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ABSTRACT. Mutations in the gene encoding human ATP:cobalamin adenosyltransferase (hATR) can result
in the metabolic disorder known as methylmalonic aciduria (MMA). This enzyme catalyzes the final step
in the conversion of cyanocobalamin (vitamingBto the essential human cofactor adenosylcobalamin.
Here we present the 2.5 A crystal structure of ATP bound to hATR refined ®.arvalue of 25.2%.

The enzyme forms a tightly associated trimer, where the monomer comprises a five-helix bundle and the
active sites lie on the subunit interfaces. Only two of the three active sites within the trimer contain the
bound ATP substrate, thereby providing examples of apo- and substrate-bound-active sites within the
same crystal structure. Comparison of the empty and occupied sites indicates that twenty residues at the
enzyme’s N-terminus become ordered upon binding of ATP to form a novel ATP-binding site and an
extended cleft that likely binds cobalamin. The structure explains the role of 20 invariant residues; six are
involved in ATP binding, including Arg190, which hydrogen bonds to ATP atoms on both sides of the
scissile bond. Ten of the hydrogen bonds are required for structural stability, and four are in positions to
interact with cobalamin. The structure also reveals how the point mutations that cause MMA are deficient
in these functions.

Cobalamin functions as an enzymatic cofactor for a variety cobalamin analogue treatmenis3). These inborn errors in
of metabolic reactions, including methionine synthesis, vitamin B, metabolism have been categorized into eight
succinyl-CoA synthesis, and fermentation of small molecules complementation classeshlABCDEFGand mut (14, 15).
(1-3). In mammalian systems, vitamin cyanocobalamin,  Loss of AdoChbl results in methylmalonic aciduria (MMA),
CNCbhI) is ingested and converted into two cofactors, a buildup of methylmalonic acid in body fluids, including
methylcobalamin (MeChbl) and adenosylcobalamin (AdoCbl), blood and urine12, 16). Mutations in three different genetic
each of which is required for an essential catalytic activity. |oci, cblA, cblB and mut, specifically result in AdoCbl
MeCbl is the cofactor for methionine synthase, which deficiency. Methylmalonyl CoA-mutase is encoded at the
converts homocysteine to methioning 6). Adenosylco-  mut locus (L7), cblA was mapped to an uncharacterized
balamin (AdoCbl) is the cofactor for methylmalonyl CoA  enzyme with GTPase activity.8), and the deficient enzyme
mutase (MMCM), which catalyzes the isomerization of of the cbIB class was identified as ATP:cobalamin adeno-
methylmalonyl CoA to succinyl CoA and is responsible for - gyjtransferase (ATR)10). A BLAST search of the human
normal catabolism of various amino and fatty acids through genome using aArchaeoglobus fulgiduATR homologue,
the tricarboxylic acid (TCA) cycle). _ review of mutations in the genes of MMA patients, and

The conversion from CNCbI to the active cofactors pacterial complementation studies subsequently revealed the
requires carrier proteins, membrane transport, cobalt reduc-gene encoding the human ATR homolog (hATR), named
tion, and exchange of the axial ligand~10). Genetic  p\vpmAB (20, 21). Sequencing of (MMAB in MMA patients
a!terauons in the branched mod|f|.cat|on pathway can disrupt o\ ealed 32 different types of mutations, including six point
e!ther MerI or Ad.OCbI producnqn or botti], 12). The mutations. MMA patient cell lines containing hATR muta-
disruptions at particular points in the pathway can be tions show reduced AdoChl leveis sitro (20, 22, 23)
physiologically distinguished based on enzymatic activities, . e
blood plasma analysis, and medical responsiveness to various ATP:Cobalamin adenosyltransferase catalyzes transfer of
adenosine from ATP to cobalamin to generate AdoCbl. The
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Ficure 1: Schematic outline of the reaction catalyzed by ATP:cobalamin adenosyltransferase.

synthase reductas28). Interactions between the ATR and Table 1: Data Collection

the cob(ll)alamin are thought to lower the reduction potential crystal data

of the _cobalt |ntc_) the physiologically accessible rangQ ( space group P32l

31). Finally, while bound to hATR, the four-coordinate no. observations 113031

cob(l)alamin attacks the C5* atom of the bound ATP to no. unique reflections 29063

release the triphosphate group and form the celmtbon resolution range (A) 50—25

bond of adenosylcobalamin (Figure 1). The roles of specific (high resolution shell (259~ 2.5)

: y gure 1). The P completeness (%) 99.8 (100)

hATR residues in the course of this reaction are unknown. I/o(1) 9(2)
Sequence analysis indicates that ATP:cobalamin adeno- Ryt (%) ) 13.6 (56)

syltransferases fall within three unrelated families: CobA, \{RCV"SQEL/%(A) ig-g @2

PduO, and EutTZ4). Structure determinations confirm that RfrZ:ct (%‘; 25.2 (25)

the CobA B2) and PduO Z5) families adopt quite different

architectures; a structure has not yet been described for a rms deviations

member of the EutT family. Human ATR belongs to the gggldess(é)eg) 01-0513
PduO-like family, which, as indicated by the structure of .
archaeallhermoplasma acidophiliumA0546, adopts a heli- BOAY)
cal bundle fold that assembles as a stable trir2g). (This main chain 33.7
structure (32% identical to hATR) was determined in the Z'?.g‘(:gf"” 23:54é9
apo state, as were six other sequence-related proteins that SO (3) 60.4
are thought to have ATR activity. Because these structures Mg (4) 35.8
lack bound ligands, the detailed location of the active site Cl(1) 33.4
H,0 (171) 32.7

and the function of specific invariant residues are unknown.
In an effort to better understand the PduO-like ATR altl_%{m=b100xt_2|I - EfI]IIl]/ZI,wk;ereEI]IEits g‘e ﬁve[%%%;]ntmﬁity ffgm
f . . multiple opservations or symme related retlectl e wiison
family, .and the human enzyme .m particular, we have was Ealculated using TRU%\ICATIrEybetween 4 and 2.5 A resolution and
determined the structure of hATR in the presence of ATP. gntains an error of 10 A2 (36). © Rorysr= 100 % Z||Fo| — |Foll/ZIFol
This structure reveals previously unstructured invariant over 95% of the dataRsee = Ruyst ON 5% of the data not used in
residues at the N-terminus, the functional role of the invariant refinement.

residues surrounding the ATP, the putative location of the

cobalamin-binding site, and residues likely to be involved concentrated, and further purified by size exclusion chro-
in the catalytic mechanism. matography on an SD100 column (Pharmacia). The protein
METHODS was concentrated to 20 mg mlfor crystallization trials in

the presence of-15 mM MgATP. Lower or higher ATP

A human MMAB clone, starting at the equivalent region concentrations did not yield crystals.

of the sequence as previously crystallized homologues hATR—ATP crystals were grown by vapor diffusion at
(Pro56), was generated from I.M.A.G.E. clone 2822202 room temperature by mixing 2L of protein solution with
(ATCC) and inserted into a pET3a vector (Invitrogen). 2 ul of reservoir (18-20% polyethyleneglycol, MW= 3350,
Sequencing determined that the clone is the Lys239 variant0.2 M MgSQ, and 10% glycerol). The crystals belong to
(20). No affinity tag is present, but an initiator Met was added space grouf321, with cell dimensions ch = b = 111.2
using the Ndel restriction enzyme during cloning. The A, c=115.5 A, and have three molecules in the asymmetric
recombinant hATR was overexpressedEncoli using an unit. Native data were collected at the National Synchrotron
auto-induction method3@). Cell pellets were lysed by Light Source (Brookhaven, NY) beamline x26¢ (Table 1).
sonication in 20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM The structure was determined by molecular replacement
DTT and centrifuged to remove the particulate fraction. The (PHASER @4)) using a model of hATR based on the trimeric
soluble lysate was loaded onto a HiTrap SP HP column structure of theBacillus subtilusYVQK (41% identical to
(Pharmacia) and eluted by a salt gradient at 300 mM NaCl. hATR; 1RTY). Residues of helical regions were modeled
The protein was relatively pure at this stage but was dialyzed as the equivalent human sequence and flexible loops were
against 20 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM DTT, removed prior to molecular replacement. The primary
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FiGure 2: Structure of hATR. (A) Side view of the hATR monomer. The trace is colored blue from the N-terminus to red at the C-terminus.
The N-terminal portion is only ordered in the presence of bound ATP; molecule C is shown. (B) Top view of the hATR trimer. Molecules
A, B, and C are colored yellow, blue, and green, respectively. ATP molecules (magenta) with aokg each (red) are bound at the

AC and CB interfaces underneath the ordered N-termfhsirands. The apo-active site sits at the BA interface. The trimer interface
formed by the supercoil of helicesl anda4 contains alternating Glu/Arg residues (Glu84/Arg195 and Glu91/Arg191 (cyan)). This charged
network connects via Glu84 to the ATP-binding site though a hydrogen bond to invariant Arg194 (magenta). A chloride ion has been
modeled in the center of the charged ring (orange). Two rings of phenylalanine side chains lie on the trimer interface below the Arg/Glu
pairs and are omitted from this figure for clarity. (C) Sequence of the hATR with invariant resides highlighted in red, as determined by the
extended sequence alignment included in the Supporting Information. Secondary structure is shown above and colored as in Figure 2a.
Colored triangles below the sequence denote the functional role of the invariant residues (Table 2) (ATP binding, red; cobalamin binding
pocket, blue; structural function, cyan). Figures 2a,b and 3, 4, and 5 were made with PYABOL (

programs used for structure determination and model building scanning all non-redundant PDB entries that contained ATP
were HKL 35), CCP4 86), O (37), and Coot 88). as a ligand £266 structures).

The hATR construct, residues 5850 (C-terminus),
includes all of the highly conserved amino acids (Supporting RESULTS AND DISCUSSION
Information). The missing upstream region includes the  Structure of the hATR MonomeFhe hATR monomer
predicted mitochondrial targeting sequence, residue321 adopts a helical ferritin-like architecture (Figure 22\.
The fO”OWing ordered residues are included in the refined Structures of this type are defined by their organization of
model: A79-129, A144-240, B57-135, B142-240, C58- four helicesol, a2, a4, anda5 of hATR. These four helices
104, and C108240. Two of the trimer’s active sites are form a bundle in which spatially adjacent helices are
seen to each bind one ATP molecule and two*Mgns. antiparallel to each other. The PduO-type cobalamin adeno-
The final model has been refined at a resolution of 2.5 A syjtransferase family is distinguished by an additional helix,
using REFMAC 89) to anR factor of 19.8% with arRee a3 of hATR, which is located in the long loop that connects
value of 25.2% and good geometry (Table 1). The structural g2 to a4 (Figure 2a). Although ferritin contains a similar
coordinates have been deposited at the RCSB Protein Datgour-helical bundle arrangement, its long-crossover loop does
Bank (PDB) with deposition code 2IDX. not contain a helix and it wraps around the bundle in the
Related cobalamin adenosyltransferase structures wereopposite sense to that of the PduO-type cobalamin adeno-
identified by using the program DALI4Q), the Protein syltransferases.
Structure Comparison Servicél], and by running a BLAST ATR activity has been confirmed, and the structure has
search using the PDB as the amino acid sequence databaséeen described for thEhermoplasma acidophilumprotein
A survey of ATP-binding sites was completed by visually 0546 (LNOG), which is 32% identical to hATRY). Several
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Table 2: Invariant Residues and Their Function within the hATR Strutture

invariant residue function
Gly63 forms a tight turn to allow close proximity gfstrands to active site
Asp64 forms salt bridge with Arg215 to hold N-terminal loop in place
Gly66 within a tight turn of the N-terminal loop
Lys78 H-bonds directly with #-phosphate, Glu193, water, and N-terminal loop
Asp90 potential interaction with cobalamin
Gluol salt bridge with Arg191 at center of trimeric interface
Gly97* positioned orol and allows close approach of th8—o4 loop
GIn118 sits oroi2 and H-bonds the3—a4 loop and back tal
Phel70 potential interaction with cobalamin
Gly175 finishes ther3—o04 loop and startei4
Leul82 hydrophobic core
Arg186* potential interaction with cobalamin
Arg190* H-bonds with all three sections of ATP and on either side of scissile bond
Arg191* salt bridge with Glu91 at center of trimer interface
Glu193* H-bonds with one MgHOH and NZ of Lys78
Arg194 forms H-bond with adenosine N1 and leads to charged trimeric interface through H-bond to Glu84;
also forms water mediated H-bond to Asp90
Asn214 a direct ligand to Mg and twoy-phosphate oxygens
Arg215 salt bridge with Asp64 locking down N-terminal loop and ATP-binding cleft
Ser217 forms H-bond to MgHOH
Phe221 potential interaction with cobalamin

aResidues marked with an asterix have been identified as point mutations in MMA pafieng2,(23).

other related structures of probable ATR enzymes have alsorings of phenylalanines (conserved as hydrophobic residues)
been reported by proteomics consortia, includBegillus that form a solid core to the interface. The hATR subunit
subtilis YVQK (1RTY), Sulfolobus tokodaisT2180 (1WVT), interfaces are extensive (the apo- and substrate-bound
Sulfolobus TokodaisT1454 (1WOZ)Bacillus halodurans interfaces cover 895 and 1450%)Aand are mediated by
10174212 (2AH6) Mycobacterium tuberculosimb1347¢ conserved residues, thereby indicating that the formation of
(2G2D), andPyrococcus horikosh©T3 PHO671 (1WY1). the trimer is required for activity.
A sequence alignment containing a range of species and all Although the presence of differently occupied active sites
known crystal structures is presented in the Supporting could indicate allostery within the trimer, we do not favor
Information. The list of invariant residues as defined by this this possibility because superposition of occupied and
alignment is shown in Figure 2c and listed in Table 2. Of unoccupied subunits does not reveal an obvious pathway of
these structures, the most similar sequence (41% identical)conformational changes that might mediate communication
to the human enzyme is f@acillus subtilisYVQK, which between the active sites. The rms deviation between the three
was used for the molecular replacement solution. The rmssubunits using pairs of equivalentx@toms is only 0.73
deviation between these related structures and hATR is0.78 A (Figure 3c), although as discussed below, there are
typically 1.2-2.0 A over~140 Gu residues. Interestingly,  some distinctive differences at the active sites. It seems more
Thermoplasma acidiphilumA1238 (1NIG) contains a short  likely that crystal contacts at each active site stabilize or
fifth helix indicative of the cobalamin ATR family but does prohibit conformations that are able to bind ATP. Curiously,
not contain the conserved amino acids that are thought tocobalamin is also seen bound to just one of the two active
function in ATP or cobalamin bindingdB). None of these  sites in the crystal structure of dimeric CobA, which is
structures were determined in the presence of ATP, leavingstructurally unrelated to ATR but catalyzes the same reaction
the structure and functional role of many conserved resides(32). Biochemical studies indicated that, as appears be the
unknown. case for hATR, the structural asymmetry of CobA is a
Structure of the hATR TrimeHuman ATR is a trimer in crystallographic artifact and is probably not of mechanistic
the crystal and in solution, as indicated by gel filtration significance 44).
chromatography. Helicestl and a4 of each monomer ATP-Binding SiteThe location of the ATP-binding site
associate to form the six-stranded coiled-coil core of the at the interface between adjacent monomers further indicates
trimer (Figure 2b). All of the related structures listed above that ATR is functional as a trimer. Notably, the three active
also crystallize in the same trimeric arrangement, with the sites in the asymmetric unit are distinctly different, with only
T. acidophilum 0546 and Mycobacterium tuberculosis two of them containing ATP and the other (between
Mb1347c enzymes trimerizing about a crystallographic 3-fold molecules A and B) being unliganded (Figures 2b and 3).
axis and the others associating via noncrystallographic The active site cleft is formed between th&é anda?2 of
symmetry. Toward the top of the structure (closer to the one monomer and the3—a4 loop anda4 andab of its
ATP-binding site; Figure 2b), the trimer interface contains neighbor and is lined by many conserved residues. Com-
two charged rings of Arg/Glu pairs (Glu84/Arg195 and parison of bound- and apo-active sites reveals that binding
Glu91/Arg191) that surround what appears to be a chloride of ATP triggers a significant local ordering of the structure.
ion. Glu84 from the topmost ring also forms a hydrogen bond N-terminal residues surrounding the apo-active site are
with the guanidinium of the invariant Arg194 residue, which disordered before residue 79 (Figure 3a,d), whereas active
in turn hydrogen bonds to the N1 nitrogen of the bound ATP, sites occupied by ATP are ordered from residue 57 or 58 (2
thereby connecting the trimer interface to the active site. or 3 residues after the N-terminus of this construct) (Figure
Below these two rings of charged residues lie two additional 3b,e,f). The cleft formed by the ordered N-terminus is a deep
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Ficure 3: Side view of the hATR active sites. (A) Surface of the apo-active site (at the BA interface) reveals several exposed invariant
residues. The figure is colored as in Figure 2b with invariant residues in darker hue. The right-hand molecule, molecule A (yellow), is only
ordered from residue 79. (B) An ATP-bound-active site (the AC active site is shown in the same orientation as in panel A) reveals the
ordered N-terminal residues of the right-hand molecule, molecule C (green), starting at residue 57, and wrapping over the top of the bound
ATP (ball-and-stick). (C) All three monomers are aligned, revealing close structural similarity except at the N-terminus where binding of
ATP causes ordering of22 N-terminal residues in molecules B and C. (D) Detailed view of the apo-active site (the BA interface). (E)
ATP-bound-active site at the AC interface with residues involved in binding ATP or positioned in the putative cobalamin binding pocket
(Arg186, Phel70, Phe221, Asp90). All labeled residues are invariant except Ser68 and Ser69. (F) ATP-bound-active site of the BC interface
reveals slight differences in the extreme N-terminus of molecules B and C.

pocket slightly bigger than twice the size of the bound ATP. between Arg194 and Glu84. Finally, the adenosine N3
This conformational change suggests that binding of ATP nitrogen packs against the conserved residue Gly87 and
contributes to formation of the cobalamin binding site. The explains why PduO-like ATRs prefer ATP as the nucleotide
structurally unrelated CobA-type ATP:cobalamin adenosyl- donor over GTP. Although hATR is 16% efficient at using
transferase has also been shown to increase in structural ordeGTP as the nucleotide donoRf), activity with GTP is
with the binding of substrate$2). below measurable levels for the acidophilumlrA1434 and
Nucleotide binding to hATR involves the formation of SalmonellaPduO enzymes24, 25). In contrast, CobA-like
numerous hydrogen bonds and van der Waals contacts. ATPATRs have fewer hydrogen bonds between the adenosine
binds with the adenosine ring inserting toward the core and the enzyme, consistent with their nucleotide promiscuity
of the enzyme and the ribose hydroxyls and several (32).
phosphate oxygens in solvent accessible positions (Figure The Arg190 guanidinium group packs against the five-
4a,b). The adenosine lies near stragtls$2, and helixal, membered ring of the nucleotide and also hydrogen bonds
which is a region previously proposed to be involved in with the ribose oxygen. The ring oxygen (O4*) and the
nucleotide bindingZ1). A search of ATR-like structures and phosphate bridging oxygen (O5%), which are on opposite
of ATP-bound protein structures did not reveal a similar sides of the scissile C5*O5* bond, both interact with the
mode of nucleotide binding, indicating that hATR con- side chain of Argl90 (Figure 4). An additional hydrogen
tains a novel type of ATP-binding site. Hydrogen bonds bond is formed between the ribose O2* hydroxyl and the
extend from the adenosine amide group (N6) to both the main-chain carbonyl oxygen of Ser69. Finally, hydrophobic
side chain of Glu193 and the main-chain carboxyl of Arg190 contacts between Phe83 and the ribose ring, and between
(Figure 4b, Table 2). The adenosine N1 nitrogen hydrogen nearby Gly87 and a portion of the adenosine ring, further
bonds with the side chain of Arg194, and this interaction define the ATP-binding conformation. Together, these
connects the ATP-binding pocket to the topmost charged ring contacts work to orient the C5* atom toward the putative
of the trimer interface through a second hydrogen bond cobalamin binding site (Figure 4).
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Ficure 4: ATP-binding site. (A) The ATP-binding site is shown in stereo. Invariant residues that are involved in forming hydrogen bonds

to the bound ATP are shown explicitly. The hydrogen bond from nonconserved Ser69 extends from its main-chain carbonyl not its hydroxyl
side chain. Two Mg" ions interact with the triphosphate moiety. Arg194 recognizes the adenosine and connects this interaction to the
trimer core. (B) Schematic representation of ATP-binding site and interactions with hATR residues. Hydrogen bonds are shown as dashed
lines with distances shown in angstroms. Waters and"\ge shown as closed and open circles. The secondary Mg, which is likely not
physiologically relevant, is shown in gray. Ser68, Phe83, and Gly87 are conserved but not invariant.

The three phosphates pack against the N-terminal loop ofcontains an oval-shaped opening that measures B4A
one subunit and helices4 ando5 of the adjacent subunit and is 7 A deep (Figure 3b). The top of this presumed
(Figures 3e,f and 4a). Two Mg ions have been modeled cobalamin binding cleft is bounded by the ATP molecule
coordinating the phosphates, one of which binds oxygen itself, and the ATP C5* atom is oriented toward the center
atoms from all three phosphate groups, two water molecules,of the pocket as if poised for catalysis. The surface of the
and the side-chain oxygen atom of invariant Asn214. Becausecleft includes four invariant residues (Asp90, Phel70,
Asn214 also hydrogen bonds with Asp64, this interaction Arg186, and Phe221) that are not involved in binding ATP
may be especially important for ordering of the N-terminal but could potentially interact with cobalamin (Figure 3e,f).
residues upon binding of ATP (Figure 3e,f). The other The invariant side chain of Arg186 projects just below the
modeled Mg ion is located in a much more solvent ATP and is a candidate for binding the cobalamin directly,
accessible environment and may be the result of high perhaps to the side-chain amides. Asp90 appears well placed
concentrations of MgSQin the crystallization conditions  to interact with the bound cobalamin or may function in
rather than indicating a physiologically significant coordina- catalysis. Two invariant phenylalanine residues, Phe170 and
tion. Phosphate oxygens also form hydrogen bonds with thePhe221, project into the active site cleft and are good
side chains of the invariant residues Asn214 and Arg190, candidates for binding the hydrophobic surfaces of cobalamin
the carbonyl of Gly63, and with the hydroxyl Ser68 or the dimethylbenzimidazole (DMB) tail.

(conserved Ser/Thr; Supporting Information, Figure 4a,b). Modeling Cobalamin BindingA key question to under-
Cobalamin Binding Sitelhe ordering of hATR N-terminal  standing the mechanism of hATR is the conformation of
residues that occurs upon binding of ATP induces formation cobalamin when bound to the enzyme, because this can

of an active site cleft that not only holds ATP but also dramatically alter reactivity at the Co center. BVis, EPR,
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Ficure 5: Model of base-off cobalamin bound to the active site, shown in stereo in the same orientation as Figure 3e. The model is not
intended to imply specific residue interactions, but rather to Erovide a sense of scale and demonstrate the plausibility of the apparent
cobalamin binding pocket. The corrin ring (blue) is positionetl A away from the ATP (cyan), and the amide side chains of the A- and
B-rings point toward the base of the binding cleft. The benzimidazole tail (white) is extended away from the structure in a position that is
highly speculative in the absence of additional structural information.

LA

and MCD spectra all indicate changes in the cobalt coordina- position GIn234, would disrupt the orientation of th8—

tion suggestive of a four-coordinate “base-off” conformation a4 loop at the bottom of the active site. The most common

when cobalamin binds to an ATP:hATR complé8(29). mutation is a substitution of Arg186 for Trp or GIn. This

Because the DMB tail is inherently very flexible, there is a arginine does not contact ATP in the structure but rather

wide range of potential base-off conformations. The con- lies below the ATP in the cobalamin binding site and appears

formation of the DMB tail shown for our model is especially well positioned to interact with the cobalamin directly

speculative and is only included in order to provide a sense (Figures 3e,f and 5). As described above, Arg190 forms

of scale. hydrogen bonds with the ATP and orients the C5* atom for
Our model of docked cobalamin is approximate but catalysis. Argl91 is an invariant residue involved in the

illustrates that the cleft formed upon ATP binding is an charged trimer interface. Mutation to Trp or Ala does not

appropriate size and shape to accommodate the cobalamireliminate trimer formation but does knock out or reduce

ring and that invariant residues are suitably positioned to catalytic activity, while increasing thiy, for ATP 3-fold

make important interactions (Figure 5). The only constraints over wild-type levels 20, 22, 25). Clearly, the trimeric

on the docking are placing the cobalt ator8—4 A away interface is crucial for adenosyltransferase activity. Finally,

from the target carbon (C5*) of the ATP and avoidance of Glul193 is involved in coordinating the physiological kg

obvious steric clashes. In our model, the upper axial position ion, and mutation to Lys would inhibit ATP binding.

of the cobalt points toward the ATP and the DMB tall, In summary, our structure of the hATRATP Comp|ex

extending off ring D, points toward solvent. The plane of explains the importance of residues found mutated in

the macrocycle is positioned such that rings A and B are methylmalonic aciduria patients and suggests a role for each

inserted into the cleft. In this conformation, the invariant of the invariant residues in stabilizing the structure, binding

phenylalanine residues below the active site are in a positionATP, binding cobalamin, or in catalysis (Table 2). This

to interact with the lower corrin ring structure and Phel70 advance will facilitate future studies aimed at understanding

in particular may assist with exclusion of solvent below the the mechanism of the ATR enzymes.

cobalt. No polar amino acid residue appears to be available
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Supplemental Data

Figure 1.

Sequence alignment of PduO-like ATRs. Secondary structure and numbering of hATR is
indicated above the alignment, and conserved residues (red on white) and invariant
residues (white on red) are highlighted. Sequences are from human (AAH05054.1),
mouse (BAE28544.1), xenopus (AA106514.1), C.elegans (AAA21165.2), Bacillus
Halodurans (10174212) PDBcode:2AH6, Bacillus Subtilis Yvgk PDBcode:1RTY,
Sulfolobus Tokodaii (St2180) PDBcode:1WVT, Sulfolobus Tokodaii St1454
PDBcode:1WOZ, Thermoplasma Acidphilum TA0546 PDBcode 1NOG, Mycobacterium
Tuberculosis PDBcode:2GDG. Pyrococcus horikoshi OT3 PH0671 PDBcode:1WY 1.
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