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ABSTRACT:. The molybdenum cofactor is ubiquitous in nature, and the pathway for Moco biosynthesis is
conserved in all three domains of life. Recent work has helped to illuminate one of the most enigmatic
steps in Moco biosynthesis, ligation of metal to molybdopterin (the organic component of the cofactor)
to form the active cofactor. IBscherichia colithe MoeA protein mediates ligation of Mo to molybdopterin
while the MogA protein enhances this process in an ATP-dependent manner. The X-ray crystal structures
for both proteins have been previously described as well as two essential MogA residues, Asp49 and
Asp82. Here we describe a detailed mutational analysis of the MoeA protein. Variants of conserved residues
at the putative active site of MoeA were analyzed for a loss of function in two different, previously
described assays, one employimgeA crude extracts and the other utilizing a defined system. Oddly,

no correlation was observed between the activity in the two assays. In fact, our results showed a general
trend toward an inverse relationship between the activity in each assay. Moco binding studies indicated
a strong correlation between a variant’s ability to bind Moco and its activity in the purified component
assay. Crystal structures of the functionally characterized MoeA variants revealed no major structural
changes, indicating that the functional differences observed are not due to disruption of the protein structure.
On the basis of these results, two different functional areas were assigned to regions at or near the MoeA
active site cleft.

All molybdenum-containing enzymes with the exception addition of GMP at the MPT C4phosphate, a reaction
of nitrogenase utilize a molybdenum cofactor (Mdco) catalyzed by the MobA proteirilQ, 11).
consisting of a mononuclear Mo atom coordinated vigsa Until recently, the functions of the MoeA and MogA

dithiolene moiety to the organic molecule molybdopterin proteins remained enigmatic. Initial studies demonstrated that
(MPT). Moco-containing enzymes function as oxidoreduc- poth proteins are required for in vivo Mo ligatio®, (12,
tases in a myriad of reactions in carbon, nitrogen, and sulfur 13). However, the proteins were found to have two different
cycles (). In Escherichia colibiosynthesis of Moco begins  functions; while MoeA facilitated the activation of Mo-free
with the conversion of guanosinétsiphosphate to the pterin - recombinant human sulfite oxidase (SO)rioeA crude
intermediate precursor Z. This Step is Catalyzed by the MoaA extracts, MogA was inactive in a similar ass@_ (More
and MoaC proteins 3). MPT is synthesized from precursor  recently we demonstrated that MoeA mediates ligation of
Z by the MoaD and MoaE proteins, which together comprise Mo to de novo synthesized MPT at low concentrations of
MPT synthase, while the MoeB protein helps to regenerate molybdate in a fully defined assayl4). MogA was not
active MPT synthasel(-7). Ligation of the Mo atom to MPT  required in this system and was actually antagonistic toward
requires the MoeA and MogA proteins along with the apo-SO reconstitution, a result of MogA's tight binding to
ModABC molybdate transporter systel, @). In prokary-  and sequestration of MPT. However, following reports of a
otes, the pterin is generally further modified by the covalent possible MPT-adenylate intermediate catalyzed by the
Arabidopsis thalianaCnx1G domain 15, 16), we observed

T This work was supported by National Institutes of Health Grants that, in the presence of ATP and g MogA enhanced
G'\f%Olig)lg1e§1t§i§§\gﬁ%2?%?9mi4gﬁg&o(¢i%3.A), 2NON (T100w), MoeA-mediated Mo ligation. These results, supported by
2NQQ (R137Q), 2NQR (D142N), 2NQS (E188A), 2NQU (E188Q), Studies of the Cnx1 protein, showed that MoeA mediates
2N91¥) (5&(2)2&525& rgl;gf?}g(egéhzor\llﬁpb(el?sggé)s, ;sndd éﬁsr;segsgllg\;vgé L metal ligation, \:jvhile I\c/jlogA helps to faciliglati thLS step in

. 110 be ada : : Vivo in an ATP-dependent manner, possibly by the creation

88§%u';gxurfﬁ’,t?gig,%'ggkl:gi Eernﬁe'lr raj@biochem.duke.edu. of an MPT-adenylate intermediate thereby priming the MPT

I State University of New York. for Mo ligation (14, 17).
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1 Abbreviations: Moco, molybdenum cofactor; MPT, molybdopterin; The X-ray crystal structure di. coli MoeA has previously

SO, sulfite oxidase; NR, nitrate reductase; GMP, guanosine mono- D€€n determined, and a putative active site has been assigned
phosphate. (18, 19). To gain a more thorough understanding of the
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mechanism of MoeA-mediated molybdenum ligation, a for wild-type MoeA (14). Data were analyzed using Ka-
detailed site-directed mutagenesis study of conserved residueteidograph (Synergy).
at the putative MoeA active site was undertaken. These Moco Binding AssaysGel filtration experiments were

variants were analyzed for Moco binding and for a loss of performed to assay the ability of the MoeA variants to bind

function in both themoeA crude extract assay and the fully

Moco. To obtain Moco, recombinant SO was purified from

defined system. Results from these experiments were utilizedthe mobAB- strain, TP100022), as described by Temple et

to provide the first picture of the distribution of function
across the MoeA three-dimensional structure.

MATERIALS AND METHODS

Mutagenesis of MoeAlsing the Transformer site-directed

al. (23). Moco was released by anaerobic heat denaturation
of the SO for 1 min at 100C, in a buffer containing 100
mM NaCl and 50 mM Tris (pH 7.5). The sample was
subsequently spun in a microcentrifuge at 14 000 rpm for 1
min to pellet precipitated SO. For the assay,/80of the

mutagenesis kit (BD/C'Iontech), site-directed mutagenesis of Moco supernatant was mixed with 4.5 nmol of wild-type or
conserved MoeA residues was performed on pJNeAll, variant MoeA to a final volume of 100L in 100 mM NaCl

which contains th&. coli moeAgene in a pET11a expression
vector (Novagen)19). Substitutions were made at residues

Asp59, Thr100, Arg137, Aspl42, Glul188, Asp228, Asp259,

Lys275, Lys279, Arg350, and Ser371 usingphosphory-

and 50 mM Tris (pH 7.5). Following a 10 min, room-
temperature incubation, the mixture was applied to a PD-10
gel filtration column (GE Healthcare) equilibrated in the same
buffer. The column was washed with 2.5 mL of buffer, and

lated mutagenic primers overlapping the codon to be modi- the protein fraction was subsequently eluted with 80@f
fied. Oligonucleotides were synthesized by Invitrogen Cus- buffer and collected into a tube containing 40 of 1%
tom Primers, and automated sequencing was performed byl,/2% Kl and 7uL of 10% HCI. The sample was incubated

the Duke University DNA Analysis Facility.

A deletion of the domain Il “cap” (termed-MoeA) was
also made to remove residues PheB8g139, leaving a
Prosi-Glys>-Glyi4o linker. For this, mutagenic primers were
designed to engineetmd restriction sites at Pro51/Gly52
(5'-Phos-CCGCTTGATGTTCCGGGTTTGATAACT-
CCGCAATGG-3) and at Argl138/Argl139 (5Phos-GGG-
CAAAATATTCGCCCCGGGGGTGAAGATATCT-
CTGCAGG-3). Mutagenesis with these primers was per-

at 100°C for 20 min to convert MPT to the stable form A
derivative @4) and dephosphorylated overnight withul

of calf intestine alkaline phosphatase. The presence of
dephospho-form A was monitored by HPLC analysis using
an Agilent 1100 series fluorescence detector with an excita-
tion wavelength of 295 nm and emission at 448 nm. Binding
of Moco to BSA (Sigma) was used as a negative control in
these experiments.

X-ray Crystallography.The D59N, T100A, T100W,

formed on pJNeAll as described above. The resulting R137Q, D142N, E188A, E188Q, D228A, K279Q, R350A,

plasmid was subsequently digested witmd and religated
to create the pET11A-MoeA construct.A-MoeA has a

and S371W MoeA variants were crystallized under condi-
tions similar to those of wild type MoeA. With the exception

monomer molecular mass of 34.7 kDa compared to a massof T100A, R137Q, and D142N, all variants crystallized in

of 44 kDa for wild-type MoeA.
For expression of MoeA variants AedDE3 lysogenization

space grou2;2;2; with cell dimensions roughly corre-
sponding to either of the two crystal forms described for

kit (Novagen) was used to integrate the gene for T7 RNA wild-type MoeA (19), and with two MoeA monomers per

polymerase into the chromosomembeA strain AH69 @0).
All MoeA variants were purified using the method previously
described for wild-type MoeAl1(9) except that the proteins

asymmetric unit (Table 1 of the Supporting Information).
The T100A and D142N variants also crystallized in space
group P2,2,2;, but with cell dimensions that are only

were expressed in the AH69(DE3) strain and cells were lysed gistantly related to the Nat | crystal form, with two monomers

in the presence of Zg/mL leupeptin and 1 mM benzami-
dine-HCI. With the exception of T100W, S371W, and

in the asymmetric unit. In contrast, R137Q MoeA crystallized
in space groupP2; and contains four monomers in the

A-MoeA, protein concentrations were calculated using an gsymmetric unit.

€280 0f 0.61 mg! mL cm™! calculated for wild-type MoeA

(19). The T100W and S371W variants were quantitated using

the BCA protein assay (Pierce), whileMoeA was quan-
titated using a calculated (based upon primary sequesge)
of 0.71 mg* mL cm™* or 24 390 Mt cm™.
Complementation of E. coli moeARecovery of in vivo
NR activity in themoeA AH69(DES3) strain was assayed

after transformation with a pET1lla expression plasmid

bearing the gene for either wild-type MoeA or one of the

MoeA variants. Each transformed strain was streaked onto

LB/agar plates containing 5@y/mL carbenicillin and grown
overnight at 37C. NR activity in the cells was assayed using
the previously described overlay methdil,

Activity AssaysExperiments to assay the ability of the
MoeA variants to support reconstitution of Mo-free (but
MPT-containing) recombinant SO imoeA crude extract
were performed as described previousy. (The ability of

All diffraction data were collected at 100 K on beamline
X26C at the National Synchrotron Light Source at Brookhaven
National Laboratory, at a wavelength of 1.1 A on a Quantum
4R ADSC CCD detector. The structures of the variants were
determined by molecular replacement using the wild-type
Nat | structure as a search model with the CCP4 program
MOLREP @5). The structures were refined using alternate
cycles of model building with O26) and refinement with
REFMAC (27).

RESULTS

Mutagenesis of MoeAOn the basis of the previous crystal
structure of MoeA (Figure 1), putative active sites for MoeA
were identified at the clefts formed at each end of the dimer
between domain Il of one monomer and domains Il and IV
of the other monomer (see the arrows in Figure 1). Sequence

MoeA variants to mediate the activation of apo-SO using alignment ofE. coli MoeA with prokaryotic and eukaryotic
purified components was assayed by the method describechomologues (not shown) revealed several conserved residues
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Ficure 3: Analysis of MoeA variants using themoeA crude
extract assay. MoeA mutants were assayed for their ability to
reconstitute recombinant SO activity moeA crude extracts in

the presence of 50M molybdate at various concentrations of each
variant using the method previously describé&). (To aid the
viewer, data for variants that were only minimally effected are not
Ficure 1: X-ray crystal structure oE. coli MoeA. The MoeA g})%v,\iln.(-s)ho_l\_/\i%gx t@f;;:‘ dé\{gsfzr gl)ld Eyf8e8goé). )ggggﬁ ((:g
monomer (A) and dimer (B) are both shown. The structures are poogp (A') D259A (v)' S371W @)‘andA-MoeA ©). Results
colored according to domain as follows: yellow for domain |, blue o~ e3¢k variant were normalized to the specific activity of SO
for domain Il, red for domain Ill, and green for domain IV. Arows 3 cpeived with 20:M wild-type MoeA, plotted as the percentage
indicate the putative MoeA active site clefts. This figure was of the maximum activity achieved with wild-type MoeA vs protein
generated using PyMol. concentration and fitted with the logarithmic equatior m log-

(uM protein) + b. The slope and-intercept (listed in Table 1)
were utilized for comparisons of the variants. Each variant was
assayed in at least two separate experiments, in duplicate for each
experiment. Error bars represent the standard deviation of the data.

MoeA, indicating that the introduced mutations (even the
deletion of domain II) did not interfere significantly with
the overall protein assembly and stability. Sedimentation
equilibrium analysis revealed that the monomeéimer
association of MoeA was relatively unaffected by the deletion
of domain Il (data not shown). Thus, even in the absence of
the intervening sequence giving rise to domain II, the
polypeptide appears to be capable of folding correctly to
generate the other three domains.

Prior to purification, all of the variants were assayed for
complementation of thenoeA phenotype with an overlay
assay for in vivo NR activity. Somewhat surprisingly, only

: the A-MoeA variant was completely inactive in this in vivo
FiGURE 2: Location of mutated MoeA residues. assay (data not shown). However, this does not imply that
the other variants are fully active since the assay is not
that were grouped into one of two categories: residues quantitative and extremely low levels of NR activity in the
potentially important for structural integrity and residues complemented cells would be required for a negative result
localized at or near the cleft that are potentially important in this assay.
for function. The latter were chosen for further study.  Assays with the moeACrude Extract Systerithe variants
Conserved and variable substitutions were introduced atwere tested for the ability to reconstitute the activity of Mo-
Asp59, Thr100, and Arg137 (domain 1), Asp142 (domain free recombinant SO in thmoeA crude extract assay, and
1), Glul88, Asp228, Asp259, Lys275, and Lys279 (domain the results are presented in Figure 3 and Table 1. Due to the
), and Arg350 and Ser371 (domain IV) (Figure 2). Due complexity of this assay, standard Michaelldenten analy-
to the unique nature of the flexible domain Il cap (DALI sis is precluded. Therefore, for comparisons of variant ability
searches revealed no structural homologues), a variantjn this assay, the data were fit with the linear equagica
termed A-MoeA, was also constructed in which residues mlog x + b, and the product of the slopen(is the change
53—139 were deleted, leaving a Rrdslys>Glyiqo S-turn in the percentage of wild-type MoeA activity for every order
in place of domain IlI. of magnitude increase in protein concentration) and

All of the MoeA variants, includingA-MoeA, could be intercept, labeled the efficiency product (EP), was utilized
purified using the same method that was used for wild-type for comparisons of variants to wild-type MoeA and to other
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Table 1: MoeA Variant Activity from Crude Extract Analy3is 80 -
A% WTa)/ % WTmax at efficiency

MoeA (logio[MoeA])° 1 uM MoeA® product R
wild type 274+ 0.4 64.5+ 0.6 1744+ 44 Z
D59A 1.0+ 0.2 2.2+ 0.2 2+ 0.4 j
D59N 5.0+ 0.6 4.5+ 0.2 23+ 1.7 g
T100A 20.7£ 3.4 33.4+ 3.3 696+ 180 &
T100W 0.6+ 0.1 1.3+ 0.1 0.7+ 0.2 =
R137Q 24.0+ 7.2 415+ 5.2 1016+ 424 g
D142N 21.9+0.5 52.6t+ 4.7 11544 127 5
E188A 0.6+ 0.3 1.4+0.2 0.8+ 0.5 §
E188Q 0.1+ 0.1 1.4+ 04 0.1+ 0.1 °
D228A 1.7+ 0.3 3.3£0.8 57+23
D228N 10.7£ 1.9 16.5+ 3.7 181+ 71
D259A 0.2+ 0.1 1.7+ 0.1 0.4+ 0.2
K275Q 28.6£ 5.0 69.9+ 14.7 2040+ 771
K279Q 258+ 7.2 37.3+ 10.2 1000+ 530
R350A 17.0+ 6.6 38.6+ 10.0 689+ 424 HM Molybdate
S371A 30.6+ 12.2 57.3+ 13.7 1835+ 1116 FiIGUrRe 4: In vitro analysis of MoeA variants using purified
S371W 17.0£t 4.4 13.0+ 3.0 228+ 108 components. MoeA variants were assayed for the ability to mediate
A-MoeA 0.2+0.2 1.9+ 04 0.5+ 0.04 apo-SO reconstitution vs molybdate concentration in the presence

of 20 uM MoeA as described for wild-type MoeAL#). To aid the
viewer, only those variants that were significantly attenuated relative
to wild-type MoeA have been included in the plot. Shown are the
data for wild-type MoeA @), T100A (a), T1I00W ), R137Q

(®), K275Q (), K279Q (v), R350A (), S371W @), A-MoeA

(2), and no proteinx). For data analysis, results for each variant
were first normalized to the level of apo-SO reconstitution achieved
with 20 uM MoeA in the presence of 1 mM molybdate (termed

h maximum wild-type MoeA activity for this experiment). Each
variant was assayed in at least two separate experiments, in duplicate
r each experiment. Normalized data were fitted to a standard
ichaelis—Menten equation. AVnax' (labeledbna,y the projected
maximum level of apo-SO reconstitution achievable relative to that
obtained with 20uM wild-type MoeA in the presence of 1 mM
molybdé:\lte) and &g (the molybdate concentration required to

. . . . reached’,0may) Were extracted for all variants, and the averaged
variants (Table 1). To aid the viewer, only those variants reqits are listed in Table 2. Error bars represent the standard
that were severly attenuated in the assay are shown in thedeviation of the data.

data plot in Figure 3; however, all variants were analyzed
the same way, and their data are included in Table 1. and R350A) to no (K275Q) effect on the ability of MoeA
The most drastic attenuation in activity was observed with to function in the crude extract assay.
variants of Asp59, Thr100, Glul88, Asp228, Asp259, and Assays Using Purified Componenihe development of
Ser371, as well aa-MoeA. The A-MoeA, T100W, and the recently described fully defined assay for Moel)(
D259A variants were completely devoid of detectable provided the opportunity for a more direct analysis of the
activity, as were both substitutions of Glul88 (even the effects of amino acid substitutions in MoeA. The results from
conservative mutation E188Q), each with an EP <df, these experiments, shown in Figure 4 and Table 2, were quite
compared with a value of 1744 for wild-type MoeA. Note surprising since, with few exceptions, there was no correla-
that Asp259 was chosen for study in the later stages of thistion with what was observed in the crude extract assays. As
project on the basis of a report demonstrating that the D259A for the crude extract, to aid the viewer we have only included
mutation was highly attenuated in an assay utilizing crude those variants that were significantly attenuated in activity
extracts from theNeurospora crassa nit-Inutant @8). in the plot in Figure 4. Note that, though Michaetislenten
Substitutions at Asp59 and Asp228 resulted in a drop in kinetic constants are presented for comparisons, the number
activity that was almost as severe, though a small amountof variables in the assay precluded an in-depth kinetic
of activity could still be detected, especially in the conserva- analysis of MoeA. However, the values listed in Table 2
tive mutations to Asn. Asp228 is in the spatial proximity of provided an excellent method for comparing the variants to
Glu188 and is homologous to one of the two functionally the wild-type protein. Overall, there was a general, though
required aspartate residues of MogA, Asp49, 9). Unlike not universal, inverse relationship between each variant’s
E188Q, the conservative substitution D228N was partially activity in the two assays, with only the T100A, D142N,
active in the assay with an EP of 181, compared to an EP of S371A, S371W, andA-MoeA variants yielding similar
5.7 for D228A. In most cases, more drastic substitutions (i.e., activity results, relative to the wild-type protein, in both
mutation to an unrelated amino acid) caused more severeassays. In the crude extract assays, mutation of Ser371 to
effects. The substitution of Thr100 with Ala had a mild effect Ala had little effect, while the S371W variant was strongly
(with an EP of~700), while the same mutation at Ser371 attenuated in activity. Although thA-MoeA variant was
had no significant effect. However, replacement of either of completely devoid of activity in the crude extract assay, it
these residues with Trp caused a severe drop in the level ofdid exhibit a small amount of activity in the purified
activation (especially in the case of TLOOW). The remainder component system, with @n./Ks of ~3, despite missing
of the mutations resulted in mild (R137Q, D142N, K279Q, domain Il in its entirety.

aFor the crude extract assay, 100% activity51.4 + 9.3 units of
SO/mg at 2Q:M wild-type MoeA in the presence of 50M molybdate.
Consult Figure 3 for further explanation of the assay. In the absence
of MoeA, the activity was<1 unit of SO/mgP? The change in the
percent of maximum wild-type MoeA-facilitated SO activation in crude
extract (51.4 units of SO/mg) per 10-fold increase in MoeA concentra-
tion (micromolar). Values are the slopes of the logarithmic best fit lines
generated for the data using the equasienm log(micromolar protein)
+ b (see Figure 3). Variants were assayed in duplicate for eac
experiment, with at least two independent experiments for each variant.
Shown are the averages of the results from each independent experimerﬁ
(+standard deviationf.The percentage of the maximum wild-type
MoeA-facilitated SO activation achieved at MoeA. @ The product
of the data listed in columns 1 and 24tandard deviation).




82 Biochemistry, Vol. 46, No. 1, 2007 Nichols et al.

Table 2: MoeA Variant Activity from the Purified Component Al
Assay
Omaxb KSC emaJKs
wild type 103.8+ 2.6 6.3+ 1.8 17.4+ 3.9 e
background 64.% 23.9 79.8+ 30.2 0.9+ 0.3 3
D59A 91.2+ 3.1 3.0£05 31+ 3.8 =
D59N 87.7+ 1.3 3.7+ 0.4 241+ 2.3 E u
T100A 84.5+5.9 13.2+ 4.3 6.9+ 2.2 '§'
T100W 104.0+ 32.3 11.4+2.9 9.7+ 4 &
R137Q 95.6+ 17.8 34.7+10.1 3.0+11
D142N 83.0+ 17.5 3.4+ 0.6 24.6+ 0.9 50
E188A 94.0+ 12.0 4.9+ 0.5 19.2+ 1.9
E188Q 104.06+ 29.3 55+1.1 19.1+ 4.1
D228A 96.7+ 7.6 6.3+ 0.9 15.6+ 3.4
D228N 95.5+ 104 5.3+ 0.2 18.1+ 1.6 0
D259A 99.1+ 1.3 4.0+ 0.2 249+ 1.1 § 533383358883 ggsses
K275Q 92.4+ 7.4 12.6+ 4.3 8.0+ 3.2 2 "8AEZ2ZiEiuaansaboeRg 4
K279Q 829+ 5.2 100.8+ 64.4 1.0£ 05 ¥
R350A 69.3+17.7 52.2+ 14.5 1.4+04 Ficure 5: Moco binding by MoeA variants. Moco binding assays
S371A 91.0+ 124 6.5+ 0.3 141+ 2.3 were performed as described in Materials and Methods. The level
S371W 77.3+18.0 41.1+13.0 2.0+ 0.9 of bound Moco was normalized to the level obtained with wild-
A-MoeA 101.2+ 9.8 32.6+2.9 3.1+ 0.0 type MoeA following each experiment. Experiments were per-

formed in triplicate for each variant. Error bars represent the

2 - -
Values shown were extracted from Michaelldenten fits of the o standard deviation of the normalized data.

data shown in Figure 4. Data were normalized to the level of apo-S
activation achieved with 2@M wild-type MoeA in the presence of 1
mM molybdate in the experiment (up to 420 units/mg of SO). Variants
were assayed in duplicate for each experiment, with at least two
independent experiments for each variant. Shown are the averagec
results from each experiment-¢tandard deviationf. The maximum
percentage of wild-type MoeA activity achievabtelhe concentration

of molybdate (micromolar) required to reach one-half of the maximum
level of activity achievable for each variant.

While K279Q and R350A were only mildy affected in
the crude extract system, both were almost completely
inactive in the purified component assay, with 17- and 12-
fold decreases in activity (as judged IBy./Ks values),
respectively, compared to that of wild-type MoeA (see Table
2). This was very close to the background activity observed
in the absence of MoeA. The R137Q variant behaved
similarly, though it was not as strongly affected in the defined
assay, with an only 6-fold decrease in activity. Even more
intriguing were the results obtained with variants of Asp59,
Glul88, Asp228, Asp259, and Thr100. In stark contrast to
the crude extract results, substitutions at Glu188 and Asp228
exhibited activity close to the wild-type level in the purified FiGURE 6: Model of MPT bound to MoeA. MPT was modeled

component assay, while Asp59 and Asp259 substitutions into the MoeA three-dimensional structure based upon the super-
yielded activity higher than that of the wild type. D142N,
though only mildy affected in crude extracts, also yielded
activity higher than that of the wild type in this assay. T100A
was roughly half as active as wild-type MoeA using purified
components, similar to its activity in crude extracts. However,
T100W was completely inactive in the crude extract assay

position of the Cnx1 G domainMPT complex structurel) and
subdomain Il of MoeA as determined with O. An initial transfor-
mation was generated by matching residues-1136 of the Cnx1
G-domain to corresponding regions of MoeA (residues-2318

of monomer A in the Nat | crystal). A refinement of this
transformation matched all the corresponding secondary structure
elements in the two proteins, resulting in a rms deviation of 1.92
A between the @ atoms.

and was only mildly affected in the defined assay, with a
1.8-fold decrease in activity. The K275Q variant was similar actually inhibited by the addition of cell extracts (J. D.
to the T100A variant in the purified component assay, with Nichols and K. V. Rajagopalan, unpublished data). On the
a 2.2-fold decrease in activity, compared to a 2.5-fold basis of the results presented above, it appears that these
decrease for T100A. two systems are assaying different functions of the MoeA
While the purified component system results appear to be protein.
in conflict with many of the observations from the crude Moco Binding.Initially, it was quite surprising that many
extract assay, it should be pointed out that these are veryof the variants exhibited nearly opposite activities in the two
different systems. A previous report from this laboratory in vitro assays. One trend that emerged early in this work
demonstrated that removing lysate from the crude extractwas that acidic residues were predominantly affected in crude
assay lowers the maximum activity observed with the assay extracts, while basic residues were the most heavily attenu-
(9). In contrast, preliminary experiments indicated that ated in the purified component assay. To explore this further,
apo-SO reconstitution in the purified component system is the ability of the MoeA variants to bind Moco released from
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Ficure 7: Structural diversity of MoeA variants. Stereo representation of all available variant monomers superimposed onto monomer A
of the wild-type Nat | crystal structure. Monomers were superimposed by alignment of domains I, 11, and IV, with all rms deviations being
<1 A. Domain Il from monomers C and D of R137Q and monomer A of D142N is highlighted in red, green, and blue, respectively.

heat-denatured SO was examined. The results presented iffable 3: Summary of MoeA Variant Activity and Moco Binding
Figure 5 revealed that the R137Q, K279Q, and R350A Capacity

variants lacked significant Moco binding, while the K275Q, crude purified
S371W, and\-MoeA variants exhibited a moderate decrease residue extract componerft  Moco
in the level of Moco binding. In contrast, the Asp59, Asp142, _Ype MoeA assay assay bindingf
and Asp259 variants all displayed an increased level of Moco bg\ltc:jliground 174&1& " 1%31 g-g 1égi 2.7
indi ; TR i wild type . .
bm(_jmg relative to that of yvlld type M_oeA. The remaining ... psoa 2 0L 04 31138 1294 18
variants were roughly eqL_uva}Ient to wild-type Mo.eA in this D59N 23+17  241+2.3 165+ 36
experiment. These data indicate that MoeA activity in the D142N 1154+ 127  24.6+£09 141+ 7.0
purified component assay is very dependent upon the ability EiggA %-?i 8-? ig-ﬁ }1-? ﬁﬁ :7>,61
of the _pr(_)tein to bind I\/_IPT;_ i._e._, diminished _ apo-SO D2282 57+23 156434 104+ 13
reconstitution correlates with diminished Moco binding. D228N 1814+ 71 18.1+1.6  121+41
The results of our Moco binding studies help to define DTZlSo%AA gg‘étt %320 Zg-gi %% ;8i 52-5
the MPT binding site oE. coli MoeA. On the basis of the T100W 0.7+ 0.2 907+ 4 90+ 18
structural homology between domain Il of MoeA and MogA S371A 1835+ 1116  14.14-2.3 80+ 19.5
and the recently published structure of the G-domain of Cnx1 , S371wW 228+ 108 2.0+£0.9 46+ 3.8
(homologous to MogA) in complex with MPTLE), MPT basic }517357(.? 2%%& ‘7‘3‘11 g'gi é% é?i gg
was modeled into the active site of MoeA as shown in Figure K279Q 1000+ 530 1.0+ 0.5 10+ 2.3
6. In the model, the phosphate group of MPT is located in R350A 689+ 424 1.4+ 0.4 154+ 3.1
the proximity of MoeA residues 24254 (SSGGVS). These A-MoeA 0.5+004 31+002 32+6.2

residues display a limited degree of homology to the 2A summary and comparison of results presented in Figures 3
TXGGTG motif in MogA-related proteins. In the Cnx1 and Tables 1 and b2, organized by acidic, neutral, and basic residues
G-domain-MPT complex structure, these residues interact fTrom top to bottom.” Crude extract efficiency product as described for

. . able 1.¢ Oma/Ks from Table 2.9 Moco binding is given as in Figure
with the phosphate moiety of MPT. In the MPMoeA 5, the percentage of that obtained with wild-type Mo&Alot ap-
complex model, the tricyclic ring of MPT is in the proximity  plicable. Activity in the absence of MoeA (in the presence ofu50
of residues Lys275, Lys279, Arg350, and Ser371, mutations molybdate) was<1 unit of SO/mg.

of which reduced the level of MPT binding. Residues
Glul88, Asp228, and Asp259, which do not significantly D228A, K279Q, R350A, and S371W MoeA variants were
contribute to MPT binding, are more distant from the MPT determined by molecular replacement with the wild-type
molecule. Argl37 is the only residue whose substitution Nat | structure as a search mod&). Note that two slightly
weakens MPT binding even though it is not in the proximity different structures (Nat | and Il, PDB entries 1G8L and
of MPT in our model. 1G8R, respectively) were reported for the original wild-type
Structural Studies of MoeA VarianfBhe structures of the  structure, with the primary difference being a variation in
D59N, T100A, T100W, R137Q, D142N, E188A, E188Q, the orientation of domain Il. The MoeA mutant structures
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the model due to poor electron density, causing the relatively
poor refinement statistics of the T100A structure (Table 2
of the Supporting Information). This structural variability
has been described primarily as a rigid body movement of
domain Il relative to the core of the MoeA dimet9). In
most cases, however, the variability in the orientation of
domain Il between the MoeA variants and wild-type MoeA
was not significantly different from what was observed
between the two wild-type (Nat | and Nat Il) structures. The
two exceptions are D142N and R137Q, as these variants have
substitutions in the hinge region connecting domain Il and
the MoeA dimer core resulting in greater deviations in the
observed domain Il orientations compared to the wild-type
structures (see Figure 7 and Table 3 of the Supporting
Information).

As a consequence of the rigid body movement of domain
II, the distances between Asp59 and Thr100, located on
domain Il, and Glul88, Asp228, and Asp259, located on
domain lll, are variable (data not shown). For example, a
Ficure 8: Two different functions map to the MoeA active site Cqmparison of the various Orientations.of domain Il in the
cleft. MoeA is shown in a surface representation viewed into the Wild-type structure revealed that the distance between the
active site cleft. Residues that were attenuated in the crude extractCa atoms of Asp59 and Glu188 varies from 23.2to 17.2 A.
assay are colored blue, while those deficient in the purified Mutations at all five aforementioned residues attenuated
component system and Moco binding are colored yellow. Ser371 MoeA activity in the crude extract assay but not in the
was attenuated in both and is colored green. purified component assay (with the exception of T100A),
suggesting that they work coordinately during one aspect of
MoeA function. The conformational change in domain Il
therefore could serve to bring Asp59 and Thr100 into the
spatial proximity of Glu188, Asp228, and Asp259 to facilitate
(}his particular function.

were refined at resolutions between 2.1 and 3.0 A, \Rith
factors comparable to that of the wild-type MoeA structures
(Table 2 of the Supporting Information). If one excludes the
orientation of domain Il relative to the MoeA core, there
are no novel structural changes in these variants compare
to those presentin thg two wild-type strpctures and all MoeA DISCUSSION

variants can be superimposed on the wild-type structures with

a root-mean-square (rms) deviation oft @toms of<1 A, The results from the variant experiments, summarized in
indicating that the altered activities are not the result of Table 3 and Figure 9, demonstrate a strong correlation
structural perturbations but are a direct functional conse- between the ability to bind Moco and the level of activity
quence of the respective amino acid substitutions. The of each variant in the purified component assay. Attenuation
orientation of domain Il was more variable (see Figure 7 of activity in the crude extract assay was primarily observed
and Table 3 of the Supporting Information), as was the casewith substitutions of acidic residues, while substitutions of
for the two wild-type structuresl@). Domain Il variability basic residues resulted in weakened MPT binding and a loss
(within the same variant structure) was most pronounced in of activity with purified components. The polar, uncharged
the T100A and R137Q variants, where domain Il of one residues Thrl00 and Ser371 were affected in both systems,
monomer was poorly defined in the electron density maps. though Thrl100 exhibited more attenuation in the crude
In the case of T100A, this domain had to be omitted from extract system. Though not reflected in our model of MPT

Background
wild-type
D59A
D3N
DI142N
E188A
E188Q
D228A
D228N
D259A
T100A
T100W
S371A
S371W
R137Q
K275Q
K279Q
R350A
A-MoeA |

T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 0 5 10 15 20 25 30 0 50 100 150 200
Crude Extract Purified Components Moco Binding

Ficure 9: Graphical comparison of MoeA variant activity and Moco binding ability. This is a graphic illustration of the data listed in
Table 3. Refer to the footnote for a description of measured parameters.
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in the MoeA active site (Figure 6), the importance of basic ~ When the MoeA variants were mapped to the MoeA
residues for proper Moco binding and activity with purified structure according to their activity in the two assays as well
components might reflect an inability to properly coordinate as their ability to bind Moco, distinct regions of function
the phosphate group of MPT or the negatively charged could be localized in the MoeA cleft. As seen in Figure 8,
molybdate moeity of Moco in variants of these residues, Asp59, Thr100, Glu188, Asp228, and Asp259 (blue residues)
though these possibilities have yet to be tested. Contrary toare all required for efficient activity in the crude extract
the purified component system, activity in thhweA crude  system while Arg137, Lys275, Lys279, and Arg350 (yellow)
extract assay appears to be dependent upon a different aspeéte all necessary for MPT binding and activity in the purified
of MoeA function, something dependent upon acidic residues component assay. The S371W variant (green) was affected
in the active site but independent of Moco binding. While in both systems, though more severely in the purified
the apo-SO utilized in the purified component system is free cOmponent assay, while the D142N mutant (not colored) was
of bound MPT, in extracts, the majority of MPT is already relatively unaffected in both. Deletion of domain Il abolished
bound to SO ). It is possible that, in the crude extract any interaction_s in the qrgde extract assay; however, there
assays, MoeA must either (a) pull MPT away from SO, ligate Was some residual activity with the purified component
Mo, and release Moco for rebinding by apo-SO, (b) ligate System, mdlcatlng that this dom'aln is most important for
Mo while MPT is still bound to SO, or (c) interact with other whatever interactions are occurring in crude extract.
cellular fa_ct.o.r.s to collectl\_/ely famhtgte Mo ligation. The first ACKNOWLEDGMENT

two possibilities are unlikely as, in the absence of lysate,
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system lowers the efficiency of activation, and apo-SO binds Margot Wuebbens for critically reading the manuscript.
MPT and/or Moco quite readily from reaction mixtures

containing a 10-fold excess of MoeA4). Therefore, activity =~ SUPPORTING INFORMATION AVAILABLE
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