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ABSTRACT: Defects in the MMACHC gene represent the
most common disorder of cobalamin (Cbl) metabolism,
affecting synthesis of the enzyme cofactors adenosyl-Cbl and
methyl-Cbl. The encoded MMACHC protein binds intra-
cellular Cbl derivatives with different upper axial ligands and
exhibits flavin mononucleotide (FMN)-dependent decyanase
activity toward cyano-Cbl as well as glutathione (GSH)-
dependent dealkylase activity toward alkyl-Cbls. We deter-
mined the structure of human MMACHC: adenosyl-Cbl
complex, revealing a tailor-made nitroreductase scaffold which binds adenosyl-Cbl in a “base-off, five-coordinate” configuration
for catalysis. We further identified an arginine-rich pocket close to the Cbl binding site responsible for GSH binding and
dealkylation activity. Mutation of these highly conserved arginines, including a replication of the prevalent MMACHC missense
mutation, Argl61Gln, disrupts GSH binding and dealkylation. We further showed that two Cbl-binding monomers dimerize to
mediate the reciprocal exchange of a conserved “PNRRP” loop from both subunits, serving as a protein cap for the upper axial
ligand in trans and required for proper dealkylation activity. Our dimeric structure is supported by solution studies, where
dimerization is triggered upon binding its substrate adenosyl-Cbl or cofactor FMN. Together our data provide a structural
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framework to understanding catalytic function and disease mechanism for this multifunctional enzyme.

itamin B;, (cobalamin, Cbl) is essential to the function of

two human enzymes, methionine synthase and methyl-
malonyl-CoA mutase, utilizing methylcobalamin (MeCbl) and
adenosylcobalamin (AdoCbl) as cobalt (Co)-containing
cofactors, respectively.' The intracellular delivery of exogenous
Cbl from its point of entry to the destination enzymes, in its
usable cofactor forms, requires an exquisite pathway of uptake,
processing, and subcellular trafficking proteins.” Eight different
defects in the Cbl metabolic pathway, defined by the
complementation groups cblA-G and mut, give rise to the rare
inherited disorders of methylmalonic aciduria and homocysti-
nuria that affect children in the newborn period or early
childhood." While the genes corresponding to these defects
have been identified, the underlying protein dysfunctions
remain poorly understood.

The most common intracellular Cbl disorder is caused by
genetic defects in the cblC complementation group (OMIM
277400), which includes early-onset and late-onset forms.® The
affected gene MMACHC (methylmalonic aciduria type C with
homocystinuria) encodes the 282 amino acid (aa) MMACHC
protein (also known as CblC) lacking overall sequence
homology with other protein families.* The affected cbIC
patients (~400 to date) have combined homocystinuria and
methylmalonic aciduria® due to the inability to synthesize both
MeCbl and AdoCbl, suggesting an early functional block in the
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Cbl pathway. The exact function of MMACHC, which exhibits
a versatile capacity to bind diverse Cbl forms containing
different upper axial ligands (e.g,, AdoCbl, MeCbl, cyanocoba-
lamin CNCbl, hydroxycobalamin OHCbl),*” is only beginning
to be unravelled. MMACHC has recently been shown to
reductively decyanate CNCDbl to cob(II)alamin® in the presence
of NADPH and FMN/FAD and to dealkylate Cbl derivatives
with C2—C6 alkanes, adenosyl- or methyl- as the upper axial
ligand in the presence of reduced glutathione (GSH).*’
Together, these data demonstrate a role for MMACHC to
bind internalized Cbl derivatives in any form available to the
cell and process them to a common intermediate by removing
the upper axial ligand. This reactivity of MMACHC involves a
bond breakage between the Co atom and the upper axial ligand,
a common mechanism in Cbl-binding enzymes that can
proceed in either a homolytic or heterolytic manner.'®
Subsequently, MMACHC, in concert with its downstream
interacting partner MMADHC,"! partitions the processed Cbl
intermediate to the ensuing AdoCbl and MeCbl synthetic
pathways.
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Table 1. Summary of Diffraction and Refinement Statistics”

data collection peak remote

space group P1
a, b, c (A) 71.7, 72.0, 300.1
a, f, v (deg) 88.6, 85.2, 83.8
wavelength (A) 0.9788 0.9686
resolution (A) 20—2.70 (2.85—2.70) 20—2.40 (2.53—2.40)
Riperge (%) 0.277 (1.179) 0.193 (0.915)
I/ol 115 (3.5) 8.6 (2.1)
completeness (%) 98.7 (98.4) 98.6 (98.0)
redundancy 14.5 (14.4) 7.2 (7.2)
phasing
resolution (A) 20-2.4
Reuis 0.7
phasing power

anomalous/isomorphous 0.425/0.197

figure of merit (acentric) 0.203
refinement
resolution (A) 20—-2.4
no. reflections 228734
Ryone/Riee (%) 18.2/20.6
no. atoms

protein/ligand/water 29534/2056/1646
B-factors (A%)
protein/ligand/water 34.1/30.2/35.5

rms deviations

bond lengths (A)/bond angles (deg) 0.010/1.27
PDB code 3SOM

“Numbers in parentheses refer to the highest resolution shell. R;, ., unweighted R-value on I between symmetry mates. R, = Y hKIF,, (hk)l — Kl
Fac(hkDI/ Y hkIE ,(hki)l for the working set of reflections; Ry, is the R-value for 5% of the reflections excluded from refinement. R, = Y hkill
FPHI | Pll — IFH(calc)l/ Y hkI(cent)IIFPHI + IEPII.

To provide insight into structure—function relationships and were expressed using standard procedures and purified as
disease mechanism, we have determined the structure of human with wild-type proteins.
MMACHC in complex with AdoCbl, which corresponds to the Crystallization and Structure Determination. SeMet-
largest upper axial ligand (5-deoxyadenosine, Ado) among the MMACHCy;, crystals were grown by vapor diffusion at 20 °C
physiological Cbl forms and is a substrate for the GSH- in sitting drops containing SO nL of protein (17 mg/mL,

dependent dealkylation reaction.®’ During the preparation of preincubated with 1 mM AdoCbl in buffer A: 10 mM HEPES
our manuscript, Koutmos et al. reported the structure of pH 7.5; 500 mM NaCl; 5% glycerol), 100 nL of mother liquor
MMACHC in its apo and MeCbl-bound forms.'> Our (0.25 M ammonium citrate pH 5.0, 25% v/v PEG3350), and 25
MMACHC-AdoCbl structure agrees with Koutmos et al. on nL of an additive mixture from Silver Bullets HT well E12

the overall protein fold and Cbl binding site but further shows a (Hampton Research). Crystals were cryo-protected in mother
highly conserved dimerization cap for the upper axial ligand liquor containing 25% (v/v) ethylene glycol and flash-cooled in
Ado, as well as an arginine-rich GSH-binding pocket that liquid nitrogen. MMACHCy;, crysﬂtallized in space group Pl
includes the site of the most prevalent missense mutation, at with unit cell dimensions a =71.7 A, b =72.0 A, c = 300.1 A, a
Argl6l.7 = 88.5°% f = 85.3° and y = 83.8°. Two highly redundant data
sets at different wavelengths were collected on beamline 124 at

the Diamond Light Source. All data sets were integrated with

W EXPERIMENTAL PROCEDURES XDS" and scal%d with SCALA.'* SHELXD' idintiﬁed 40
Cloning, Expression, and Purification of MMACHC. selenium sites which were used for phase refinement with

Constructs of fulllength human MMACHC (aa 1-282; autoSHARP.'” The initial electron density map after solvent
MMACHCy;) and Argl61Gln mutant (MMACHCygq) flattening with SOLOMON'® did not enable us to build a

were prepared previously.13 Other substitution complete model, but the secondary structure elements
(MMACHCRZ%Q, MMACHCgy300, MMACHCg;;;5) and identified with BUCANEER' allowed us to assemble the
deletion (MMACHC,pyr) mutants were constructed using strands and helices of one region of the map into an
the QuikChange site-directed mutagenesis kit (Strategene). A approximate monomer model. This model was superimposed
DNA fragment encoding C-terminally truncated (aa 1-235; on the remaining fragments with COOT>° to establish the 16-

MMACHC p36_25:7) MMACHC was generated from the fold NCS in the asymmetric unit. A new round of solvent
MMACHCy; construct and subcloned into the vector flattening with PARROT,*! using initial phases from SHARP
pNIC28-Bsa4 (GenBank ID: EF198106). The various and 16-fold NCS, produced an electron density map of
MMACHC proteins were expressed and purified as described excellent quality. Subsequent automated model building was
previously."® Selenomethione (SeMet)-derivatized proteins performed with BUCANEER. After several cycles of manual
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Figure 1. Structure of the MMACHC-AdoCbl complex. (a) The MMACHC protomer aligns with the core a + f fold (cyan) in other NTR
homologues but contains unique loop protrusions (yellow) and a C-terminal subdomain (green). The bound AdoCbl and citrate (Cit) are in sticks.
Missense mutations are labeled as red spheres. (b) Structural comparison of the NTR superfamily members, including M. musculus iodotyrosine
deiodinase (PDB ID: 3GBS), S. meliloti BluB gene product (PDB ID: 2ISl), T. Thermophilus NADH oxidase (PDB ID: INOX), and V. harveyi flavin
reductase P (PDB ID: 2BK]), each labeled with their PDB codes. The bound FMN in each structure is shown in sticks. (c) SigmaA-weighted
electron density map for the AdoCbl (Ado, Cbl) and citrate molecule (Cit) in the MMACHC active site. A number of atoms mentioned in the main
text are labeled. Interatomic distances (dotted lines) are in angstroms (A). (d) The arginine-rich pocket close to the Cbl binding site features positive
electrostatic potentials (inset). Hydrogen bonds are shown in red dotted lines. The sequence logos (bottom), generated from an alignment of 30
MMACHC homologous sequences (WebLogo tool), highlight the invariant residues in this pocket, including Argl61, Arg206, and Arg230.

rebuilding in COOT and refinement with BUSTER,* the final
model converged to a final R, 4 /Rg.. of 18.2%/20.6%.
Statistics for data collection and refinement are summarized
in Table 1.

Size Exclusion Chromatography. Analytical gel filtration
was performed on a Superdex 200 HiLoad 10/30 column (GE
Healthcare) pre-equilibrated with 10 mM HEPES pH 7.5, 150
mM NaCl and 5% glycerol. The column was calibrated using
carbonic anhydrase (29 kDa), bovine serum albumin (66 kDa),
alcohol dehydrogenase (150 kDa), and apoferritin (443 kDa) as
protein standards. Experiments were performed with 25 yM
protein either in the apo-state or in the presence of 250 yM
AdoCbl or MeCbl, or 50, 100, or 500 uM FMN.

Differential Scanning Fluorimetry. MMACHC was
assayed for shifts in melting temperature caused by ligand
binding in a 96-well PCR plate using an Mx3005p RT-PCR
machine (Stratagene). Each well (20 yL) consisted of protein
(3 uM in buffer A), SYPRO-Orange (Invitrogen) diluted
1000%, and various concentrations of reduced glutathione
(GSH) in the presence or absence of 20 yuM AdoCbl or 20 uM
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MeCbl. Fluorescence intensities were measured from 25 to 96
°C with a ramp rate of 1 °C/min. The temperature shifts,
AT, for each ligand were determined as described.”* ACy,
values (half-maximal effective ligand concentration) and final
graphs were generated using GraphPad Prism (v.5.01; Graph-
Pad Software) as described."

Dealkylation Assay. Dealkylation of MeCbl was initiated
by adding 1 mM GSH to a 100 uL reaction mixture containing
50 uM MMACHC and 5 yuM MeCbl in buffer A in the dark
under aerobic conditions at 20 °C. At various time points (0—
120 min) the absorbance spectrum (300—750 nm) was read
using a POLARstar Omega plate reader (BMG Labtech), and
formation of aquocobalamin was followed at 355 nm. Rate
constants were determined by GraphPad Prism for MMACHC
wild-type and MMACHCg4,q following incubation with
various concentrations of GSH (0—1000 pM), measuring
absorbance changes at 355 nm over 60 min and determination
of linear velocity.

dx.doi.org/10.1021/bi300150y | Biochemistry 2012, 51, 5083—5090



Biochemistry

GSH binding

-+ wild-type:GSH+MeCbl

£ - wild-type:GSH+AdoCbl
=
<5
d -= wild-type:GSH
+ MMACHCR,30q:GSH
+ MMACHCR1610.:GSH
o v £3 ]

500 1000 1500

Conc. GSH (M)

2000 2500

(b) Dealkylation activity
1004 © wild-type
c Dealkylation of wild-type
g ° 0 min 120 min
5
> 5
504 <
[
o
N
* MMACHCR230Q
#* MMACHCR1610

0 150

50_ 100
Time (min)

Figure 2. The arginine cluster is involved in GSH binding and dealkylation. (a) A plot of T,, shift as a function of GSH concentration for wild-type
MMACHC (wild-type:GSH), MMACHCy,6,q (MMACHCy;6,¢:GSH), and MMACHCy,30q (MMACHCy,30¢:GSH) in the presence of increasing
concentrations of GSH alone and in the presence of 5 uM MeCbl (wild-type:GSH+MeCbl) and S uM AdoCbl (wild-type:GSH+AdoCbl). (b)
Dealkylation activity, monitored by absorption at 355 nm, of MeCbl-bound MMACHCy;61q and MMACHCy,30q as compared to wild-type
MMACHCy;. Inset shows the dealkylation reaction over time (increasing gray shade) for the wild-type protein as a function of wavelength.

B RESULTS AND DISCUSSION

MMACHC Modifies the Nitroreductase Scaffold with
B,, Binding Features. We determined the MMACHC-
AdoCbl structure at 2.4 A resolution by MAD phasing using
SeMet-derivatized protein, in the crystal space group P1 with
16 protomers in the asymmetric unit (rmsd ~ 0.2 A among
protomers). The refined monomeric model comprises aa S—
230 (Figure 1a), while the C-terminal 52 residues (aa 231—
282), encompassing a Pro-rich region absent in many
MMACHC orthologues (Figure S1 of the Supporting
Information), are disordered. Despite a lack of sequence
conservation to known protein families, MMACHC exhibits
remote structural homology to several bacterial nitroreductases
(NTRs), with DALI search Z-scores of 5.0—5.9 and rmsd of
~3.0 A (Figure 1b, top). The NTRs, together with NADH
oxidases and flavin reductases (Figure 1b, bottom),** form a
superfamily of flavin mononucleotide (FMN)-binding proteins,
characterized by a core a + f scaffold and a domain-swapping
dimer with the substrate and FMN binding sites at the dimer
interface (Figure S2a).

Compared to NTRs, nevertheless MMACHC displays
significant structural modifications. First, only 90—100 C*
positions of MMACHC superimpose with the typical ~200
aa core NTR scaffold (cyan region in Figure lab). Second,
although MMACHC has been shown to decyanate CNCbl in
the presence of FMN,"” its binding site cannot be inferred from
the FMN binding site of the NTR homologues because the
equivalent region in MMACHC is constricted by additional
secondary structure elements and is too distant from the Cbl
binding site for catalysis (Figure S2b). Third, MMACHC
appends to the core NTR scaffold three unique protrusions
(Prl: aa 69—77; Pr2: 104—116; Pr3: 128—150) (Figure 1a,
yellow) as well as a C-terminal subdomain (aa 166—230; Figure
1a, green). Significantly, the longest protrusion Pr3 and the C-
terminal subdomain together construct a binding pocket for the
Cbl corrin ring and 5,6-dimethylbenzimidazole (DMB) base.
Pr3 forms an extended linker connecting a short S-hairpin and
creates a platform to bind Cbl. The C-terminal subdomain has
a long linker wrapping around the core scaffold and a helical
bundle sitting atop Pr3. The last helix ¢ in the C-terminal
subdomain, immediately before the disordered Pro-rich region,
exhibits positional flexibility and flanks the Cbl binding site.

Bound in each of the 16 MMACHC protomers is an AdoCbl
molecule, with S-deoxyadenosine (Ado) as the upper axial
ligand for the Cbl moiety (Figure 1c). The Cbl moiety is bound
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such that the DMB tail is not ligated to the Co atom at the
lower axial position. This “base-off” configuration is consistent
with spectroscopic studies in solution®” and also observed in
the reported MMACHC-MeCbl structure."> The Co atom is
tetracoordinated equatorially by the corrin ring and further
coordinated at its upper axial position by the Ado C5’ atom.
The observed Cblg,:Adocs distance (2.5 A) is longer than
expected for an unbroken Co(III)—C bond (2.0 A),** and has
previously been suggested to represent an artifactual bond
breakage during X-ray analysis.”> MMACHC lacks a conserved
His residue employed by many B,-utilizing enzymes as a lower
axial ligand to replace the DMB tail and complete the six-
coordinate configuration for the Co(III) oxidation state. Hence,
MMACHC mediates a “base-off, five-coordinate” mode to bind
AdoCbl and presumably other alkyl-Cbls. This binding
adaptation of MMACHC provides a means to facilitate the
catalytic cleavage of the upper axial ligand (e.g, Ado, Me, CN
moieties) from the Cbl moiety, an important functionality for
the enzyme. The base-off, five-coordinate mode weakens the
Co—C bond compared to Cbl forms containing a lower axial
ligand (e.g, “base-on” or “base-off/His-on”)*® and has been
shown to reduce the energy barrier in favor of a heterolytic
reaction,” which MMACHC purportedly utilizes for its
dealkylation activity.”

A Highly Conserved Arginine Cluster near the Cbl
Binding Site. The available MMACHC structures allow the
three-dimensional mapping of ¢bIC patient mutations in order
to correlate mutation and disease phenotype. Twenty missense
mutations have been reported to date (Table S1), a majority of
which are clustered into the region that interacts with the corrin
ring and DMB tail (Figure la, red spheres) and hence are
expected to compromise Cbl binding to varying degrees. The
site of the most prevalent missense mutation Argl61Gln,’
nevertheless, does not interact with Cbl directly and is situated
in a cavity near the corrin ring and Ado moieties. This cavity
harbors several strictly invariant residues (Figure 1d, Figure
S1), among which the guanidinium side chains of Argl6l,
Arg206, and Arg230 cluster into an electropositive pocket
(Figure 1d, inset). In each of the 16 MMACHC-AdoCbl
protomers, this arginine-rich pocket is bound by a citrate ion,
presumably derived from the crystallization solution. The
citrate ion is fixed by many charged interactions with the
arginine cluster (Figure 1d, red dashed lines) using its central
carboxylate and one of the terminal carboxylate groups. The
other terminal carboxylate forms hydrogen bonds to the Ado

dx.doi.org/10.1021/bi300150y | Biochemistry 2012, 51, 5083—5090
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Figure 3. MMACHC forms a dimer in solution and in the crystal structure. (a) Gel filtration profile for MMACHCy, in the apo form (gray line),
bound with 50, 100, or S00 uM FMN (lines of increasing blue shade) or bound with 250 #uM AdoCbl (red dashed line). Inset: the Au5/Asys
absorbance ratio for the monomer (m) and dimer (d) fractions reveals a “base-off’ configuration for the AdoCbl ligand. (b) Structure of a
MMACHC dimer, highlighting the interface formed by protrusions Prl and Pr2 from both subunits A and B. (c) Close-up view of the dimer
interface (boxed in panel B), showing the protrusion Pr2 in subunit B (Pr2y) interacts with its counterpart in subunit A (Pr2,) and with the S-
deoxyadenosine moiety of subunit A (Ado,). Two alternative side-chain conformations of R111y are shown. Inset: sequence logo of the Pr2 PNRRP
motif showing the invariant amino acids therein. (d) Surface representation of the Cbl binding site in subunit A, showing that the Pr2 PNRRP motif
from subunit B forms a cap (yellow meshes) for the Ado moiety in subunit A. Residues that interact with AdoCbl are shown in sticks and colored on
a scale of sequence conservation. cbIC missense mutations identified in the Cbl binding site are marked with asterisks. (e) Dealkylation activity,
monitored by absorption at 355 nm, of MeCbl-bound cap mutants MMACHCy,;; and MMACHC zp\y as compared to the wild-type. The
sequences for the domain-swapped cap of the three proteins are shown.

03 ribose, with one of its oxygen (OA1) atoms 3.2 A from the

Ado Cs’ (Figure 1c).

The proximity of the arginine-rich pocket to the upper axial
ligand (e.g, Ado) of the Cbl binding site suggests a
physiological role in binding an enzyme cofactor. To this
end, the binding of GSH, required for the dealkylation reaction
of MMACHC, was considered because the role of arginines in
binding GSH is well documented for such GSH-utilizing
enzymes as glyoxalase,28 glutathione reductase,”® and gluta-
thione-S-transferase.>® To probe the function of the arginine
cluster, we constructed three site-directed single mutants
(Argl61Gln, Arg206Gln, and Arg230Gln) to replace each
arginine in the cluster with an uncharged amino acid. The
resulting MMACHCgyy4q protein was insoluble when ex-
pressed recombinantly (data not shown), suggesting that
Arg206, also a site harboring cbIC patient mutations,® has a
structural role contributing to overall protein stability. The
MMACHCg;61q and MMACHCg,;yq proteins, by contrast,
were expressed in the soluble fraction in E. coli (data not
shown) and then compared to the wild-type protein in their
ability to bind GSH and catalyze the dealkylation reaction.

To assess binding of GSH by MMACHC, we used
differential scanning fluorimetry to detect ligand-induced
changes in protein thermostability, a method previously
employed to characterize the binding of Cbl derivatives to
wild-type and mutant MMACHC."” MMACHCy; incubated
with GSH alone (1 mM) showed a flat concentration
dependent increase in T, yielding an ACs;y of ~1 mM
(Table S2) and a moderate T, shift (3 °C) (Figure 2a). In the
presence of 20 yuM AdoCbl or MeCbl, however, GSH binding
and stabilization are markedly increased, with ACg, values
reduced by ~17-fold (AdoCbl) and 8-fold (MeCbl) (Table
S2), and stabilization of 6 °C (AdoCbl) or 10 °C (MeCbl) at 1
mM GSH (Figure 2a). This increased affinity for and
stabilization by GSH in the presence of alkyl-Cbls suggests
that binding of these cofactors primes MMACHC to bind
GSH, possibly to initiate the dealkylation reaction. Similar
upward T, shifts were obtained when GSH and AdoCbl/
MeCbl were added to MMACHC 556 ,5, (data not shown),
indicating that the Pro-rich region is not involved in GSH
binding. These T, shifts were diminished, however, in the
MMACHCg6;q mutant and, to a much lesser extent, the

5087 dx.doi.org/10.1021/bi300150y | Biochemistry 2012, 51, 5083—5090
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MMACHCg,30q mutant, when bound to GSH alone (Figure
2a), suggesting that residues in the arginine cluster are involved
in GSH binding. The physiological relevance of the interaction
between MMACHC and GSH is demonstrated by the
dealkylation of AdoCbl or MeCbl in the presence of GSH.
We found that dealkylation of MeCbl by 1 mM GSH was
severely disrupted in both MMACHCg61q and
MMACHCry30q, with only 11.5 + 6.1% and 18.3 + 4.2% of
wild-type activity after 120 min (Figure 2b, Figure S3), in spite
of the fact that all MeCbl was bound to the protein (Figure S4).

Together, our data for the first time demonstrate a direct role
of the invariant arginine cluster in the structure and catalysis of
MMACHC and attribute the deleterious effect of the common
Argl61GIn disease mutation to weakened GSH binding and
abolished dealkylation activity. This is consistent with previous
data"® showing that B, binding is unlikely to be the primary
dysfunction caused by the mutation. Although crystallization of
the functional ternary complex (e.g.,, MMACHC-AdoCbl-GSH)
has remained elusive, the binding mode of GSH can be inferred
from our citrate-bound MMACHC-AdoCbl structure. Residues
in the arginine-rich pocket are in position to coordinate the two
terminal carboxylates of GSH and position its central thiolate
group toward the scissile Co—C bond in the alkyl-Cbl
substrate. The thiolate group may adopt a similar position as
the citrate OAl atom (shown in Figure 1c) to provide a good
trajectory (~3.2 A) for the nucleophilic dealkylation. The
arginine cluster could also function as counterions for the
ionization of the thiolate nucleophile. Furthermore, the
relatively larger GSH molecule (with respect to citrate) can
be accommodated by means of minor side-chain shifts at the
GSH pocket, as well as a moderate C, movement of the C-
terminal helix (@) that harbors Arg230 as the last ordered
residue in our structure. Consistent with this, we observed
conformational flexibility of helix o; among the protomers in
our structure (data not shown), and as reported,'” reflecting the
ability to accommodate a GSH-mediated induced-fit rearrange-
ment.

MMACHC Dimerizes in Solution and in the Crystal.
Although MMACHC has preVlously been shown to exist as a
monomer in the apo state, we set out to determine whether
ligand binding results in functional oligomer formation, using
size exclusion chromatography (Figure 3a). By this method,
apo-MMACHCy, exists predominantly as a monomer (gray
line). However, upon incubation with FMN, it elutes with both
monomer and dimer peaks, indicating the existence of a
monomer—dimer equilibrium. The dimer peak height is
commensurate with the concentration of FMN administered
(lines of increasing blue shade), demonstrating that the binding
of FMN favors the equilibrium toward dimer formation. A
similar phenomenon is observed upon binding of AdoCbl (red
dashed line), and the A /As,s absorbance ratio is consistent
with the presence of bound AdoCbl in the base-off
configuration for both monomeric and dimeric fractions
(inset). Dimerization was also induced by the presence of
MeCbl, albeit to a lesser extent (Figure SS). The above
monomer—dimer profile for the MMACHC, protein is also
observed with the truncated MMACHC y,34_55, protein lacking
the Pro-rich region (data not shown), indicating that the first
235 aa are sufficient for dimer formation in solution.

Our solution data demonstrate that while a MMACHC
monomer, equipped with the corrin ring and DMB binding
pockets, is sufficient to bind AdoCbl, two ligand-binding
monomers can assemble into a dimer. Inspection of the
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intermolecular packing of the MMACHC-AdoCbl structure,
which involves the three unique protrusions Pr1—Pr3, provides
an explanation for the observed solution dimer. The 16
protomers in the crystal are arranged as a string of four
tetramers, each tetramer consisting of two dimers related by a
90° screw rotation (Figure S6a). Each dimer buries 1050 A” of
solvent accessible surface area per monomer, above the
statistical average for biological dimers (~800 A2).>' The
dimeric shape and interface differ markedly from those in the
NTR homologues (Figure S2a) and are largely mediated by
protrusions Prl and Pr2 from both subunits (Figure 3b), thus
forming the base for a U-shaped structure with the two tips
comprised of protrusion Pr3 (Figure S6b). The tips are further
involved in tetramerization, allowing two dimers to wedge in
between their U-shaped cavities (Figure S6b). Although
tetramerization was not detected in solution, this solvent-
exposed intermolecular surface can provide the protein—
protein interaction platform for binding partners such as
MMADHC, a protein downstream of the Cbl pathway.""

Close inspection of the dimer interface reveals that
protrusion Pr2 from each subunit, encompassing a highly
conserved “P;;oNRRP,;;” sequence motif, crosses over, and
interacts with the Ado moiety of AdoCbl in the opposing dimer
(Figure 3c), essentially forming a domain-swapped “cap” for
the upper axial ligand in trans (Figure 3d, yellow mesh).
Contacts between the cap and the upper axial ligand involve
van der Waals interactions contributed by Pro109, Asn110, and
Arglll as well as hydrogen bonds contributed by Arglll
(Figure 3c). The invariant Arglll also adopts an alternative
guanidinium side-chain conformation that forms head-to-tail
arginine—arginine interactions at the intermolecular interface.
This dimeric packing mode, independently observed eight
times in the P1 asymmetric unit, was also adopted by NCS-
related molecules in two other crystal lattices that we
characterized (monoclinic P2 and tetragonal P4 space groups;
data not shown). In addition, it is also present in the reported
MMACHC-MeCbl structure (PDB ID: 3SCO) when applying
crystallographic symmetry to its asymmetric unit monomer.
Together, the MMACHC dimer in the MMACHC-AdoCbl and
MMACHC-MeCbl complexes reveals a general function of the
PNRRP cap to accommodate different upper axial ligands.
Relevant to this, the PNRRP cap extends across the
intermolecular interface to bind in trans the upper axial ligand
only in the MMACHC-AdoCbl/MeCbl complexes, but in the
reported apo-MMACHC structure the PNRRP cap (labeled L3F
in ref 12) is held more in place within its own monomer,">
further demonstrating that the function of the dimeric cap is
dependent upon the presence of the ligand.

The physiological relevance of assembling two Cbl-binding
monomers to form a MMACHC dimer may be manifested in
how it facilitates and extends the functional capability of the
protein. The PNRRP motif in Pr2, together with residues
interacting with the corrin ring and DMB base at the Cbl
binding site, represents the most evolutionarily conserved
residues among MMACHC orthologues (Figure 3d, magenta).
The intradimeric crossover of the PNRRP cap creates a cavity
that accommodates the upper axial ligand of varying sizes (e.g.,
the bulky Ado group, and other alkyl- or CN-substituents). The
relaxed specificity of this cavity takes the function of
MMACHC to the realm of utilizing any Cbl forms that a cell
can encounter extracellularly. A protein domain capping the
upper axial hgand is a common architectural feature in Cbl-
utilizing enzymes, % to assist catalysis by sequestering its active
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site and providing a complete shielding of the Cbl ligand, as
well as proper positioning of the upper axial ligand to mediate
catalysis. The essential nature of the PNRRP cap to MMACHC
function is succinctly illustrated by the reduced dealkylation
activity, relative to wild-type proteins, of cap mutants (Figure
3e) that either substituted Arglll (MMACHCg,g) or
removed part of the domain-swapped residues (Prol09-
Asn110-Arg111) in the PNRRP cap (MMACHC ypnp)-

B CONCLUDING REMARKS

Positioned early in the Cbl metabolic pathway, MMACHC is
tasked with multiple binding and enzymatic roles, a feat
unprecedented compared to other B, binding/utilizing
proteins. To accomplish this, MMACHC seems to have
evolved from a known structural NTR binding core and
tailor-made to include unique ligand-binding features: a Cbl
pocket to bind and prepare various Cbl substrates for Co—C
bond cleavage and a nearby arginine-rich pocket for GSH
coenzyme binding. These functions are likely to be further
facilitated by dimer formation, which creates a substrate-
binding cap for the active site as well as additional interaction
platforms for the Cbl substrates and functional partners. Given
our new structural understanding of this protein, it is easier to
appreciate how mutations targeted to the Cbl and arginine-rich
pockets are deleterious in c¢bIC patients. What remains
unresolved, however, is how MMACHC accommodates the
FMN/FADH-dependent decyanation reaction. In particular, it
is not apparent why MMACHC retains the core NTR fold
known for its FMN binding, yet projection of the FMN binding
site from structural homologues leaves it too distant from the
core B,- and GSH-binding actions to be catalytically effective.
The observations that FMN induces MMACHC dimerization
and that the MMACHC dimer is structurally distinct from the
NTR homologues, together imply the possibility of an
alternative FMN binding mode in MMACHC—which could
be in the arginine-rich coenzyme pocket, or a site formed upon
MMACHC dimerization, although these remain to be
determined.

B ASSOCIATED CONTENT

© Supporting Information

Missense mutations reported for the MMACHC gene (Table
S1), ACy, values for GSH binding (Table S2), sequence
alignment of MMACHC homologues (Figure S1), FMN
binding site in nitroreductases (Figure S2), dealkylation rate
of MMACHC wild-type and MMACHCy,4, (Figure S3),
evaluation of MeCbl binding to MMACHC before the
dealkylation reaction (Figure S4), size exclusion chromatog-
raphy of MMACHC (Figure SS), subunit organization in the
P1 asymmetric unit (Figure S6). This material is available free
of charge via the Internet at http://pubs.acs.org.
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