4/60.2 7.9 3.86

NATI 2 195 790 51924 1.9 91.7/67.4 6.6 3.64

0s6C 24 401 14 291 3.0 89.4/36.2 7.9 4.89 2 0.44

TPPT 16 363 10 139 3.1 77.8/22.6 9.7 6.30 1 0.31

THIO 46 955 15 876 3.0 80.2/31.8 12.4 6.36 1 0.50

HGAC 53 954 19 534 25 80.6/76.8 9.9 5.46 1 0.22

TEME 11 660 6 546 3.7 77.4132.2 17.2 10.53 10 0.76

Overall figure of merit (25.0-3 A}= 0.28.
Derivative soaking conditions: HGAC, Hg(ll) acetate 0.25 mM, 15 h and afterwards 5 mM, 1 day; OS6C, ammoniumhexachloroosmate (IV) 2 mM,

2 days; THIO, thimerosal/cysteamine (1.2 mM/4.8 mM), 5.5 h; TPPT, platinum (IIj-@2-terpyridinium) chloride cocrystallized in a molar ratio
of two terpyridiniumplatinum molecules per protein molecule. TEME, dataset of TeMet containing AT crystals.

Ry = Z|Ih—<|h>|/Z<lh>; Re:Ry, after independent averaging of Friedel pairs.

Phasing power<F>/E, where<Fy> = Z(fﬁ/n)l’2 is the r.m.s. heavy-atom structure factor amplitude.

E= Z[(FF,HC—FF,H)Z/n]l’2 is the residual lack of closure error wiffpy being the structure factor amplitude aRgyc = |Fp + fy| the calculated

structure factor amplitude of the derivative.

Table Il. Refinement parameters

Structure NATI2 NATI3 Ornithine C407AARG TEM3
Resolution range (A) 8.0-1.9 8.0-2.1 8.0-2.4 8.0-2.5 8.0-3.0
No. of unique reflections 51924 37 316 24 010 22 282 12 651
Protein atoms (excluding H) 2940 2940 2940 2940 2940
Ligand atoms (excluding H) 4 - 8 11
Solvent atoms (excluding H) 195 195 193 194 195
R-factor® 0.196 0.199 0.181 0.183 0.251
FreeR-factor 0.231
R.m.s. deviations from target values:

bonds (A) 0.010 0.011 0.011 0.012

angles (°) 1.519 1.601 1.620 1.684
Average B-factor (&) of:

main chain atoms 23.01 24.68 26.30 22.33

side chain atoms 26.83 27.70 28.88 24.85

solvent atoms 36.43 37.87 43.11 40.36

NATI2, data set of AT with-ME bound to the active site cysteine; NATI3, data set with free C407 residue; ornithine, data setowiithine
bound to the active site, CA07AARG, data set withrginine bound to the active site of the mutant C407A and TEM3, data Rt resolution of
AT containing telluromethionine.

R = (D FoFel)/D Fo

bModel NATI2 without refinement.

unit and an AT-dimer was built up from the monomer by
the 2-fold crystallographic axis (Figure 5). The crystallo- basket, where the N-terminus of the protein protrudes, is
graphic dimer is stabilized largely by aromatic interactions
at the dimer interface and is thought to represent the idues of the polypeptide chain would possibly be free to
naturally occurring AT-dimer, as recorded by sedimenta-
tion-equilibrium experiments (Gross al., 1986), for two

reasons. On the one hand, the dimer interface lies at the

channel. On the other hand, the bottom side of the AT

unaffected by dimerization and thus the N-terminal res-

anchor the mitochondrial AT to the inner mitochondrial

membrane. Mitochondrial AT was localized on the outer

surface of the inner mitochondrial membrane (Magri
backside of the monomer, thus dimerization would not et al, 1975) and the only difference in the sequences of
affect the accessibility of the active site channel for the

cytoplasmic and mature mitochondrial amidinotransferases

substrates. It is formed by interactions between amino was found to be an additional five amino acid residues at
acid residues of modules I, Il and Ill. All residue move-
ments during binding of the substratearginine or the

product inhibitorL-ornithine occur either at helix H9 of

module I, which is one of the handle helices, or at to the active site channel, conformational changes occur
residues 298-302 of module 111, which coat the upper part
of the active site channel. Thus, the dimerization-interface entrance slightly with respect to the structure of AT (Figure
is not affected by substrate binding to the active site
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the N-terminus of the cytosolic enzyme (Hetnah
1997).

Upon binding of large ligandsiginine on-ornithine)

at helix H9 and at residues 298-302, opening the channel

7). These ligands form five hydrogen bonds between the
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carboxy group of the ligand molecule and the residues Materials and methods
R322, S354 and S355 and an additional hydrogen bond . . I -
Recombinant human mitochondrial kidney amidinotransferase was pre-

between the “gand amino group and the Carbo_nyl OX}’ge” pared as described in Humet al. (1997). Briefly, AT was expressed as
atom of M302. All these hydrogen bonds, which might a fusion protein with an N-terminal histidine-tag Ehcoli BL21(DE3)-
trigger the conformational changes at the channel entranceplLysS. After harvesting and lysis of the cells, the crude extract was
to ease the release of reaction products, can 0n|y pecentrifuged and applied to anNi-NTA-agarose column (Qiagen GmbH,

- . . . Hilden, Germany). The fusion protein was eluted with a gradient of
formed when the ligand is bound. The active site channel j g, 20" \imidazole in 300 mM NaCl, 2 mBHVE, 30 mM HEPES,

is deep enough to allow discrimination of substrates which p 6.2 It was dialysed against 30 mM HEPES, 2 r8\ME, pH 8.0,
fit exactly into the channel and reach the active site concentrated by ultrafiliration and stored at 4°C. Presumably due to
cysteine residue from e.g. arginine side chains at the toxicity of active amidinotransferase t&.coli by consumption of
surface of protein molecules. which cannot enter deep L-arginine and glycine, only 2—5 mg of AT per litre of culture volume were
. ! . . obtained. Enzyme activity and protein concentration were determined
enough into the channel to reach the active site and to beaccording to Van Pilsuret al. (1970) and Lowryet al. (1951).
recognized as substrates. For correct orientation of the AT containing TeMet was expressed in the methionine-auxotrophic
substrates, binding of the carboxylate group is necessary.E.coli strain B834(DE3)pLysS (Budisat al, 1995). TheE.coli cells
During the transfer of the amidino group, a covalent were grown at 37°C in minimal medium with a limiting amount of

. . . . . methionine. Cell growth stopped at an g@gof 0.7, presumably because
intermediate with a reactive cysteine was demonstrated methionine was exhausted. The cells of ELdoli culture were harvested

(Grazi and Rossi, 1968) that can be stabilized under acidic py centrifugation and resuspenden 1 | of fresh minimal medium.
conditions. Recently, this active site cysteine residue was Expression of AT was induced by addition of 1 mM IPTG and 50 mg/|
identified biochemically as C407 (Humt al, 1997). N-acetyltelluromethionine (Karnbroclet al, 1996). The cells were
The proposed reaction mechanism (Figure 9) begins with _cuItivated fo 4 h at25°C. Telluromethionine—amidinotransferase was

.- isolated by affinity chromatography as the native fusion protein with a
a nucleophilic attack of the sulfur atom of C407 onto the yiqiy of 0.4 mg protein per litre of initial culture.

carbon atom of the guanidino group and proton transfer = Crystallization experiments were performed at 22°C employing the
from C407 to thee-imino group to form a tetrahedral vapour diffusion technique. Hanging or sitting droplets were made by
reaction intermediate. It continues by cleavage of the bond mixing 2—-10ul of protein solution (13-15 mg/ml) and twice the volume

i A of precipitating buffer (3% PEG 6000, 40 mM HEPES, 2 nfiwE,
between the-imino group and the amidino-carbon atom. pH 7.0). Crystals appeared after 3-10 days but usually remained too

The amidino group at C407 collapses to a planar isothio- small for X-ray analysis. Crystals with dimensions up 030084x0.4

urea group and the reaction produebrnithine diffuses mm? were obtained by macroseeding. The crystals showed a tetragonal,

out of the active site channel. bipyramidal shape and belonged to space groug2R4with lattice
The second part of the reaction might be a reversal of constanta = b = 83.6 A.c = 200.4 A anda = B =y = 90°.

th L | ti d ibed in Fi 9 Determination of the crystal density by volume measurement and
€ arginine cleavage reaction as described In FIgure 3. ,ming acid analysis (Kiefersauet al, 1996) yielded in two measure-

There is space for a glycine acceptor when the arginine ments 7.24 and 9.35 molecules per unit cell, corresponding to one
donor is present and direct transamidination might be amidinotransferase molecule per asymmetric unit and a solvent content
envisaged, but could not explain the formation of amidino- ©f 65% Vi = 3.8 A3/Da) (Matthews, 1968). Crystals were well ordered

- - : . and diffracted to 1.9 A resolution using a synchrotron X-ray source
cysteine and would be incompatible with the features of (beamline BW6 at the DESY, Hamburg, Germany). All data, apart from

arrangement of donor and active Si_te_ residues. In addition, gne high-resolution data set collected at the synchrotron in Hamburg
AT catalyses the transfer of amidino groups to large with an X-ray beam ofA = 0.90 A wavelength on a MAR Research
acceptors (Ratner and Rochovansky, 1956; Walker, 1956)imaging plate detector, were collected on a detector of the same kind

which cannot be bound simultaneously Therefore our with graphite-monochromatized Cuekradiation from a Rigaku RU200
’ rotating anode generator (Rigaku, Tokyo, Japan). The generator was

findings support a ping-pong mechanism for this enzyme operated at 5.4 kW with an apparent focal spot size 0k0.3 mnt?.

as proposed earlier (Walker, 1973). Data were collected in frames of 1.0°, processed with MOSFLM
Different mechanisms for the enzymatic activation and (version 5.23) (Leslie, 1994) and scaled and reduced using ROTAVATA/

conversion of the stable guanidino and carbamoylamino AGtR(fg\gA‘lT)A of the CCP4 package (Collaborative Computational Pro-

O ect, .

g_roups'have been found in different SyStemS: The three_J Heavy-atom derivatives were prepared by soaking the crystals in

dimensional structures of human AT, creatinase from peayy-atom solutions for 2 h to 2 days or by cocrystallization of the

Pseudomonas putida(Hoeffken et al, 1988), N- protein with the heavy-atom compound (Table I). Interpretation of heavy-

carbamoylsarcosine amidohydrolase frArthrobacter sp atom derivatives OS6C, TPPT, THIO and HGAC was done by vector

(Roma) et al 1992) urease fronklebsiella aerogenes verification with the PROTEIN program package (Steigemann, 1974).
’ ’ Cross-phased-difference Fourier maps were used to confirm heavy-atom

(Jabriet al, 1995) and rat liver arginase (Kanyﬂ. al, . positions and to establish a common origin for the derivatives. Anomalous

1996) show no similarity. The features of the active sites data were included to identify the enantiomorphous space group with

are different with amidinotransferase containing a catalytic the program SIGAT of the PROTEIN package. Phases were calculated
matching with the program DM of the CCP4 package. An initial electron

sarcosine amidohydrolase containing an active site Cyst(:"medensity map calculated at 3 A resolution showed some secondary

residue but lacking the catalytic triad (Zatal,, 1996) and structure elements, which were fitted as poly(A). The electron density
creatinase operating with a histidine-activated nucleophilic was improved by combining model and MIR phases in iterative cycles,
water molecule (Colet al,, 1990). The catalytic centre of  finally yielding a model of poly(A) fragments comprising ~280 out of
urease contains two nickel ions each bound by two 360 re_s!dues. Har_dIy any connectivities and side chains eIect'ron density
. . . . . was visible. At this stage the derivative TEME became available. Ten
histidine residues (Jabat al, 1995) and the active site 1o ositions in the derivative TEME with data to 3.7 A resolution were
of arginase contains two manganese ions and an activateadentified by visual inspection of a difference Fourier at 5 A resolution
solvent molecule which bridges the two Rions. Thus, phased with model combined MIR phases. Phasing by MIR with the
mechanisms for cleaving of guanidino and carbamoyl- hea}vy-_?tom Ide'rivativesdin(I:Iuding tge dgrivative '_II'_IrE]ME I(lTa_bIe 1) yig[ded
. - a significantly improved electron density map. The tellurium positions
amino groups and transfer to d'ffe.re”t a(;ceptor molecules were used to assign the amino acid sequence and to identify connectivities.
have been developed several times in the course ofyodel building was performed with FRODO on an ESV-30 Graphic

evolution. system workstation (Evans & Sutherland, Salt Lake City, UT, USA) and
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refinement was done with XPLOR (Ehger et al, 1987) using the

parameter set of Engh and Huber (1991). After six rounds of model
building and refinement, residues 64—-423 had been placed into the model
(the numbering refers to the cDNA-derived sequence of mitochondrial

AT). The current model comprises 2940 protein atoms (excluding H-

atoms) and 195 water molecules. Additional electron density at the

Humm,A., Fritsche,E., Mann,K., . and Huber,R. (1997)
Recombinant expression and isolation of human L-arginine:glycine
amidinotransferase and identification of its active site cysteine residue.
Biochem. J 322 771-776.

Jabri,E., Carr,M.B., Hausinger,R.P. and Karplus,P.A. (1995) The crystal
structure of urease froiklebsiella aerogene$cience268 998-1004.

sulfur atom of the active site Cys407 was interpreted as a covalently Janin,J., Miller,S. and Chothia,C. (1988) Surface, subunit interfaces and

boundB-ME molecule originating from the buffer solution. The crystallo-
graphic R-factor was 19.6% for 51 924 reflections from 8.0-1.9 A

resolution. The r.m.s. deviations from ideal stereochemistry were 0.010

A for bond lengths and 1.52° for bond angles (Table II). All residues
apart from Met184, Asp298 and His303, which are well defined in the

electron density, are in allowed regions of the Ramachandran diagram.

A second data set (TEM3) from a TeMet—AT crystal which diffracted
up to 3.0 A was collected (Table Il and Figure 10). Soaking of crystals
with substrates and inhibitors was hampered BWE bound to the
active site cysteine residue. Theref@&E was replaced by glutathione

interior of oligomeric proteinsJ. Mol. Biol., 204, 155-164.

Jones, T.A. (1978) A graphics model building and refinement system for
macromolecules]. Appl. Crystallogr. 11, 268-272.

Kabsch,W. and Sander,C. (1983) Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features Biopolymers 22, 2577-2637.

Kanyo,Z.F., Scolnick,L.R., Ash,D.E. and Christianson,D.W. (1996)
Structure of a unique binuclear manganese cluster in argihagere
383 554-557.

Karnbrock,W., Weyher,E., Budisa,N., Huber,R. and Moroder,L. (1996)

as reducing agent, necessary for crystallization. From crystals prepared A new efficient synthesis of acetyltelluro- and acetylselenomethionine

in this way a data set was collected to 2.1 A resolution. In the structure

of AT crystallized in this wayB-ME was missing in the active site and

and their use in the biosynthesis of heavy-atom protein analogsn.
Chem. So¢ 118 913-914. . -

the active site cysteine residue was free. All the rest of the structure Kiefersauer,R., Stetefeld,J., GomisiRyr.X., Roma,M.J., Lottspeich,F.

was identical to the 1.9 A AT-structure with-ME. After soaking of
such crystals with.-ornithine, an inhibitor of AT, a data set to 2.4 A

and Huber,R. (1996) Protein-crystal density by volume measurement
and amino-acid analysid. Appl. Crystallogr. 29, 311-317.

resolution could be measured and the model was refined to a crystallo- Kraulis,P.J. (1991) MOLSCRIPT: a program to produce both detailed

graphicR-factor of 18.1%. Since soaking of such crystals witarginine

destroyed the crystals, crystals of the active site mutant C407A (Humm

et al, 1997) were soaked with-arginine.L-arginine was found in the
active site and the model was refined toRsfactor of 18.3% at 2.5 A
resolution (Table I1).
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