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ABSTRACT: Metastatic melanoma is among the most intractable cancers to (H. sapiens) /l;\ (B. subilis)
i

treat; patients show resistance to therapy and limited survival time. A critical
step in the development of metastatic melanoma is the acquisition of invasion
and transition from thin to thick tumors on the skin, followed by invasion to
lymph nodes. Prior studies have shown that metastatic melanoma is
associated with dysregulation of RhoA and enhanced expression of a protein
named “mediator of RhoA-dependent invasion (MRDI)”. Importantly,
MRDI is a “moonlighting” enzyme, with two distinct functions in melanoma
cells. First, MRDI acts as a methylthioribose-1-phosphate (MTR-1-P)
isomerase, catalyzing a critical step in methionine salvage. Second, MRDI
promotes and is necessary for melanoma cell invasion, independent of its
catalytic activity. This paper demonstrates that MtnA, a bacterial MTR-1-P
isomerase, rescues the methionine salvage function of MRD], but is unable to
rescue its role in invasion. The crystal structure of MRDI was solved to a
resolution of 2.5 A to identify structural elements important for its invasion activity. This structure and its comparison with other
MTR-1-P isomerases are presented, and mutations within a region separate from the MTR-1-P binding site, which interfere with
invasion, are identified. Thus, structural elements in MRDI distal from the MTR-1-P catalytic site are responsible for the invasion

phenotype.

O ne of the most interesting outcomes emerging from the activation of the GTPase RhoA. A previously uncharacterized
study of cellular proteomes is the identification of gene, named “mediator of RhoA-dependent invasion” (MRDI),
“moonlighting” proteins, which are proteins known to perform was identified on the basis of its induction in response to RhoA
more than one function. Many examples involve metabolic and its ability to promote RhoA-dependent cell invasion in three-
enzymes, which show separate roles in diverse processes, dimensional collagen matrices.* RNA interference showed that
including §ene expression, signal transduction, and chaperone the expression of MRDI was necessary to allow tyrosine
function."”” Aconitase is a classic example, in which this TCA phosphorylation of focal adhesion kinase (FAK), an event that
cycle enzyme also functions as an iron-responsive binding promotes kinase activation and cell motility.

protein (IREBP), repressing translation of transferrin and other
iron feedback inhibited groteins by binding the 5'-untranslated
region of their mRNAs.” Initially, the number of moonlighting
proteins was few and anecdotal, but with the increased numbers
of functional annotations for proteins, in part due to large-scale
screening results, the discovery rate for proteins associated with
unexpected processes is increasing.' Therefore, the one protein—
one function assumption is rapidly changing, and perhaps with
new databases and data-mining studies, the existence of
moonlighting proteins may be the rule, rather than the exception.
However, in most cases, the mechanisms underlying moon-
lighting behavior remain unknown, lacking structural analyses
that explain the molecular basis of how one protein can mediate

Sequence alignments revealed a similarity between human
MRDI and bacterial methylthioribose-1-phosphate isomerases.
These enzymes function in methionine salvage by converting the
S-adenosylmethionine metabolite, methylthioribose-1-phos-
phate (MTR-1-P), into methylthioribulose-1-phosphate
(MTRu-1-P), which is ultimately converted to methionine in
the salvage pathway.*”® The catalytic activity of MRDI as a
MTR-1-P isomerase was demonstrated in vitro using NMR to
identify the product. Furthermore, catalytic activity was
abolished by mutations of residues Cys168 and Asp248, strictly
conserved in MTR-1-P isomerases. In human cells, siRNA
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depletion of MRDI, or mutation of its conserved Cys168 or
Asp248 residues, abolished the ability of cells to grow in
methionine-free media supplemented with methylthioadenosine
(MTA), the metabolic precursor to MTR-1-P. This confirmed
the primary role of MRDI in human cells as an MTR-1-P
isomerase that mediates the methionine salvage pathway.

Although mutations at the Cys and Asp residues implicated in
catalysis ablated MTR-1-P isomerase activity, neither affected
invasion of cells within 3D spheroids encapsulated in collagen.*
This revealed that MRDI has separate mechanisms for its
metabolic and invasive functions and can thus be classified as a
protein with a moonlighting role in RhoA-dependent invasion.
The uncoupling between invasive function and catalysis
suggested that invasion may be mediated by protein—protein
interactions. Consistent with this hypothesis, MRDI was found
localized at the leading edge of cells, overlapping N-WASP and
the site of actin polymerization, where its higher effective
concentration might enable protein—protein interactions
important for cell movement.

Interestingly, a protein originally characterized as an Apafl
interacting protein that prevents hypoxia-induced apoptosis’ was
recently identified as MTRu-1-P dehydratase, the next enzyme in
the methionine salvage pathway following MTR-1-P isomer-
ase.” These recent findings further illustrate the prevalence of
dual roles in metabolic enzymes and suggest that protein—
protein interactions may be a general, catalysis-independent
mechanism for their moonlighting functions.

Here, we examined MRDI by X-ray crystallography to analyze
the structural basis for its dual function. The X-ray structure of
the human protein solved to 2.5 A reveals similarities to previous
structures of bacterial and yeast MTR-1-P isomerases, with
conserved residues found within an open conformation of the
active site. Expression of the bacterial enzyme in human cells
depleted for MRDI enabled rescue of cell growth in the presence
of MTA, but not cell invasion in collagen spheroids. Mutation of
amino acids within a putative binding pocket unique to human
MRDI resulted in inhibition of spheroid invasion. Together the
results indicate that the dual function of MRDI can be attributed
to distinct protein regions, including a conserved catalytic site
which is needed for metabolic activity, and a separate binding
pocket, distal to the active site, which is responsible for RhoA-
dependent cell invasion.

B MATERIALS AND METHODS

Cloning and Mutagenesis. Cloning, heterologous ex-
pression in Escherichia coli, and purification of MRDI were
carried out as described.* The human MRDI gene containing
silent mutations to bypass the shRNA interference (bpWT) was
subcloned into the plasmid pET41b+ for E. coli expression. This
plasmid was then used to introduce all of the point mutations
used in this study, using the QuikChange (Invitrogen) site-
directed mutagenesis protocol, using the mutagenic primers
shown in Supplemental Table ST1 in the Supporting
Information. The mutations were confirmed by sequencing
and subcloned, using Notl and Sfil restriction sites, into the
pREX-MRDI bpWT plasmid* for retroviral expression in A375
cells. The genes for Bacillus subtilis MtnA and Saccharomyces
cerevisiae Ypr118W were PCR-amplified from genomic DNA
using the primers shown in Supplemental Table ST1. The C-
terminal primers incorporated a hemagglutinin (HA) fusion tag
at the C-termini of both genes. The amplified fragments were
digested with EcoRI and NotI and ligated into the pREX vector
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digested with the same restriction enzymes. The correctness of
the final products was confirmed by DNA sequencing.

Protein Crystallization and X-ray Data Collection.
Crystals of MRDI were grown in hanging drops at 16 °C in a
precipitant solution containing 0.7 M sodium citrate and 100
mM imidazole, pH 8.0. Crystals appeared overnight, but growth
was allowed to continue for 1 week, after which no additional
growth was observed. For data collection, crystals were
transferred to a cryoprotecting solution composed of 10%
glycerol, 0.7 M sodium citrate, and 100 mM imidazole, pH 8.0,
and flash-frozen in a nitrogen stream at 100 K. Diffraction data
were collected with a rotating anode generator using Cu Ka
radiation and a Rigaku R-AXIS IV++ image plate detector placed
such that the direct beam was centered on the detector (no
detector swing). The crystal to detector distance was set at 200
mm and 130° of data collected in 0.5° oscillations. The crystals
belonged to space group P2,2,2,, with unit cell dimensions a =
44.8,b=116.5,c=1379 A;and a = f =y = 90°.

Crystals of MRDI Ser283Tyr were grown under conditions
similar to those of the wild type protein. The crystals were frozen
as described above and diffraction data collected at beamline
5.0.2 of the Advanced Light Source, Lawrence Berkeley National
Laboratories. Radiation wavelength was set to 1 A, and an ADSC
CCD detector was placed 250 mm from the crystal (no detector
swing). Analysis of preliminary diffraction images with
Mosflm'®"" confirmed that the lattice of the mutant protein
crystal was similar to that of the wild type and allowed
development of a collection strategy to maximize data
completeness and redundancy while minimizing total exposure.
On the basis of these estimates, 100° of data were collected in 1°
oscillations. Data reduction for both crystals was carried out in
HKL2000,"> and data collection statistics are summarized in
Table 1.

Structure Determination and Refinement. A sequence
similarity search of the Protein Data Bank using BLAST revealed
a protein annotated elF2B from Leishmania major (PDB ID
2A0U, J. Bosch and W. Hol, unpublished results) sharing 45%
sequence identity with MRDI, suggesting that this protein could
be used as a model to determine the MRDI structure by
molecular replacement. To maximize the similarity between the
model and MRDI, we used the program CHAINSAW" to prune
nonconserved residues to the gamma carbon while conserved
residues were left intact. The Leishmania protein was a dimer in
the crystallographic asymmetric unit. We used the dimer as a
search model, as analysis of the MRDI crystal lattice contents
suggested the presence of two monomers per asymmetric unit.
Rotation/translation searches with the program Phaser'* using
data to 2.5 A resolution yielded a clear solution without
significant packing clashes. Using the program CNS,'® the model
was subjected to one round of refinement, and an electron
density map was calculated to 2.5 A resolution. Several amino
acid side chains missing from the model were readily observed in
the electron density map, validating the correctness of the
molecular replacement solution. The model was rebuilt using the
programs 0% and Coot,'” and alternative rounds of refinement
and rebuilding were performed until no further improvement of
the R factors was achieved. The structure of MRDI Ser283Tyr
was determined using the MRDI structure as a starting model,
where Ser283 was mutated to Ala, all water molecules were
removed, and all B factors were randomized. The model was then
subjected to rigid body refinement followed by rebuilding and
positional and B factor refinement in PHENIX.'® Final
refinement statistics are summarized in Table 1.
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Table 1. Data Collection and Refinement Statistics”

data collection statistics wild type S283Y
wavelength (&) 1.54 1.00
space group P2,2,2, P2,2,2,
cell dimensions (A) a=44.8,b=116.6, a=44.5,b=1160,
c=1369 c=1355
a=p=y=90° a=pf=y=90°
resolution (A) 3000 — 2.50 (2.59 — 1000 — 2.30 (2.34 —
2.50) 2.30)
unique reflections 25424 (2463) 32169 (1576)
/o 272 (5.3) 22.1 (3.0)
Wilson B factor 36.33 34.80
redundancy 43 (4.1) 3.9 (3.8)
data completeness (%) 99.2 (98.7) 99.4 (98.5)
Riperge (%) 8.0 (35.9) 6.5 (41.6)
refinement statistics
Ron (%) 17.9 (19.6) 18.0 (20.8)
Ryee (%) 21.1 (25.7) 20.8 (24.6)
no. of non-H protein 5282 5294
atoms
no. of water atoms 162 313
no. of amino acid 709 709
residues
mean B value (A?) 33.6 34.0
mean B value protein  33.9 34.0
(A9
mean B value solvent  26.6 34.3
molecules (A%)
rms deviation from
ideal values
bond lengths  0.006 0.005
&)
bond angles 1.06 0.96
(deg)
residues in
Ramachandran plot
most favored  97.4 97.0
regions (%)
generously 2.3 2.7
allowed
regions (%)
outliers (%) 0.3 0.3

“Values in parentheses represent the highest resolution shell.

Cell Culture and Western Blotting. A375 melanoma cell
lines were obtained from ATCC and maintained in 10% FBS—
RPMI. Cells with stable shRNA knockdown of MRDI were
treated to stably express WT or mutant MRDI or the MTR-1-P
isomerase, (HA tagged)-MtnA from B. subtilis, using retroviral
delivery as described.* Expression was confirmed by Western
blotting using anti-MRDI polyclonal antibodies obtained by
immunization of rabbits with a synthetic peptide corresponding
to amino acids 356-369 of human MRDI
(TISSRDGTLDGPQM; Sigma-Genosys), or rabbit anti-HA
antibodies (HA.11, Covance) as primary antibodies. Secondary
anti-rabbit or anti-mouse antibodies coupled to horseradish
peroxidase (Jackson ImmunoResearch Laboratories) and
enhanced chemiluminescence substrates (Amersham) recorded
on film were then used to visualize immunoreactive bands.

Cell Proliferation and Invasion Assays. Assays for rescue
of cell viability by MTR-1-P isomerase expression were
conducted by plating cells in duplicate into 6-well chambers
(100 000 cells/well) with 3 mL of RPMI + 10% FBS. After
overnight incubation to allow cell adhesion, the medium was
replaced with 3 mL of methionine-free RPMI + 10% dialyzed
FBS, supplemented with or without methylthioadenosine (30
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uM) or methionine (1S mg/mL). After 96 h, cells were
trypsinized and counted in trypan blue using a hemocytometer.
Cell counts were obtained by averaging values from four replicate
measurements made from each of the duplicate wells. Spheroid
cell invasion assays were carried out as described.'”*° Briefly, 25

000 melanoma cells were plated in triplicate into 6-well plates
containing 1.5% Noble agar, in RPMI-10% FBS. After 3—S5 days,
spheroids were collected by centrifugation, resuspended into 2.5
mg/mL collagen, and overlaid on a presolidified layer of the same
collagen solution. Images of spheroids were collected 4 days after
implantation, using an Olympus IX81 microscope equipped with
a DP70-CCD camera for phase microscopy. Spheroid growth
was quantified by measuring the diameter of the inner core of
cells (in mm), and cell invasion measured the outer radius of cells
invading into collagen minus the inner radius. For each spheroid,
the radii along four to eight axes were measured and averaged.

B RESULTS

Distinct Properties of MTR-1-P Isomerases from
Humans and Bacteria. Our previous study established the
catalytic activity of MRDI as an MTR-1-P isomerase.” Deletion
of MRDI from human cells or mutation of conserved residues
Cys168 or Asp248 abolished the ability of human cells to grow in
methionine-free media supplemented with MTA as a source of
methionine produced by the salvage pathway. Orthologous
MTR-1-P isomerases have been reported to function in
methionine salvage.”"** B. subtilis MtnA shares 39% sequence
identity with MRDI (Supplementary Figure S1). Its MTR-1-P
isomerase activity has been verified in vitro, and its structure in
complex with product MTRu-1-P has been reported.**

To test whether B. subtilis MtnA was able to substitute for
MRDI in human cells with respect to methionine salvage and/or
invasion, we stably expressed HA-tagged MtnA in melanoma
cells that were depleted of MRDI using shRNA. MtnA expression
had little effect on cells growing in complete media (Figure 1A).
However, whereas cells depleted of MRDI started to die after 48
h in methionine-free media supplemented with MTA, expression
of MtnA in these cells supported continued growth to
approximately 90% of the wild type cell levels (Figure 1B).
This indicates that the bacterial orthologue rescues the loss of
MRDI with respect to its methionine salvage function. By
comparison, overexpression of an MRDI variant containing
silent cDNA mutations, which bypasses shRNA but yields a WT
protein sequence (bpWT), supported more robust growth in
methionine-free media containing MTA, to approximately 200%
of wild type levels.

To test whether MtnA could also support the cell invasion
phenotype, cells depleted of MRDI and expressing MtnA were
grown as 3D spheroids implanted into collagen. MtnA failed to
increase cell invasion over levels observed in MRDI-depleted
cells (Figure 1C,D), whereas expression of recombinant MRDI-
bpWT readily reversed the invasion phenotype. Thus, the
bacterial orthologue shared MRDI’s function as a metabolic
enzyme, but lacked its function as a mediator of cell invasion.

Crystal Structure of Human MRDI. To better understand
the unique features that distinguish MRDI from the bacterial
MTR-1-P isomerase, the protein was crystallized and its 3D
structure determined (Figure 2A). As detailed under Materials
and Methods, the structure was determined by molecular
replacement using a homologous structure from L. major
(PDB ID 2A0U, J. Bosch and W. Hol, unpublished results) as
the search model and refined to 2.5 A resolution. MRDI is a
dimer in solution as determined by size exclusion chromatog-
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Figure 1. Phenotypes of MRDI and MtnA expression and deletion. (A) Growth in full media of A375 melanoma cells, carrying empty vector (Vector),
depleted of MRDI with shRNA (KD), depleted of endogenous MRDI and expressing a wild-type bypass MRDI (bpWT), or depleted of endogenous
MRDI and expressing B. subtilis MtnA (MtnA). The bars represent cell counts for time 0, 48, and 96 h normalized to that of cells carrying empty vector at
time 0 h. (B) Same as (A) but with cells grown in methionine-free media supplemented with 30 M MTA. (C) Quantitation of cell invasiveness in 3D
spheroid assays carried out as described under Materials and Methods. Values represent the mean of 10—11 independent experiments. The error bars
represent standard deviation of the mean. (D) Representative images of 3D spheroid invasion assays, for cells quantified in (C).

raphy (data not shown), and the crystallographic asymmetric
unit contains one MRDI dimer. The final model contains all
residues except the N-terminal methionine in each subunit and
the last 15 amino acids (the last 12 on chain B), presumably due
to conformational flexibility. The final model had an R value =
0.178 and Rg,, = 0.211 with excellent stereochemistry and 97.4%
of nonglycine residues in the most favored regions of the
Ramachandran plot. Two flexible loops in the N-terminus
(residues 66—72 and 113—117) display high B factors (Figure
2B). Leu72 residues lie within the 66—72 loop of each chain and
represent the only two residues that refine as Ramachandran
outliers, likely due to conformational flexibility. Data collection
and refinement statistics are summarized in Table 1, and a
representative piece of the electron density is shown in
Supplementary Figure S2.

The individual subunits have essentially identical conforma-
tions, with RMSD = 0.5 A for all 353 Car atoms common to both
protomers. Each monomer contains two distinct domains. The
N-terminal domain is arranged in a five-helix bundle and a three-
stranded f-sheet (red and blue, Figure 2A), whereas the C-
terminal domain forms a Rossmann-like fold (orange and green,
Figure 2A) and includes a dimerization interface, which buries
approximately 4720 A® of surface area. A long a-helix provides
the connection between the two domains (Figure 2A). The N-
terminal domains of both chains have higher temperature factors
than the C-terminal domains, possibly reflecting flexibility on the
connecting a-helix (Figure 2B). A deep cleft between N- and C-
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terminal domains forms the active site containing catalytic
residues Cys168 and Asp248 (Figure 2A, shown as space-filling
models). Sequence alignment revealed strong conservation of
the residues lining the active site cleft but significant divergence
among the surface-exposed residues (Figure 2C,D).

Open-Closed Conformational Change in MTR-1-P
Isomerases. The structure of MtnA was determined with the
MTRu-1-P product bound in its active site.”* Comparison of this
structure to MRDI reveals a striking conformational difference,
where the N-terminal domain of MtnA is rotated approximately
30° (estimated with Dyn Dom”?) and collapsed on top of the C-
terminal domain, closing the active site cleft around the ligand
(Figure 3A,B). Therefore, MRDI adopts an open conformation
of the enzyme, whereas MtnA in complex with MTRu-1-P adopts
a closed conformation, as previously hypothesized by Tamura et
al?” To test the feasibility of this conformational change, we
separated the N- and C-terminal domains of MtnA and
superimposed them independently onto the N- and C-terminal
domains of MRDI. The results showed excellent agreement
between the two structures, without significant clashes. Similarly,
the N- and C-terminal domains could be superimposed onto the
MtnA structure without major clashes, suggesting that an open-
to-closed transition is feasible in these MTR-1-P isomerases. The
apparent flexibility of the a-helix that connects the N- and C-
terminal domains (Figure 2B) is also consistent with this
conformational change as the transition is mediated by bending
of this a-helix.

dx.doi.org/10.1021/bi400556e | Biochemistry 2013, 52, 5675—5684
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Figure 2. X-ray structure of MRDI. (A) “Side” view of the MRDI dimer, with N-terminal domains colored red and blue and C-terminal domains colored
orange and green. The side chains of catalytically important residues Cys 168 and Asp248 are highlighted as space filling models, with sulfur atoms
indicated in yellow and oxygen atoms in red. A long a-helix connecting the N- and C-terminal domains is indicated with arrows. (B) “Side” view of the
MRDI dimer, colored by the average B factor going from blue (low B factor) to red (high B factor). Note the higher temperature factors in both N-
terminal domains, suggesting flexibility in the connecting helix. Flexible loops at the tips of the N-terminal domains are labeled with their amino acid
numbers. (C, D) Side and top views of the MRDI dimer, where sequence conservation is mapped to the surface. The amino acid conservation was
analyzed with the Consurf server, where the rapidly evolving (variable) positions are colored dark cyan, positions with average variability are colored
white, and slowly evolving (conserved) positions are colored dark purple.

N
N . HO,
’: ﬁ NS Cys,
\\c i GO OH
o o F——.
H 0PO2- o
{l; OH oH N Ha
! . ;

Q oY //ﬂ HS ——Com—Cysiog
\\T/ o = H
?H B oro2
ASDgeg

Figure 3. Open-closed conformations in MTR-1-P isomerases. Top views of (A) MRDI apo form and (B) MtnA—MTRu-1-P cocrystal. Each subunit
within the dimers are colored in shades of orange and green. The catalytically important Cys and Asp resides are highlighted as space-filling models. The
curved arrows indicate the conformational change that the N-terminal domains would trace, in going from the open conformation, illustrated by MRDI
(A), to the closed conformation illustrated by MTRu-1-P bound MtnA (B). (C) Close up view of the active site residues in a superposition of MRDI
(dark green backbone and yellow side chains) in the open conformation and MtnA (light green backbone and gray side chains) in the closed
conformation. The displacement of residues in the N-terminal domain that participate in ligand binding is highlighted with arrows. (D) Proposed
catalytic mechanism for the isomerization reaction catalyzed by MRDIL

In addition to the catalytic residues Cys168 and Asp248, all terminal domain. Figure 3C shows a superposition of the
residues that were identified in MtnA as important for ligand conserved active site residues in MRDI (dark green) and ligand-
binding** were strictly conserved in MRDIL These included bound MtnA (light green and gray side chains), which illustrates
Arg46—Pro49 and Arg90—Thr92 in the N-terminal domain and the rearrangement of the N-terminal domain ligand binding
Alal74, Thr175, GIn207, Asn258, Lys259, and Phe325 in the C- residues (Arg46, Arg90, and Thr92) due to the open-to-closed
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Figure 4. Surface features of MRDI and MtnA. Surface representation of (A) MRDI, (B) MtnA, and (C) MRDI-Ser283Tyr, viewed from the side that is
indicated in the inset by a black arrow. Nitrogen atoms on Arg, Lys, and His side chains are colored blue. Oxygen atoms on Glu and Asp side chains are
colored red. Amino acids were assigned a hydrophobicity value according to the Kyte—Doolittle scale® and colored from bright green for the most
hydrophobic residues (Ile, 4.5) to white for residues with score less than or equal to 0 (Gly, —0.4; Arg, —4.5). Residues selected for mutation are labeled

as in (A). The side chain of Tyr283 is highlighted in magenta in (C).

transition. A possible reaction mechanism for the isomerization
reaction is shown in Figure 3D. In this scheme, the deprotonated
side chain of Cys168 abstracts a proton from C2, whereas
Asp248 donates a proton to the furanose oxygen to promote
ring-opening with formation of a double bond between C1 and
C2. Proton transfer from the O2 of the enediol intermediate to
Asp248 and from the protonated side chain of Cys168 to C1
forms the product MTRu-1-P and regenerates the initial state of
the enzyme. A similar mechanism was proposed by Tamura and
co-workers, although an additional hydride transfer alternative
was also proposed.””

Divergent Features in MRDI Identify a Potential
Binding Site Controlling Invasion. In MRD], the isomerase
catalytic function is uncoupled from the invasion function, as
demonstrated by the ability of catalytically inactive MRDI
mutants to support invasion. Given that MtnA was also unable to
support the invasion phenotype (Figure 1C), we speculated that
the invasion function might involve protein—protein interactions
within regions distinct from the catalytic site, which is also the
region showing highest conservation of surface residues (Figure
2C,D). MRDI was thus inspected for surface residues that were
not conserved between the two isomerases, as well as surface
features unique to MRD], to identify potential binding regions
for protein effectors of invasion. Comparison of the surface
teatures of MRDI and MtnA modeled in the open conformation
(most similar to MRDI) identified a distinctive cavity in MRDI,
located on the concave face opposite the active site cleft, lined
with a patch of surface exposed hydrophobic residues (Figure 4A;
Supplementary Movie 1). In contrast, the corresponding surface
in MtnA was shallower and lined with charged residues (Figure
4B; Supplementary Movie 2).

To test the importance of this surface, single mutations to Ala
were introduced, replacing nonconserved residues Arg98,
Argl01, and Argl09 in MRDI In addition, Glu and Trp
mutations of Ser282 and Tyr mutations of Ser283, located in the
center of this pocket, were constructed with the hypothesis that
larger side chains might disrupt potential binding to this
interface. Modeling of the mutant side chains on MRDI showed
that multiple common rotamers could be accommodated

5680

without clashes. Therefore, the mutations were not expected to
interfere with the correct folding of MRDI.

WT and mutant MRDI ¢cDNA were stably expressed in cells
depleted for endogenous MRDI by shRNA knockdown, and cells
were assayed for spheroid invasion in collagen. Little or no
difference was observed between expression of bpWT MRDI and
the mutants with respect to the ability of cells to proliferate, as
measured by the spheroid growth. However, when collagen cell
invasion was quantified by the difference between the outer
radius representing the furthest extent of cell migration and the
inner radius of the compacted spheroid, MRDI mutants
Argl109Ala and Ser283Tyr showed suppression (Figure SA,B),
comparable to the levels observed in the MRDI shRNA
knockdown condition. Western blotting confirmed that the
expression levels of all MRDI mutants were comparable to the
expression of bpWT (Figure SC). In addition, we determined the
crystal structure of MRDI-Ser283Tyr to rigorously rule out the
possibility that impaired invasion might be caused by folding
defects introduced by the Ser283Tyr mutation. The mutant
structure was essentially identical to that of WT-MRD], with an
RMSD of 0.2 A for all 356 Ca carbons. The only significant
difference was the expected protuberance produced by the large
tyrosine side chain within the cavity (Figure 4C; Supplementary
Movie 3). Hence, rescue of invasion could be blocked by a
mutation in MRDI (Ser283Tyr) that disrupted the geometry of
the proposed binding pocket and another mutation (Arg109Ala)
that removed a basic surface charge. We propose that these
mutations define a binding pocket which functions to mediate
interactions between MRDI and as yet unknown cellular
effectors of invasion.

B DISCUSSION

MRDI was initially identified as a gene product elevated in
response to constitutively activated RhoA-GTP in cell lines
derived from human melanoma metastases.* MRDI regulates
tyrosine phosphorylation of focal adhesion kinase and modulates
cell invasion in melanoma cells, and for this reason it was named
“mediator of RhoA-dependent invasion (MRDI)”. On the basis
of its similarity with known isomerases, MRDI was shown to
catalyze the conversion of MTR-1-P to MTRu-1-P, an important

dx.doi.org/10.1021/bi400556e | Biochemistry 2013, 52, 5675—5684
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Figure S. 3D spheroid cell invasion assay for MRDI mutants. (A) Representative images of spheroids after 0—4 days in A37S cells depleted of
endogenous MRDI with shRNA (KD), depleted of MRDI and expressing WT-MRDI (bpWT), and depleted of MRDI and expressing MRDI mutants
(mutations indicated). (B) Extent of cell invasion into collagen, quantified as described under Materials and Methods. Values represent the mean of four
to eight independent experiments. The error bars represent standard error of the mean. (C) Western blots using anti-MRDI antibodies of naive A375
cells (A375), A375 cells depleted of endogenous MRDI with shRNA (KD), KD and expressing MRDI bypass wild type mutant (bpWT), or KD and
expressing the indicated MRDI mutants. The left panel shows a Western blot developed using anti-HA antibody of A375 cells depleted of endogenous
MRDI and expressing HA-tagged B. subtilis MtnA or S. cerevisiae Ypr118W. Because expression of Ypr118W was poor, it was excluded from analysis.

reaction in the methionine salvage pathway. Consistent with this
role, MRDI was required for cells to grow in methionine-free
media supplemented with MTA, the metabolic precursor to
MTR-1-P that is eventually converted to methionine. Mutation
of residues Cys168 and Asp248 abolished MRDI's isomerase
activity and its ability to support growth in methionine-free,
MTA-supplemented media. However, its ability to mediate the
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invasion phenotype in melanoma-derived cell was unaffected.
This indicated that the “moonlighting” role of MRDI as a
regulator of cell invasion evolved from a protein with enzymatic
function in amino acid metabolism.

Our work defines the structural features in MRDI that mediate
its distinct function in invasion. The structure of MRDI shows a
high degree of similarity with known MTR-1-P isomerases, such
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as B. subtilis MtnA and . cerevisiae Ypr118w.>"*> These dimeric
proteins have N- and C-terminal domains linked through a long
a-helix and an active site cleft defined by the interface between
the two domains. MtnA rescued methionine salvage in cells
depleted of MRDI by shRNA, indicating that the isomerase
function in methionine salvage appears ancient. (Analogous
rescue experiments could not be conducted with yeast Ypr118W
because the protein expressed poorly in A375 cells (Figure SC)).
This is consistent with the MRDI structure, which showed high
conservation of not only the catalytic residues but also the
residues lining the entire active site cleft (Figures 2C,D and 3C).
However, despite structural similarity with MRDI, MtnA when
expressed in A375 melanoma cells was incapable of supporting
the invasion phenotype (Figure 1). Therefore, we conclude that
the invasion phenotype is unrelated to the conserved active site
residue and unique to the human MRDL

Comparison of the MRDI structure with that of product
(MTRu-1-P)-bound MtnA revealed two distinct conformations,
consistent with a proposed domain closure in MTR-1-P
isomerases.”” Ligand-free MRDI represents an open conforma-
tion, where the active site cleft is solvent exposed. Conversely,
product-bound MtnA represents a closed conformation, where
the N- and C-terminal domains collapse around the ligand,
closing the active site cleft (Figure 3A—C). Interestingly, the
structure reported for apo-MtnA also formed a closed
conformation in the absence of ligand.22 However, this protein
was crystallized from ammonium sulfate, and a sulfate ion was
found in the same position occupied by the phosphate from
MTRu-1-P in the liganded structure. Similarly, the yeast
orthologue Yprl18w was also crystallized from ammonium
sulfate, and the structure formed the closed conformation
containing a sulfate ion in the active site.”' This suggests that
coordination of the substrate phosphate (or sulfate at high
concentrations) is enough to induce domain closure.

MTR-1-P isomerases including MRDI are part of a super-
family related by sequence to @, 5, and 0 subunits of the
eukaryotic translation initiation factor 2B (eIF2B). elF2B is a
heteropentameric complex, which functions as the guanine
nucleotide exchange factor (GEF) for the G-protein “eukaryotic
initiator factor 2” (elF2) and promotes translational initia-
tion.>>> However, the GEF activity of e[F2B depends on its
catalytic y—¢ subunits, whereas the roles of the a, f, and &
subunits are unclear but appear to modulate the activity of the
catalytic subunits. In the structure of eIF2Ba, Hiyama and co-
workers described a deep basic gocket at the interface between
the N- and C-terminal domains.*® The authors propose that this
pocket represents a docking site for a phosphate group, which
allows eIF2B to recognize elF2a phosphorylated at Ser51*” by
various upstream kinases, such as GCN2, PERK, PKR, and HRL
Analogous to the structures of S. cerevisiae Ypr118w and B. subtilis
MtnA, the structure of eIF2Ba was solved with a sulfate ion
cocrystallized in this basic pocket. eIF2Ba residues coordinating
the sulfate ion were Argl08, Ser131, Argl32, Ala197, Asp208,
and Glu231. If MRDI were a viable subunit substitute for eI[F2B
subunits, we would expect these residues to be conserved.
However, a structure-based sequence alignment of MRDI with
elF2Ba performed with Dali®® shows that only the residues
corresponding to Alal97 and Asp 208 in MRDI were conserved.
Thus, it is unlikely that the moonlighting invasion function of
MRDI is associated with a role in translational initiation. An
alternative possibility is that phosphorylated effector proteins
might be recognized by the negatively charged active site groove
in MRDI, analogous to the recognition of phospho-eIF2 by
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elF2B. However, this would have predicted that MtnA, which
retained the negatively charged active site groove, should have
supported the invasion phenotype, which was not observed.

Therefore, MRDI is part of an evolutionary progression that
connects protein synthesis, amino acid metabolism, and signal
transduction. Structurally, MRDI and MtnA are part of the eIF2B
superfamily, but they are functionally distinct from the
translational regulators and instead share MTR-1-P isomerase
activity. The human MRDI represents a new branch distinct from
bacterial and yeast orthologues, by acquiring a unique function in
signal-dependent cell invasion.

We considered whether the role of MRDI in invasion might
involve a separate region involving nonconserved surface features
unique to MRDI, which could, for example, serve as a binding site
for interactions with other protein effectors. To facilitate the
search for such structural features, we modeled MtnA in an open
conformation similar to that of MRDI. A cavity unique to MRDI
was identified, lined by a large hydrophobic patch on a concave
surface, opposite each active site cleft in MRDI (Figure 4). Given
that protein—protein interaction interfaces are typically enriched
in hydrophobic residues,” we tested the possibility that this
interface might be associated with the unique invasive function of
MRDL. If our hypothesis were correct, we expected that replacing
a small side chain with a large bulky residue would have a
dramatic effect on blocking binding interactions, due to steric
hindrance. Consistent with this hypothesis, the Ser283Tyr
mutation introduced a large protuberance in the concave surface
(Figure 4C), coupled to an inability to rescue invasion (Figure
5). On the other hand, Ser282Trp and Ser282Glu had no effect
on the invasion phenotype. However, modeling indicated that
some allowed rotamers of these mutants would have little impact
on the interface geometry.

We also tested the importance of specific surface-exposed
residues that were also unique to MRDI. Mutation of
nonconserved Arg residues revealed the importance of Argl09
in invasion. Taken together, these results support the conclusion
that the invasion phenotype is independent of catalysis and may
instead be controlled by interactions between MRDI and other
proteins through sites on the dimer outside the active sites.

There is precedent for enzymes evolving moonlighting
functions that require binding sites distal from the active site.
For example, Hansenula polymorpha pyruvate carboxylase was
shown to moonlight as an assembly factor for alcohol oxidase and
mediate its import into the peroxisome.*® Whereas the active site
of pyruvate carboxylase is located at the C-terminal side of the /-
strands that make up its TIM barrel structure, the residues
required for the moonlighting activity are clustered on the
opposite, N-terminal, side of the f-strands in the TIM barrel.*’
Proteins without catalytic activities can also develop moon-
lighting roles involving distinct binding sites in the protein. One
such case is illustrated by tumor necrosis factor, the receptor-
binding domain of which promotes an inflammatory response.
However, residues distant from the receptor binding site that
map to the lectin-like domain mediate noncytokine effects of
tumor necrosis factor, such as lysis of trypanosomes®" and
protection against pulmonary edema.>”** Tt is fascinating that
MTRu-1-P dehydratase, the next enzyme following MRDI in the
methionine salvage pathway, also has a moonlighting function as
an antiapoptotic protein through its Apaf-1 binding activity.*”
MTA phosphorylase, the enzyme immediately preceding MRDI
in methionine salvage, also functions as a tumor suppressor gene,
although it is possible that this may be due to its enzymatic role in
methionine salvage, by depleting cellular levels of MTA.>* Our
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findings, which now map the catalytic and invasion-related
functions of MRDI to distinct regions of the structure, contribute
to the growing evidence that moonlighting proteins have greater
prevalence as well as an exganded importance in cell physiology
than initially appreciated.**
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Sequence alignment of MRDI, B. subtilis MtnA and S. cerevisiae
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