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ABSTRACT. Antizyme and its isoforms are members of an unusual yet broadly conserved family of proteins,
with roles in regulating polyamine levels within cells. Antizyme has the ability to bind and inhibit the
enzyme ornithine decarboxylase (ODC), targeting it for degradation at the proteasome; antizyme is also
known to affect the transport of polyamines and interact with the antizyme inhibitor protein (AZl), as
well as the cell-cycle protein cyclin D1. In the present work, NMR methods were used to determine the
solution structure of a stable, folded domain of mammalian antizyme isoform-1 (AZ-1), consisting of
amino acid residues 87227. The protein was found to contain eighstrands and twa helices, with

the strands forming a mixed parallel and antipargilsheet. At the level of primary sequence, antizyme

is not similar to any protein of known structure, and results show that antizyme exhibits a novel arrangement
of its strands and helices. Interestingly, however, the fold of antizyme is similar to that found in a family
of acetyl transferases, as well as translation initiation factor IF3, despite a lack of functional relatedness
between these proteins. Structural results, combined with amino acid sequence comparisons, were used
to identify conserved features among the various homologues of antizyme and their isoforms. Conserved
surface residues, including a cluster of acidic amino acids, were found to be located on a single face of
antizyme, suggesting this surface is a possible site of interaction with target proteins such as ODC. This
structural model provides an essential framework for an improved future understanding of how the different
parts of antizyme play their roles in polyamine regulation.

Antizyme was first identified as a polyamine-inducible independent degradation of ODC by the 26S proteaséme (
inhibitor of the enzyme ornithine decarboxylase (ODiD) 10). This process is remarkable because of its rarity.
rat liver (1). ODC is the first and rate-limiting enzyme in  Normally, degradation at the proteasome requires the at-
the pathway of polyamine biosynthesis, converting ornithine tachment of polyubiquitin chains to the target protein. For
to putrescine, which is a precursor of the polyamines many years, ODC was the only well-characterized, genuine
spermidine and spermine. Polyamines bind to RNA and substrate for ubiquitin-independent degradation by the pro-
chromosomal DNA and have roles in the compaction of teasome. Recently, however, the cyclin-dependent kinase
DNA, cell cycle, apoptosis, gene expression, embryonic inhibitor p21 has also been shown to undergo regulated
development, and neurochemistry and are essential fordegradation without ubiquitinatiorill). Antizyme is also
normal cell growth and proliferation (reviewed in r&fsnd unusual in the way that it is translated at the ribosome.
3). Antizyme is a key component in the mechanism for the Matsufuji and co-workers1@) and also Rom and Kahana
regulation of cellular polyamine leveld,(5). (13) have showrin zitro that polyamines are able to stimulate

Antizyme is an unusual protein in several respects. It is a programmed+1 frameshift during translation of the
known to catalyze the ATP-dependent but ubiquitin- antizyme messenger RNA, providing a means for regulating
the protein. This was the first example of a mammalian

" This work was supported by Grants F-1353 (to D.W.H.) and F-1219 cellular gene expressed by programmed frameshifting, an
(t°¢'\S'DLBH{&gmﬁcgﬁ)r\:vﬁﬂbi?ﬂdzaggn' exceedingly rare event only occasionally observed even for

*To whom correspondence should be addressed: Department ofbacterial and viral genes. Thel frameshift site occurs
E1010y. Unversity of Texas, AUSt, T, 7712, E-mait. mbacken@ ot e i ohon for artizyme, and the rapieshift
mal.utexas edu, Telephone: 512-471-1105. Fax. 5124718696 (L., Sumulating ability is conserved from yeast to mammai(
Department of Chemistry and Biochemistry, Institute for Cellular and /A PSeudoknot structure within the antizyme messenger RNA
Molecular Biology, University of Texas, Austin, TX, 78712. E-mail: and high concentrations of polyamines seem to be critical

dhoffman@mail.utexas.edu. Telephone: 512-471-7859. Fax: 512-471-for stimulating the frameshifting event$g 13, 15—17).
8696 (D.W.H.).

L Abbreviations: AZ-1, antizyme isoform-1; AZ-2, antizyme isoform- At least three isoforms of antizyme are present in humans
2; AZ-3, antizyme isoform-3; AZBE, antizyme-binding element; AZI, (16, 18) and each appears to have a specific role in regulating

antizyme inhibitor protein; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; i i - i 1) i
IPTG, isopropylg-p-thiogalactopyranoside; NMR, nuclear magnetic polyamine metabolism. Isoform-1 of antizyme (AZ-1) is

resonance; NOE, nuclear Overhauser effect; ODC, ornithine decar- UbiqUit0U5|y_ expressed in th‘? body and is capable of binding
boxylase. and promoting the degradation of ODC. AZ-1 also has the
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Ficure 1: Alignment of the amino acid sequences of antizyme proteins from a diverse set of eukarya. Sequences are shown for antizyme
isoform-1 fromRattus noregicus(AZ-1 Rat),Homo sapiengAZ-1 H sap),Danio rerio (AZ-1 Danio), andXenopus laeis (AZ-1 Xenop).

Isoform-2 and isoform-3 sequences frétomo sapienandMus musculuare also aligned, as are homologues fidrosophila melanogaster

(Droso), Anopheles gambia@Anoph), andAedes aegyptiAedes) that are similar to the vertebrate anitizymes. The part of the antizyme
sequence fronsaccharomyces cerisiae (S cer) that displays an identifiable sequence similarity to the antiyzmes from the multicellular
organisms is also included in the alignmeb8)( The residues in the N-terminal region of each protein that do not exhibit clear similarity

to those of the mammalian antizyme are not included in the alignment. Most of the conserved amino acids of anitzyme are concentrated
toward the C terminus of each protein. Well-conserved (and mostly hydrophobic) residues that are judged to be important for structural
purposes are boxed in blue. Conserved hydrophilic residues that are accessible on the protein surface are boxed in red; these are the most
likely candidates for mediating intermolecular interactions, such as with ODC. Although only 12 sequences are shown in the figure, a
larger set of sequences was compared in deciding which residues are relatively well-conserved.

ability to repress polyamine levels by inhibiting the trans- with the N-terminal residues, while the C-terminal residues
porter for the uptake of extracellular polyaminé&§)( AZ-1 are relatively well-conserved. Amino acids 2427 of AZ-1
from rats (the subject of the present study) is 90% identical (essentially the C-terminal half of the molecule) are sufficient
to human AZ-1 (Figure 1); these proteins contain 227 and for tight association with ODC, converting ODC into an
228 amino acids, respectively. Isoform-2 of antizyme (AZ- enzymatically inactive heterodimer. Additional elements
2) does not appear to stimulate ODC degradation at theneeded for stimulating the degradation of ODC by the 26S
proteasome but does maintain the ability to negatively proteasome are located prior to residue 23 24), although
regulate polyamine transpo@). Mutating just two residues  the first 70 N-terminal residues do not appear to be necessary
of rat AZ-1 (Arg131 and Alal45) to Asp as found in AZ-2 for simulating ODC degradation.
can change the properties of AZ-1 to those similar to AZ-2  In addition to ODC, another protein target for antizyme
(212). A third isoform, AZ-3, is limited to only one cell type, is antizyme inhibitor (AZI). AZl is similar to ODC in that it
testis germ cells, where its expression occurs at a particularis also a short-lived protein; however, AZl is degraded at
stage of spermatogenesis, with implications for fertil,( the proteasome in a ubiquitin-dependent manner that does
22). not require interaction with antizyme?%). AZI has been
Analysis of genomic databases has revealed that theshown to release active ODC from antizyme suppression
antizymes comprise a family of proteins that is highly witro (26). AZl shares a significant degree of sequence
conserved among a wide range of eukarya (Figure 1). Thehomology to ODC; however, AZI is enzymatically inactive
antizyme proteins vary from about 15800 amino acids in  (27). With its ability to sequester antizyme, AZI appears to
length, with most of the sequence variability being associated be another important part of a multicomponent system for
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FIGURE 2: Section of thé*N-1H correlated HSQC spectrum of the residues-827 of antizyme isoform-1 from rat (AZA86) obtained
at 22°C and pH 7. Assignments for the best-resolved cross-peaks are labeled.

regulating polyamines in cells. Antizyme inhibitor regulates 87—227 of AZ-1 (referred to as AZA86). The AZ-1A86
all of the isoforms of antizyme2@). Recently, Newman et  was further purified by DEAE anion-exchange chromatog-
al. (29 showed that antizyme binds to the cell-cycle raphy and concentrated to approximately 20 mg/mL prior
regulatory protein cyclin D1, mediating its degradation by to NMR analysis. The yield of AZ-A86 was typically 50
the proteasome without ubiquitination, thus further broaden- mg of protein pe 6 L of bacterial culture. N-Terminal
ing the range of targets for antizyme. sequencing and mass spectrometry were used to confirm the
Despite the biological importance of antizyme, little is identity of the purified AZ-1A86 protein. Interestingly, about
known about its structure or the nature of its interactions half of the AZ-1A69 expressed in bacterial cells was
with its target proteins. The focus of the present work is to insoluble, but half of this protein could be refolded by
describe the structure of a soluble and stable domain ofdissolving h 6 M urea, followed by stepwise dialysis into a
mammalian AZ-1, thus providing an essential framework for solution of 0.2 M NaCl and 50 mM phosphate at pH 7. AZ-
furthering understanding antizyme function and how it affects 1A86 derived from the refolded protein was identical to that
its interaction partners and its role in polyamine regulation. obtained from the protein expressed in soluble form, as
judged by NMR spectroscopy. A plasmid encoding the
EXPERIMENTAL PROCEDURES double mutant (R131D and A145D) of AZAB9 was
prepared by QuikChange site-directed mutagenesis (Strate-
gene), and the mutations were confirmed by DNA sequenc-
ing. The double-mutant protein was expresseH.inoliand
purified using the same methods as for AZ8b, with a
similar yield. Samples of AZ-A86 enriched int>N and/or
13C were prepared as above but with bacterial growth media
containing 0.5 g/L*>N ammonium chloride and/or 2 gAC

Protein Cloning, Expression, and PurificatioAll anti-
zyme coding sequences Bfttus noregicuswere derived
from cDNA originally provided by Philip Coffino (UCSF).
Fragments of antizyme isoform-1 (AZ-1) were expressed in
Escherichia colistrain HMS174(DE3) with an N-terminal
6xHis-Tag using expression plasmid pET30-c(+). The AZ-1
protein lacking the first 69 residues (referred to as A¥69) . .
was grown in Luria broth to an Q@ of 0.6-1.0, followed g!ucose (Cambridge Isotope Laboratories) as the sources of
by induction of protein expression with 1 mM IPTG. After nitrogen and/or carbon.
cell lysis, the AZ-69 was purified using Ni-NTA affinity NMR SpectroscopNMR spectra were recorded at 22
chromatography. AZ-A69 was found to have limited using a 500 MHz Varian Inova spectrometer equipped with
solubility, with aggregation at concentrations as low as 1 a triple-resonance cryogenic probe amexis pulsed field
mg/mL, and was thus unsuitable for study using NMR. A gradient. NMR samples typically contained +20 mM
more soluble form of the protein was obtained by removal antizyme protein in 90% $0/10% D:O plus 200 mM NacCl
of the histidine tag and several N-terminal amino acids by and 1 mM sodium azide in a buffer of 50 mM sodium
limited proteolysis with trypsin. This was accomplished using phosphate at pH 7. Backbone resonance assignments (Figure
a 1:100 ratio of trypsin/AZ-A69, with AZ-1A69 at a 2) were obtained using three-dimensional HNCA, HNCACB,
concentration of approximately 0.5 mg/mL, for 30 min at and HN(CO)CACB spectra3(Q), HNCO spectra3l), and
20 °C followed by the addition of a slight excess of trypsin  HACACBCO spectra32); together these spectra correlate
inhibitor, yielding a protein fragment containing residues the backbone protons to the N,GC, and € signals of the
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Same and adjacent amm_o acid reS|dues_. Slde-cham reso_nanoﬁable 1: Summary of Refinement and Structural Statistics Obtained
assignments were obtained by analyzing three-dimensionalfor the Rat Antizyme Isoform-1 Protein (AZAB6Y
15N-resolved TOCSY¥-HSQC and®C-resolved HCCH-

. . [ idue NOE 497
TOCSY (33) spectra and two-dimensional homonuclear mtrares'.due OFs 9
2QF—COSY and TOCSY spectra. NOE cross-peaks were sequential NOES (residudo i + 1) 426
Q ) ) p_ : p medium-range NOEs (residu¢o i + 2, 3, 4) 94
detected using two-dimensiondH-'H NOESY, three- long-range NOEs 347
dimensionalfH-H-1*N NOESY—-HSQC, and three-dimen-  dihederal angle restraints (- y) 140
sional 1H-1H-13C NOESY-HSQC (4) spectra; the NOE  hydrogen-bond restraints 56
. . . . total structural restraints 1560
mixing time was 60 ms for spectra used to derive distance . ,cqor backbone atoms (residues-249) (A) 211
constraints. Data were processed using NMR-P3&#. ¢H, rmsd for side-chain atoms (residues-219) (A) 3.28
13N, and**C chemical shifts were referenced as recommended rmsd for backbone atoms 0.89
(36), with proton chemical shifts relative to internal 2,2- (residues 94219, excluding loops14) (A)
rmsd for side-chain atoms 1.83

dlmetlhyl—2—3|I?Spentane—S—sulfonate (DSS) at 0 ppm. The 0 (residues 94219, excluding Ioops—lAZ(A)
ppm SC. an_d N reference frequencies were determined ayerage number of NOE violations0.2 A (per structure) ~ 11.4
by multiplying the O ppm'H reference frequency by  average number of NOE violations0.5 A (per structure) 0
0.251 449 530 and 0.101 329 118, respectively. reSl?gﬁSQ the Tlostdfavor?dt r(g/g)lons 73.8
. : _ (0] € Ramachandran pio (o)
Structure Calculatlon.Structu_re calculations Were Per- .qiues in the additional allowed regions 211
fo_rm_ed using th_e restrained slmulated anne_allng_ p_rotocol of the Ramachandran plot (%)
within CNS version 1.137), with the goal of identifying residues in generously allowed regions 4.6
the full range of structures that are consistent with the of the Ramachandran plot (%)

distance and angle restraints derived from the NMR data resoi?ghe:g‘;ggé’@i’ggﬁ%&%&?s 05

while having reasonable molecular geometry, consistent with s for covalent bonds 0.0016

a minimum value of the CNS energy function. Distance rmsd for covalent angles 0.31
restraints were derived from the intensities of cross-peaksrmsd forimproper angles 0.16
within homonuclear 2D NOE ané’N-resolved and‘*C- a Statistics are derived from a set of 24 low-energy structures, each

resolved 3D NOE spectra obtained with relatively short obtained by simulated annealing and derived from a unique starting
mixing times of 60 ms to minimize the effects of spin model; this set is a fair representation of the range of structures that

. - P - P are consistent with the NMR-derived restraints. Intra-side-chain NOE-
diffusion. On the basis of the crossjpeak '”te”S'tY in the derived distances with no meaningful structural information were not
homonuclear 60 ms NOE spectra, distance restraints werg 9

) ncluded in the NOE list.

classified as strong<3.0 A), medium €3.6 A), weak £4.0
A), and very weak €4.5 A); these distance bounds were ¢ i tons that learly located withi .
calibrated by using interproton distances in regions of regular c])(r ami Ie pro gnst a c;/vetr]e I'C ea;y ?ca e EWI in regtlolns
secondary structure as internal distance standards. AdditionaP' reguiar B-sheet ando-helix struc ure. Experimenta
cross-peaks observed in the three-dimensiéinal and13C- restra[nts used for thg strupture calculations and structural
resolved NOE spectra (60 and 80 ms mixing time, respec- stat|st_|c_s_ are summarl_zed in Table 1.
tively) were assigned to distance restraints as strongyQ An initial set of 24 diverse structures was generated from
A), medium (<5.0 A), weak 5.5 A), and very weak<6.0 an extended peptide conformation using a simulated anneal-
A). NOE cross-peaks that were only observed in spectra with ing protocol with dihedral angle restraints only. Each membe_r
mixing times of up to 120 ms were assigned a distance of this set was used to generate 10 structures each, via
restraint of <6.0 A because of the possibility of spin reS'Fralnec_J simulated a_nnealln_g, su_bject to 6.“?9'8 a_nd NMR-
diffusion. Pseudoatom corrections were applied to the derived distance restraints, using different initial trajectories.
distance restraints as follows: NOEs from valine or leucine A S€t Of 24 of refined conformers having the lowest values

methyl groups that were not stereospecifically assigned WereOf thg CNS energy functionl and originating from differen_t
measured from the center of the two methyl groups, and 2_55ta}rt|ng structures was reta_lned fqr gnalyss and. evaluation
A was added to the interproton distance. For NOEs involving USing Procheck-NMR38), with statistics reported in Table
other methy! protons, distances were measured from thel- These final structures are a fair representation of the full

center of the methyl group and an additional 1.0 A was added range of structures that are consistent with the experimental
to the interproton distance. For NOEs involving methylene data, while h.avmg _reasonable mo Iecplar geometry and having
protons with no stereospecific assignment, distances weren0 NOE-derived distance restraint violations greater than 0.5

measured from the center of the methylene group and 0.7 AA. Sfarches for similar s‘gructlﬁres within tlhe Protein Datr;]\
was added to the interproton distance. For NOEs involving Bank were carried out using the Vector Alignment Searc

0 ande protons of tyrosine rings, distances were measured Tool (VAST), Io_cated at the Nati_onal Center for Biotech-
from the center of the twé protons (ore protons) and 2.4 nology Informat|on_(NCBI) web site, and the DAL se_arch
A was added to the interproton distance. Backbone dihedraltOOI (39). Th(_a coordinates for AZ'AS.G have been submitted
¢ andw angle restraints (to a 60ange) were included for to the Protein Data Bank and assigned PDB code 1Z00.

residues that are clearly within regions of regutehelix RESULTS

andp-strand secondary structure. Taaidrelices angb strands

were identified by their characteristic NOE cross-peak The full-length antizyme isoform-1 (AZ-1) from rats is a

patterns, chemical-shift values of the*,GC?, C, and H 227 amino acid, 26.5-kDa protein. Full-length AZ-1 was
nuclei, and patterns of protection of the amide protons from found to be insufficiently soluble for NMR studies and did

exchange with the solvent upon transfer of the sample to not yield crystals useful for X-ray study despite numerous
D,0. Hydrogen bonds were defined using distance boundstrials; similar results were obtained for the AZ-1 construct
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Ficure 3: Schematic diagram showing the arrangement of elements of secondary structure witt88Zicluding the eight-stranded

B sheet and twax helices. Pairs of protons within the sheet for which unambiguous NOEs are observed are connected by arrows.
Interstrand hydrogen bonds, identified by characteristic NOE cross-peak patterns and relatively slow amide protein exchange times, are
indicated by dotted lines. Amino acids labeled with-&'‘symbol have side chains that are well-conserved as hydrophobic and are oriented
“up” toward thea helices.

lacking the first 69 residues. Interestingly, however, con- and substantial broadening of the resonance line widths. It
trolled proteolysis experiments using trypsin produced a was therefore necessary to prepare a fresh protein sample
stable protein fragment consisting of residues 827 of the prior to each multidimensional NMR data collection and
full-length AZ-1. Although this trypsin-resistant fragment restrict data collection times to less than 36 h for each
(AZ-1A86) has not yet yielded crystals, it was found to be multidimensional spectrum.
sufficiently soluble and stable for characterization by NMR  Description of the Structurdresults of the NMR analysis
methods. It is noted that forms of AZ-1 that are truncated at show that the dominant structural feature of rat antizyme
the N terminus (AZ-A\69 and AZ-1A120) have previously  isoform-1 (AZ-1A86) is a single sheet of eiglft strands
been shown to retain ODC binding and inhibition activity (Figures 3 and 4); the structure also contains twielices,
(24, 40, 41), and the N-terminal residues of AZ-1 that are located on the same side of tiesheet. Within theg sheet,
removed by the trypsin treatment are not well-conserved. strandspl1—p5 are arranged in an antiparallel manner, as
The NMR analysis of AZ-A86 was to some extent are strand$36—/8, while strands35 and 6 are parallel
impeded by a tendency of the protein samples to aggregatgFigure 3). Compact turns connect secondary structure
over a period of about 24 to 36 h, as indicated by a gradual elements31—42, f3—4, f4—f5, al—f6, anda2—[7; in
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Ficure 4: Three views of residues 9219 of the rat antizyme (AZ-1) protein structure. (Left) Schematic diagram of the protein fold,
showing the relative positions of the strands and helices. Residue numbers indicate the ends of the secondary structure elements. (Middle)
Ribbon diagram of AZ-1, with a view facing the conserved surface residues K153, E161, E164, E165, D182, R183, and R188. Positions
of residues R131 and A145 are also shown; mutations of these latter two residues have been shown to change the properties of rat AZ-1
to those of AZ-2 21), as discussed in the text. (Right) Ribbon diagram with a view emphasizing the conserved residues Y140, F173, V198,
F213, and F215, which form a hydrophobic patch on the backside ¢f sheet opposite the conserved hydrophilic residues. The diagrams

were created using PyMob4).

contrast32—3, f5—al, f6—a2, and37—38 are connected A
by relatively extended loops. The eight-strandedheet
contains a significant twist that allows it to wrap around
much of the surface of helis1 (Figure 4). The protein has

a clear and well-defined hydrophobic core, populated by
conserved hydrophobic residues indicated in blue in Figure
1. Helix al is clearly amphipathic, with Glu161, Glul64,
and Glul65 oriented toward the solvent side of the protein.
Interestingly, these three residues are conserved as glutamate
in nearly all known antizyme sequences (Figure 1) and form
a distinct negatively charged patch on the protein surface
(Figure 4). The hydrophobic side of helixl is oriented
toward and packed against the conserved hydrophobicB
residues of strand82, 33, f4, andf5. The shorter of the
two helices, 02, is on the same side of the sheetodsand
has hydrophobic contacts with stran® 57, and38. Well-
conserved charged residues @2 (Aspl182, Argl83, and
Arg188) are also accessible on the protein surface.

The elements of regular secondary structure (specifically,
the two helices and eight strands of fheheet) are the best-
defined regions of the protein structure because of their
relatively high density of medium- and long-range NOE-
derived distance constraints. Within a family of structures pgure 5: Stereoviews showing backbone superpositions for 12
that satisfies the NMR-derived restraints equally well, the low-energy structures of AZA86 that are equally consistent with
root-mean-square deviation (rmsd) is slightly less than 1 A the NMR data and have the minimum value of the CNS energy

for the backbone atoms within the helices ghdtrands function, color-ramped from blue at the N terminus to red at the C

. - — - terminus. (A) Residues 87227 of the protein are shown; the figure
while the loops that conne@2—f3, f5—al, f6—a2, and indicates that thg strands andx helices of the protein are well-

78 are less well-defined (Figure 5). Amide protons were defined by the NMR data, while the positions of the first seven
not observed for three of the residues of the first of these and last seven residues are relatively uncertain. (B) Only the
loops (loop 1), suggesting that it may be disordered or backbone atoms of residues-9219 are used in the superposition.
flexible in solution. A relatively low density of medium- and The 12 models are a fair representation of the full range of structures
long-range NOE peaks prevented the loop structures fromtha‘t are consistent with the NMR-derived constraints and reasonable
. : - molecular geometry.
being particularly well-defined by the NMR data. The longest
of the loops (loop 4) is the site of insertions of various lengths indicated by gel-filtration and light-scattering results (data
in antizymes from different species (Figure 1). The least well- not shown), as well as NMR line widths appropriate for a
defined regions of the structure are the first seven residuesl16.5-kDa protein domain.
at each terminus of the protein; relatively rapid amide proton It has been shown that mutating just two residues of rat
exchange rates, long T2 relaxation times, and a lack of long- AZ-1 to those of AZ-2 (Arg131 to Asp and Alal45 to Asp)
range NOEs indicate that these residues are likely disorderedchanges the properties of AZ-1 into those similar to that of
and flexible in solution. AZ-A86 is a monomer in solution,  AZ-2 (21). Specifically, this double mutant of AZ-1 retains
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its ability to bind ODC but loses the ability to target ODC Antizyme
for ubiquitin-independent degradation. Although these two
residues are not adjacent in the primary sequence of AZ-1,
our results show that they are close together in the three-
dimensional structure of the protein. Arg131 is located near
the center of stran@4, with its positively charged side chain
oriented toward the solvent; Alal45 is at the beginning of
the loop connecting strangb with helix ol (Figures 3 and

4). A three-dimensional HNCO NMR spectrum of the double
mutant of AZ-1A86 (Arg1l31Asp and Alal45Asp) showed
that the chemical-shift changes in the backbone resonance:
are small and localized to the mutated residues and their
immediate neighbors. These results indicate that the structura Acetyl transferase Mycothiol synthase
changes introduced by the mutations do not extend signifi-
cantly beyond the sites of the altered side chains.

Translation initiation factor [F3

DISCUSSION

Antizyme does not appear to have any clear primary \
sequence similarity to other proteins with known structures. #&
Interestingly, however, an examination of known protein
folds within the Structural Classification of Proteins (SCOP)
database4?) and comparisons with other protein structures
carried out using the search tools DAL39) and VAST
(available at the NCBI web site) indicate that there are

proteins that are clearly similar in fold to that of antizyme, . .- 6 Ribbon diagrams comparing antizyme (residues 94

despite the |aC|_< of primary sequence .si.milarity and fun.cti'onf';ll 219) with proteins that have some structural similarity, despite their
relatedness (Figure 6). The most striking structural similari- lack of similarity at the level of primary sequence. Strafiis-58

ties are between antizyme and members of the Genb5-relatednd helicest1 anda2 of antizyme are similar to the four strands
(GNAT) family of acetyl transferased®); a representative and two helices of the C-terminal domain of translation initiation

. L g factor IF3 (PDB entry 1TIG)47); the rmsd between IF3 and the
of this acetyl transferase family is shown in Figure 6. Recent corresponding elements of the antizyme is approximately 3.6 A.

genome-sequencing efforts have identified some 10 000The antizyme is also structurally similar to members of the GNAT
members of the GNAT family in all kingdoms of lifelg), family of acetyl transferases; this family includes spermine-

and the structures of several of these acetyl transferases havaPermidineN*-acetyltransferase (SSAT), an enzyme that acts on
now been solved4d, 45). Representatives of the GNAT polyamines. Shown at the bottom left are residued 37 of a

. . . ,_representative GNAT acetyl transferase frBaillus subtilis(PDB
acetyl transferases contain the eight strands of antizyme’sgnyy 1NSL) ¢5); a 49-residue mostly helical insertion between

mixed parallet-antiparallel$ sheet, as well as both helices, strands52 andj3 has been omitted to clarify the comparison. The
with all of these elements connected in the same order as inrmsd between the backbone of antizyme and the acetyl transferase

. . . . . . to a mycothiol synthase fromul. tuberculosiSPDB entry 10ZP)
contain a mostly helical insertion of typically 50 residues ;g “Alinough the mycothiol synthase does not contain a strand

between strands2 andf3 that antizyme lacks. Interestingly,  analogous t@1 of antizyme, the other seven strands and two helices
amino acid sequence similarity indicates that the enzyme are present and connected in the same way in each protein; the
spermine-spermidini-acetyltransferase (SSAT) is structur-  similarity is most apparent when two insertions (of 36 and 164
ally related to the GNAT transferases, thus establishing a fesidues) are omitted from the mycothiol synthase structure (lower
structural link between the polyamine-regulatory protein right). The ribbon diagrams were created using MOLSCREY.(
antizyme and an enzyme that acts on polyamines. SSAT is

glso similar to antl_zyme in that its production in cells is quite high, with the dissociation constant being reported as
induced by polyamines4g). 1011 M1 (49). The structure of the ODC dimer is known
The fold of antizyme is also similar to that of the from previous crystallographic worlsQ, 51), where it has
C-terminal domain of bacterial translation initiation factor peen shown that ODC must be homodimeric to be active,
IF3 (47), with the four strands and two helices of IF3  pecause the enzyme active site contains residues from both
corresponding to strang5—/38 andol anda2 of antizyme  proteins in the dimer. The binding of antizyme exposes a
(Figure 6). Mycothiol synthaset§) is another example of & C-terminal region of ODC; exposure of the ODC C terminus
prOtEin with a fold similar to that of antizyme, with the promotes degradation of ODC by the 26S proteascﬁme (
Slmllarlty bEing most apparent when insertions between A puta‘[ive antizyme_binding element (AZBE) has been
strand$52 andj3 and strand$7 andf8 are omitted (Figure  dentified by Coffino @) and located within the ODC
6). There is no apparent functional or evolutionary relation- strycture as part of the surface helices of the TIM barrel that
ship between antizyme and mycothiol synthase; mycothiol pinds the PLP cofactoi5(, 51).
is an aminoglycoside synthesized klycobacterium tuber- Amino acids may be conserved among the various forms
culosis of antizyme for reasons related to either structure or function.
Current models of the antizyme function propose that the The majority of the conserved amino acids within antizyme
monomeric antizyme binds to dimeric ODC, forming inactive are hydrophobic (indicated in blue in Figure 1) and are

heterodimers g, 8). The affinity of antizyme for ODC is
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located within the core of the protein; these conserved tion cannot be fully understood in the absence of a structure
hydrophobic residues such as Trp130 are likely to be critical for the heterodimeric complex, the present work does provide
for protein folding and stability. The conservation of the significant information that will be useful in designing
hydrophobic core residues provides strong evidence that theadditional experiments to identify which surfaces of antizyme
known isoforms of antizyme and their homologues in are involved in making specific intermolecular contacts.

different species are all similar in structure and share the

same arrangement of secondary structure elements and follREFERENCES
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