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ABSTRACT: The SgcC4 -tyrosine 2,3-aminomutas&@grAM) catalyzes the formation of§j-f-tyrosine in

the biosynthetic pathway of the enediyne antitumor antibiotic C-1&FAM is homologous to the
histidine ammonia lyase family of enzymes whose activity is dependent on the methylideneimidazole-
5-one (MIO) cofactor. Unlike the lyase enzym&glTAM catalyzes additional chemical transformations
resulting in an overall stereospecific 1,2-amino shift in the substrateosine to generatesf-S-tyrosine.
Previously, we provided kinetic, spectroscopic, and mutagenesis data supporting the presence of MIO in
the active site ofSgTAM [Christenson, S. D.; Wu, W.; Spies, A.; Shen, B.; and Toney, M. D. (2003)
Biochemistry 4212708-12718]. Here we report the first X-ray crystal structure of an MIO-containing
aminomutaseSdrAM, and confirm the structural homology &JrAM to ammonia lyases. Comparison

of the structure 065drAM to the L-tyrosine ammonia lyase froRhodobacter sphaeroidgsovides insight

into the structural basis for aminomutase activity. The results showstigiM has a closed active site

well suited to retain ammonia and minimize the formation of lyase elimination products. The amino acid
determinants for substrate recognition and catalysis can be predicted from the structure, setting the
framework for detailed mechanistic investigations.

C-1027 belongs to the chromoprotein family of enediyne complex architecture (Figure 1A)2), The biosynthetic
antitumor antibiotic products that are produced mainly by pathway to thig3-amino acid begins with the conversion of
the actinomycetes (Figure 1A))( The potent DNA-cleaving  L-tyrosine to §-f-tyrosine catalyzed by the SgcC4yrosine
ability and unique mechanism of action of these natural 2,3-aminomutaseSgrAM) (7, 9).

products make them promising leads for novel therapeutic  The aminomutase class of enzymes catalyze the 1,2-shift
agents. Enediynes are produced by complex enzyme pathyf supstrate amines in a variety of primary and secondary
ways containing components of both polyketide and nonri- metapolic pathways. In general, characterized aminomutases
bosomal peptide machinerg<5). The biosynthetic routes  yely on complex cofactor chemistry, using radical-based
of these molecules are largely convergent, incorporating mechanisms to perform this difficult transformati®).(For
building blocks derived from amino acids, polyketides, and example, lysine 2,3-aminomutase is a “radical-SAM” enzyme
carbohydrates around a central enediyne core. Three enegependent oS-adenosylmethionine (SAN an iron-sulfur
diynes contain modifiegs-tyrosine moieties as structural  ¢|yster, and pyridoxal'sphosphate (PLP) as cofactof<).
components, and the aromatic functionality is predicted to The mechanism is believed to proceed through a Schiff-base
interact with the enediyne and modulate the Bergman megiated 1,2-shift of a radical intermediate. Other structurally
cyclization leading to diradical formation and biological characterized examples of aminomutases use cobalamin and
activity (). C-1027, produced bgtreptomyces globisporus  pp and follow a similar reaction pathwaylj. Genetic and
incorporates an §-3-chloro-5-hydroxys-tyrosine in its  piochemical characterization of the C-1027 biosynthetic
pathway revealed5dgrAM, representing a novel class of
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Ficure 1: (S§-S-Tyrosine biosynthesis in enediyne natural products. (A) The structure of C-1027 witBibayrosine moiety highlighted.
(B) The structure of the MIO cofactor formed by condensation of an Ala-Ser-Gly motif pres8gtAM. (C) Two reaction pathways for
an MIO-based aminomutase based on the proposed mechanistic schemes for MIO-based ammonia lyases.

B-Amino acids are important and useful building blocks and subsequent elimination of ammonia to generate the
in both natural and unnatural peptidic systemig, (13). observedy,f-unsaturated acid products. Based on sequence
Besides enediyne pathways, MIO-based aminomutases ardlomology of SGgTAM to the HAL family and predicted
responsible for the synthesis @famino acids incorporated  conservation of the MIO cofactor, a shared reaction coor-
into other classes of natural products. For example in taxanedinate has been proposed to account for the observed 1,2-
biosynthesis, a phenylalanine aminomutase is responsibleamino shift (Figure 1C){, 8). In the first step, analogous to
for the formation of a key building block in the taxane side ammonia lyases, ammonia is eliminated to generate an
chain (L4) and the biosynthetic gene cluster of the mixed intermediate coumarate. Subsequent 1,4-addition of ammonia
polyketide/nonribosomal peptide andrimid contains a gene into this intermediate leads t&)S-tyrosine. Based on this
predicted to encode an MIO-based phenylalanine aminomu-hypothesis, an MIO-based aminomutase must minimally
tase (5). retain ammonia in the active site and activate an intermediate

The MIO cofactor is formed by the condensation of a for nucleophilic addition. The structural and mechanistic
conserved Ala-Ser-Gly motif present in the protein backbone basis for the differentiation between MIO-based ammonia
(16). The self-catalyzed reaction is chemically analogous to lyases and aminomutases has not been established.
the formation of the chromophore present in the green Here we report the X-ray crystal structure®dr AM, the
fluorescent proteinl(7). The histidine ammonia lyase (HAL) first MIO-containing aminomutase to be structurally char-
family of enzymes contains a well-characterized MIO acterized. The 2.5 A resolution structure confirms that (i)
cofactor (L6). Members of the HAL family catalyze the SJIAM contains an autocatalytically formed MIO cofactor
elimination of ammonia from aromatia-amino acids, a  and (ii) MIO-based aminomutases such @grTAM are
process important in amino acid catabolism and secondarystructurally homologous to the HAL-family of ammonia
metabolism {8, 19). Known substrates of MIO-based lyases. The structural information allows insights into the
ammonia lyases include the aromatic amino acitigosine, mechanistic differences between aminomutases and ammonia
L-phenylalanine, and-histidine. Recently, X-ray structures lyases. Comparisons betwe&grAM and a homologous
of several members from this family have been determined L-tyrosine ammonia lyase are exploited to understand the

including a HAL structure fronPseudomonas putid@0), mechanism of the MIO-based aminomutase activity. The
phenylalanine ammonia lyase (PAL) structures fi@etroseli- results reveal the structural basis for substrate recognition
num crispun{21) andRhodosporidium toruloide@?), and and catalysis, setting the stage to explore the chemical

tyrosine ammonia lyase (TAL) frorRhodobacter sphaeroi-  mechanism employed by this new family of aminomutases.

des(23). The structures reveal a common motif where the In addition to providing information on the mechanism of

monomer subunits are composed largelyoeielices with (9-p-tyrosine formation, this work represents the first

the MIO cofactor positioned at the termini of multiple helices. structural details into the biosynthetic pathway of the C-1027

The biologically active subunit is tetrameric where the enediyne antitumor antibiotics, a proposed target of bioengi-

monomers are related by 222 symmetry. The composite neering ().

active site is at the junction of monomers, and the four

catalytic centers each contain amino acid side chains from MATERIALS AND METHODS

three of the four subunits. Enzyme ProductionThe sgcC4 expression construct
Two debated mechanisms have been proposed to accounpBS1022 was used to overproduSgrAM (58 kDa, 539

for the MIO-catalyzed elimination of ammonia observed in amino acids) as described previousdy. Briefly, pBS1022

the HAL family (24, 25). The highly electrophilic MIO was transformed into BL21(DE3) cells and grown in LB

cofactor is postulated to react with either the aromatic ring media at 37°C until cell density reached OB 0.6 (7, 8).

(Friedet-Crafts-type mechanism) or the amine of the amino Overexpression was induced by adding IPTG (8d),

acid substrate (amireMIO adduct mechanism) (Figure 1C). followed by overnight incubation at 18C. Cells were

Both mechanisms lead to acidification of tiehydrogens pelleted by centrifugation and lysed using a French Press



The L-Tyrosine 2,3-Aminomutase X-ray Structure

Table 1: X-ray Data Collection and Refinement Statistics

crystal form primitive orthorhombic

PDB code 20HY
beam line NSLS X26C
wavelength 0.9795
space group P2:2,2

cell dimensions (A)
resolution of structure
unique reflections

92.597, 146.178, 75.437
50-02.50 (2.59-2.50)
35786 (3515)

completeness 99.9 (99.7)
redundancy 6.0 (5.9)
11a(1) 18.6 (4.1)
Rmerge (%0) 9.4 (53.4)
monomers per asymmetric unit 2

solvent content (%) 40.39
amino acid residues 1057

no. of non-hydrogen atoms 8021
water molecules 417
Ruorking/Riree 0.192/0.264
rmsd of bond lengths 0.0057
rmsd of bond angles 1.267
averageB-factor 29.56

a Statistics in the highest data bin are shown in parentheses.

cell disruption system. The enzyme was purified with Ni-
NTA affinity resin (Qiagen), followed by cleavage of the

N-terminal Hig-tag with the protease thrombin (2 days at
4 °C). Further purification was performed with a HiTrap-Q

ion exchange column followed by a Superdex 200 gel
filtration column (GE Biosciences).

Crystallization and Data Collection. S&M was crystal-
lized by the hanging drop vapor diffusion method &tCl
SgrAM (1.5 uL of 10 mg/mL in 20 mM Tris-HCI, 1 mM
B-mercaptoethanol, and 100 mM NaCl, pH 7.5) was mixed
with 1.5 uL of reservoir solution (4.4 M sodium formate,
100 mM trimethylamineN-oxide). Needle shaped crystals
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simulated annealing guided lyweighted composite omit
maps were carried out until thie-values were no longer
improved to any extent. The program PyMOL (Delano
Scientific, San Carlos, CA) was used to generate graphic
images.

Biochemical Assay of SQgTAMhe biochemical activity
of SgTAM was confirmed by using an HPLC based assay
with modifications 8). Reactions were performed at 26
with 100uM L-tyrosine in 20 mM Tris-HCI, 100 mM NacCl,
100 uM p-mercaptoethanol, and 0.5 mg/mL S§TAM at
pH 7.5. Aliquots from the reaction were quenched by the
addition of 0.2 M HCI until the pH reached 2.0. The enzyme
was then removed by centrifugation. The supernatant was
returned to pH 9.0 by the addition of 0.25 M NaOH.
o-Phthaldialdehyde (OPA) derivatives of the reaction mixture
were obtained by mixing an equal volume of OPA reagent
(16 mg OPA in 20QuL of ethanol, 44uL of 5-mercapto-
ethanol, and 17 mL of 200 mM sodium borate pH 10.7) with
neutralized aliquots for 1 min followed by the addition of
1% vl/v acetic acid. After derivation, the mixture was
analyzed by HPLC on a C18 column using gradients of
eluent A (5 mM sodium acetate (pH 5.7) in 95:5®4THF)
and eluent B (5 mM sodium acetate (pH 5.7) in 45:45:10
methanol/acetonitrile/water).

RESULTS

Crystallization and Structure Determination of the
Tyrosine Aminomutase, SgTAM.T3dgv from the C-1027
biosynthetic pathway was overproducedsgscherichia coli
and purified as described previousl, 8). For crystalliza-
tion, the N-terminal Higtag was removed via proteolysis,
and the resultant enzyme was purified using two chroma-

appeared within 2 days and were allowed to continue growth tography steps as described in the Materials and Methods
for approximately 1 week. Crystals were transferred to a Section. The production of active protein was monitored by
cryoprotectant solution of the reservoir solution with 20% employing an HPLC-based biochemical assay at various
glycerol and briefly soaked before being flash frozen in liquid Points during the purification and crystallizatior, (8).
nitrogen. X-ray diffraction data was collected on the X26C SAIAM crystallized in the space group2,2,2 with two 58
beamline at the National Synchrotron Light Source at kDa monomers per asymmetric unit. Initial phase information
Brookhaven National Laboratory on an ADSC Quantum 4 used to solve the structure was obtained using molecular
CCD detector at 100 K. Diffraction intensities were indexed, "eplacement techniquesHistidine ammonia lyase frorh.
integrated, and scaled with HKL200Q6) as summarized ~ Putida (36% sequence identity) was selected as a search
in Table 1. The crystal belongs to the space greag;2, model based on predicted common structural motifs (see
with unit cell dimensionsa = 92.6 A, b = 146.2 A,c = Figure 2) @0). A polyalanine model of HAL monomer was
75.4 A ando = 8 =y = 90°. used to generate initial phase information to solve the

Structure DeterminatioriThe initial structure solution was ~ Structure. The correct solution had a prelimin&ryalue of
obtained by a molecular replacement approach. From se-0.51. The model 06gTAM was built into the density maps
quence analysis of MIO-based lyases, histidine ammoniaand refined to 2.5 A resolution. The two monomers of the
|yase (pdb code: 1BSF) was chosen as an initial Searcha'symmetrlc unit are Very similar with a root'mean'squared
model based on homology 8GTAM. A polyalanine model difference between equivalent backbone atoms of 1.17 A.
of the histidine ammonia lyase monomer was used to The final model contains residues-1239 and 11539 in

generate initial solutions using the programs AMORE and the two respective monomers.

MOLREP @7, 28). Multiple solutions were screened and

The Qerall Structure of SQTAMT he structure 0SgrAM

evaluated based on the ability to form symmetry-related (Figure 3A) displays structural homology to the core

tetramers consistent with the biological unit.
Model Building and RefinemeniModel building was
performed with the program COOTRY) using the initial

structures of ammonia lyases. Symmetry operations in the
unit cell generate a head-to-tail dimer of dimers related by
222 point symmetry. The active, biological unit 8§TAM

polyalanine HAL solution as a guide. Refinement cycles and is assigned as a tetramer based on homology with the HAL
generation of electron density maps were done using the CNSsuperfamily of ammonia lyases. The total buried surface area
suite of programs30). The parameter and protein topology is significant and calculated to be 840¢ fer SGTAM

files were modified to incorporate the MIO moiety into the monomer. The overall structure is largelyhelical with most
protein backbone structure. Cycles of rigid body refinement, helices running along the long axis of the monomer structure
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N N N B
SgTAM ———=-—=——=—————-] MALTQVETE IVEVSVDGETLTVEAVRRVAEERATVDVPAESIAKAQKSRE IFEGIAEQ 58
PaPAM MSIVNESGSQPVVSRDETLSQIERTSFHISSGKDISLEEIARAARDHQPVTLHDEVVNRVTRSRSILESMVSD 73
PPHAL === = mmmmmmmme e MTELTLKPG--~------~ TLTLAQLRATHAAPVRLOLDASAAPATDASVACVEQITAE 49
RsTAL MLAMSPPKPAVELD-RHIDLDQAHAVASGGARIVLAPPARDRCRASEARLGAVIRE 55

* O (e ——— RS
SgTAM  NIPIYGVTTCYGEMIYMOVDKSKEVELQOTNLVRSHSAGVGPLFAEDEARATVAARINTLAKGHSAVRPIILER 131
PaPAM ERVIYGVNTSMGGEVNY IVPIAKASELQNNLINAVATNVGKYFDDTTVRATMLARIVSLSRGNSAISIVNFKK 146
PpHAL DRTAYGINTGFGLLASTRIASHDLENLORSLVLSHAAGIGAPLDDDLVRLIMVLKINSLSRGFSGIRRKVIDA 122
RSTAL ARHVYGLTTGFGPLANRLISGENVRTLOANLVHHLASGVGPVLDWTTARAMVLARLVSIAQGASGASEGTIAR 128

inner ioop

SgTAM LAQYINEGETPAIPEIG GDLAPLSHVASTLIGEGYVL-RDGRPVETAQVLAERGIEPLELRFKEGLAL 203
PaPAM LIEIYNQGIVPCIPEKG! SGPLGPLAAIALVCTGQOWKAR-YQGEQMSGAMALEKAGISPMELSFKEGLAL 218
PpHAL LIALVNAEVYPHIPLKGSVGASGDLAPLAHMSLVLLGEGKAR-YKGOWLSATEALAVAGLEPLTLARKEGLAL 194
RsTAL LIDLLNSELAPAVPSRGTVGASGDLTPLAHMVLCLQGRGDFLDRDGTRLDGAEGLRRGRLOPLDLSHRDALAL 201

VIO

SgTAM INGTSGMIGLGSLVVGRALEQAQQAE IVTALLIEAVRGSTSPFLAEGHD IARPHEGQIDTAANMRALMRGSGL 276
PaPAM INGTSAMVGLGVLLYDEVKRLFDTYLTVTSLSIEGLHGKTKPFE PAVHRMK-PHOGOLEVATTIWETLADSSL 290
PpHAL LNGTQASTAYALRGLFYAEDLYAAAIACGGLSVEAVLGSRSPFDARIHEAR-GQRGQIDTAACFRDLLGDSSE 266
RsTAL VNGTSAMTGIALVNAHACRHLGNWAVALTALLAECLRGRTEAWAAALSDLR-PHPGOKDAAARLRARVDGSAR 273

SgTAM TVEHADLRRELQKDKEAGKDVQRSE I YLQKAYSLRATPQVVGAVRDTLYHARHKLRIELNSANDNPLFFEGKE 349
PaPAM AVNEHEVEKLIAEEMDG--LVKASNHQIEDAYSIRCTPQILGPVADTLKNIKQOTLTNELNSSNDNPLIDQTTE 362
PpHAL V8---LSHKNADK-----—————-=== VQDPYSLRCQPQVMGACLTQLROAAEVLGIEANAVSDNPLVFAREG 322
RsTAL VVRHVIAERRLDAG----- DIGTEPEAGQODAYSLRCAPQVLGAGFDTLAWHDRVLTIELNAVTDNP-VFPPDG 340

outer loop
— (I {TE
SgTAM - -~ IFHGANFHGQPTAFAMDFVTIALTQLGVLAERQTNRVLNRHLSYGLPEFLVSGDPGLHSGFAGAQYPATA 419
PaPAM --EVFHNGHFHGQYVSMAMDHLNIALVTMMNLANRRIDRFMDKSNSNGLPPFLCAENAGLRLGLMGGQFMTAS 432

PpHAL --DVISGGNFHAEPVAMAADNLALAIAEIGSLSERRISLMMDKHMSQ-LPEFLVEN-GGVNSGFMIAQVTAAR 391
RsTAL SVPALHGGNFMGOHVALTSDALATAVTVLAGLAERQIARLTDERLNRGLPPFLHRGPAGLNSGFMGAQVTATA 413

SgTAM LVAENRTIG-PASTQSVPSNGDNQDVVSMGLISARNARRVLSNNNKILAVEYLAAAQAVDISGR--FDGLSPA 489
PaPAM ITAESRASCMPMSIQSLSTTGDFQDIVSFGLVAARRVREQLKNLKYVFSFELLCACQAVDIRGT---AGLSKR 502
PpHAL LASENKALSHPHSVDSLPTSANQEDHVSMAPAAGKRLWEMAENTRGVLATEWLGACQGLDLRKG--LK-TSAK 461
RsTAL LLAEMRATG-PASIHSISTNAANQODVVSLGTIAARLCREKIDRWAEILATLALCLAQAAELRCGSGLDGVSPA 485

D e (i — C

SgTAM AKATYEAVRRLVPTLGVDRYMADDIELVADALSRGEFLRAIARETDIQLR 539

PaPAM TRALYDKTRTLVPYLEEDKTISDYIESIAQTVLTKNSDI-=-======== 541
PpHAL LEKARQALRSEVAHYDRDRFFAPDIEKAVELLAKGSLTGLLPAGVLPSL- 510
RsTAL GHKKLVQALREQFPPLETDRPLGQEIAALATHLLQQSPV------——---— 523

Ficure 2: Sequence alignment of representative MIO-based aminomutases and ammonia lyases. The secondary structure corresponding to
SJrAM is illustrated above the sequences. The three residues that form the active site MIO are boxed in green, and the inner and outer loop
regions are indicated below the sequences. Sequences were aligned using the ClustalW pairwise alignment protocol. Abbreviations used:
SJrAM, S. globisporus -tyrosine aminomutasé?aPAM, P. agglomerans.-phenylalanine aminomutasBpHAL, P. putidaL-histidine

ammonia lyaseRsTAL, R. sphaeroides-tyrosine ammonia lyase.

(Figure 3B). There is a singlg-sheet in the monomer, molecule nucleophile complexed to the electrophilic MIO.
composed of two short strands. A secgidheet forms in It has been observed in previous structures of ammonia lyases
the tetramer from tw@-strands in adjacent monomers. These that nucleophiles can react with the MIO. For example, in
two short strands precede helices3 and a-15 in the the presence of cysteine, a covalent complex of the histidine
monomer structure. The active site is located close to oneammonia lyases is formed with the thiol group of the amino
end of the monomer structure near the termini of several acid 31). 3-Mercaptoethanol was present during our enzyme
a-helices and is situated at the positive end of several helix purification steps, and this thiol models well into the extra
dipoles. Specifically the ends of helicess, a-9, a-15, and electron density as a covalent adduct with the MIO cofactor.
a-17 are directed at the MIO cofactor, a feature common in The addition ofs-mercaptoethanol into the MIO appears to
MIO-based ammonia lyase22). be reversible as the enzyme retains biochemical activity under
The Actve Site Containing MIOThe MIO cofactor in the conditions utilized during purification (Figure 4B).

SJrAM is formed by the self-condensation of Alal52, Though the pH used is not optimal for enzyme activity,
Serl53, and Glyl54. The MIO is clearly formed in our turnover is still observed in a 120 min reaction. In addition,
structure based on examination of the electron density mapsthe published biochemical conditions contained dithiothreitol,
(Figure 4A). The two active sites present in our asymmetric which like S-mercaptoethanol, has the ability to react with
unit are very similar in both the orientation of the MIO and the MIO. We cannot, however, rule out the possibility that
adjacent side chains. From examination of the composite omitthe observed activity results from the enzyme fraction with
electron density maps, orphan density is evident at higheran unmodified MIO.

sigma levels contiguous with the methylidene group of the  The active site is located at the subunit junction of the
MIO cofactor. This suggests partial occupancy of a small SgTAM tetramer. Amino acid side chains from three of the
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Ficure 3: The X-ray structure of the-tyrosine 2,3-aminomutas§&grAM. (A) Structure of the tetramer with each monomer distinctly
colored. The views are looking along the two axes of symmetry. The location of the active site is indicated by the four red spheres. (B)

Structure of theSgTAM monomer. The secondary structure elements are labeled. The MIO cofactor is colored in red, and the loop regions
surrounding the active site are indicated.

four monomers come together to generate a composite“open” form predominates without substrate or analogues
active site. The area immediately surrounding the MIO is in the active siteZ0—23, 31, 33. Two protein loops cover
composed largely of aromatic side chains, including Tyr63 the active site in the HAL enzyme family and are proposed
and His93 from the A monomer, Tyr308 from the B to play important roles in substrate binding and catalygi (
monomer, and Tyr415 from the C monomer (the A An inner loop contributes side chain functionality to the
monomer is defined as the chain containing the MIO active site, and an outer loop further covers and protects the
cofactor) (Figure 4C). In addition, the polar side chains of reactive active site center. In the structureSgirAM, the
Asn205, GIn438, and GIn442 from the A chain and Arg311 inner loop corresponds to residues-B! and the outer loop
from the B chain are in proximity to the MIO center (Figure to residues 274308 (Figure 2 and 3B). The inner loop is
4C). Residues implicated in MIO formation for the HAL  close in proximity to the MIO, placing the 4-OH of Tyr63
ammonia lyases are structurally conserve&giAM (32). within 5.6 A of the methylidene carbon of MIO. This tyrosine
For example, Phe356 corresponds to Phe329 in HAL, aforms a hydrogen bond with Gly70, and both residues are
residue proposed to play a key role in the autocatalytic conserved in all MIO-containing homologues. As compared
formation of MIO. to the tyrosine ammonia lyase frof sphaeroide@RsTAL)

The active site o8JTAM with bound 5-mercaptoethanol  and other ammonia lyase structures, the active site loops of
is in a “closed” conformation as defined by the structures of SGgTAM are in general longer (Figure 2) and contain more
ammonia lyases. Based on previous structural work the secondary structure elements. As illustrated in Figure 3B,
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Ficure 4: The active site oSgTAM. (A) Electron density map around the MIO cofactor. The map is scaled at @lack) and 1.6
(green). (B) HPLC trace showing the conversion gfrosine to §-/-tyrosine catalyzed b$dgrAM under the crystallization conditions.
The OPA-amino acid derivatives are monitored at 335 nm on a C18 reverse-phase column. (C) Superposition of the acti@¢ggiels of
with the L-tyrosine ammonia lyaséRsTAL (pdb# 206Y). The stereoview showing the amino acid side chains in close proximity to the
MIO cofactor. Residues and labels correspondin®dAM are colored dark gray anBsSTAL light gray.

an a-helix (a-13) is formed in the outer loop and a short retain free ammonia in the active site and sequester it in the
two-strand3-sheet forms between the outer loop of one neutral, nucleophilic state. From comparison of the active
monomer and the inner loop of another. These structural sites of SgTAM with RSTAL (and other ammonia lyases),
elements contribute to an ordered and closed active site aghe active site of the aminomutase lacks accessibility to the
discussed below. solvent as present in ammonia lyases (Figure 5). The active
Comparison of the SgTAM Agé Site withL-Tyrosine sites of ammonia lyases are accessible to bulk solvent through
Ammonia LyaseThe L-tyrosine ammonia lyas&sTAL an opening in the loops forming a small channel (Figure 5B).
shares the same substrateSgFAM, and the enzymes are  Solvent accessibility from the MIO to the protein surface is
38% identical at the amino acid leve3). The overlay of not apparent irSgqTAM (Figure 5A). Two residues appear
the active site oSgTAM and the tyrosine ammonia lyase particularly important in blocking access to the active site.
from R. sphaeroide$§RsTAL; pdb code 206Y) is shown in  Tyr303 and Glu71 form a hydrogen-bonding interaction
Figure 4C. Overall the active sites exhibit a very similar across the channel, an interaction not presemshAL or
architecture. The MIO cofactor is in approximately the same other lyase structures. As illustrated, in ammonia lyases the
orientation in each of the structures, and amino acid side MIO cofactor is visible from the surface through a small
chains surrounding the MIO are largely conserved among channel (Figure 5D). This feature could facilitate diffusion
the two structures. The single prominent difference in the of ammonia/ammonium out of the lyase active site. The same
side chains is the presence of Tyr4159gTAM where in views of SgTAM suggest an enclosed active site (Figure 5C).
RSTAL this position is occupied by Val409. In addition, as discussed above, the inner and outer loops of
Restricted Actie Site of SgTAMTranslating the general ~ SgrAM contain additional secondary structure elements not
reaction mechanism of ammonia lyasesSgi AM predicts present in ammonia lyase structures further shielding the
the production of the intermediates coumarate and free active site with ordered loops (Figures 5E and 5F).
ammonia (Figure 1C). Biochemical experiments support this  Recognition of the SubstrateTyrosine in SgTAMBased
reaction pathway as coumarate is a productSgirAM on the strong structural homology tetyrosine ammonia
reaction at extended reaction time8).(Based on this lyase, the residues involved in substrate recognition in
mechanism, an efficient aminomutase would be expected toSgTAM can be predicted. A model (Figure 6) oftyrosine
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FIGURE 5: Accessibility of the active site dBgTAM as compared with the tyrosine ammonia lyd&& AL. (A and B) Cutaway view of

the area leading from the surface to the MIO. The solvent accessible surface was generated using a probe sphere radius of 1.4 A. The MIO
cofactor is colored red in licorice representation. (C and D) View of the active site from the surface. Key side chains are illustrated. (E and
F) Ribbon cartoon representation comparing the loop regior&jbAM with RSTAL.

bound in the active site oSgTAM was prepared by  of the modeled substrate-tyrosine is within hydrogen-
superposition of th&sTAL/2-aminoindan-2-phosphonic acid  bonding distance of the histidine. Tyr415 is also within
(AIP) structure (pdb code 207ER3, 35) and overlay of hydrogen bond distance of the substrate 4-OH, indicating a
L-tyrosine on to the position of AIP with minimal modifica- possible role for this side chain. Residues corresponding to
tion. We chose to model-tyrosine as the amine complex Tyr415 are not present IRSTAL or other ammonia lyases.
with MIO based on the significant homology and structural Additional conserved residues iSgTAM that can be
overlap with theRsSTAL/AIP structure. The binding mode  predicted to interact with the substrate are Arg311 and
is consistent with the amireMIO adduct mechanism (Figure  Asn205, both in the proper position to interact with the
1C) and is in agreement with recent structural and modeling carboxylate of the substrate amino acid.

work on phenylalanine ammonia lyasz3(36). L-Tyrosine
fits well ipnto t)k/1e aminomutase ac{ive s(ite,) andythe model DISCUSSION

confirms amino acid residues important for chemistry and  The conversion ofi-amino acids tg3-amino acids via a
recognition. Notably, the position of His89 (RSTAL) has 1,2-amino shift is a chemically challenging transformation.
been established as a key recognition element in ammoniaCharacterized examples of aminomutases utilize multico-
lyases 23, 36). Mutation of this side chain allows alteration factor metalloenzymes and accomplish the chemistry using
of the preferred amino acid substrate. SgTAM, this radical intermediates. The SgcC4yrosine 2,3-aminomutase
position (His93) is also structurally conserved and the 4-OH SgTAM from the enediyne C-1027 biosynthetic pathway in
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limited accessibility to bulk solvent. This is analogous to
Tyré3 the “closed” active sites observed in ammonia lyase struc-
tures, a feature normally associated with substrate or product
binding. The loops INSgTAM contain more pronounced
secondary structural elements as compared to the lyase
structures (Figures 5E and 5F). Two residuesSgiAM,
one coming from each of the active site loops, block an active
site channel present in ammonia lyases. Overall, the function
of the active site loops iBgTAM could prevent ammonia
from leaving the active site, a minimal prerequisite to
differentiate an aminomutase from an ammonia lyase.
Tyr308 Exploiting the structural similarity oSgTAM with the
L-tyrosine ammonia lyasesTAL, we modeled the substrate
L-tyrosine into the active site dbgrTAM (Figure 6). The
L-tyrosine is modeled bound to the MIO through the amino
group and supports the identity of the residues important for
substrate recognition. In particular, His93 is well-positioned
to form a hydrogen bond with the 4-OH of substrate
FiGurRE 6: Model of the substrate-tyrosine bound in the active L-tyrosine. As experimentally determined for ammonia

site of SGTAM. Based on the high structure homology WiRiSTAL, e ; el ; ;
the substrate was modeled into tBgTAM structure by superposi- lyases, the position of His93 is likely a key determinant in

tion of L-tyrosine with the bound analogue in the AREAL co- substrate specificity in aminomutases. In our structure of
complex (pdb# 207E). SdrAM, p-mercaptoethanol is, at least partially, complexed

to the MIO cofactor. The hydroxyl group of the conjugated
S. globisporusepresents a novel class of aminomutase not g-mercaptoethanol forms a hydrogen bond with His93 in a
dependent on metals or complex cofactor chemistry. This similar position to that proposed for the substnatgrosine
enzyme family contains the uncommon MIO cofactor, a in RSTAL (23). This model is consistent with the proposed
functionality previously characterized in aromatic amino function of His93 as a hydrogen bond acceptor and key
acid lyases. The strong sequence and structural homologydeterminant for selectivity. The homologauphenylalanine
between MIO-based aminomutases and ammonia lyasesaminomutase fronPantoea agglomerangigure 2) lacks
suggests a common catalytic pathway. Following this general hydrogen-bonding functionality (Val108 at this position). The
reaction scheme, an MIO-basetlyrosine aminomutase must  one significant difference betweesgrAM and RsTAL in
perform the lyase chemistry followed by re-addition of the area immediately around the active site is at position
ammonia stereospecifically into coumarate to gigA- 415 whereSgrTAM has a tyrosine. The importance of this
tyrosine. The second half of the proposed reaction schemeresidue in enzyme activity has not been established, but
is mechanistically challenging as a coumarate intermediate Tyr415 is within hydrogen bond distance of the modeled
is a poor acceptor for nucleophilic addition and the enzyme substrate-tyrosine suggesting a role in substrate recognition
must also retain ammonia in the neutral, deprotonated state and binding. Consistent with this observation, tHgrosine
To address the structural basis for the mechanism of MIO- Michaelis constanty) for SQTAM is ~3 times lower than
based aminomutases, we have solved the X-ray crystalthat measured folRRSTAL (8, 23. Additional residues

Arg311

His93

MIO

structure ofSgTAM. The structure ofSgTAM confirms the implicated in substrate recognition by ammonia lyases likely
structural homology of all characterized MIO-containing serve similar roles ir5drAM. These include Arg311 and
enzymes. Asn205 which both model in position to interact with the

To gain insight in the structural determinants for the carboxylate of the substrate amino acid.
aminomutase chemistry we have compared the structure of The chemical mechanism of MIO-based enzymes is
SgrAM with the recently solved structure of tyrosine actively debated and has not entirely been resol2dil A
ammonia lyaseRsTAL (23). The two enzymes are highly large amount of biochemical, structural, and model system
homologous at both the level of primary sequence and approaches have focused on two alternate roles where the
structure. The substrate for the two enzymes is the same;MIO cofactor activates the aromatic ring or the amino group
howeverSgrAM is able to perform an additional chemical of the amino acid substrate (Figure 1C). The rationale in
step leading to formation of§-A-tyrosine. The active sites  both cases is to acidify the substrgieprotons to allow
of the two enzymes are remarkably similar (Figure 4C), with deprotonation and elimination of ammonia. Following the
a majority of the side chains in approximately the same reaction scheme of lyases, an MIO-based aminomutase faces
location. This overlap is independent of the presence orthe additional challenge of catalyzing the coupling of
absence of substrate or analogues in the binding pocketammonia into the conjugated coumarate intermediate. Any
suggesting a similar binding mode foityrosine. Only one mechanistic hypothesis requires abstraction offtpeoton/
residue (position 415 iBgrAM) differs significantly in the hydrogen from.-tyrosine. The best candidate for a catalytic
region of the active site proximal to the MIO. Significant residue inSGTAM to play this role is Tyr63. This tyrosine
differences betweeBdlrAM and ammonia lyases are evident forms a hydrogen bond with the backbone of Gly70, and
in the protein loops surrounding the active site. These loop both residues are conserved at this position in all MIO-based
regions are predicted to play roles in shielding the reactive ammonia lyases and aminomutases. Tyrosine 308 is also
MIO center and substrate bindin@3 34). In the structure positioned near the MIO in the active site and its 4-OH
of SgTAM, two loops form an enclosed active site with models close to the-hydrogen of the substratetyrosine.
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Tyr63 and Tyr308 are reasonable candidates to assist in the

transfer of hydrogen atom from thé to o-position in
tyrosine as required by the aminomutase chemistry (Figure
6). The precise role of the MIO cofactor in the chemistry of

aminomutases remains to be elucidated. The small number 13.

of characterized MIO-containing enzymes has limited the

generation of a general hypothesis into the precise role of 14

the cofactor. This is especially apparent when the mechanistic
theories are translated to the chemistry of aminomutases.
Questions related to the mechanistic details of the 1,2-amino
shift catalyzed bySgrAM are the subject of ongoing work
in our laboratory.
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