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Abstract

The molybdenum cofactor (Moco) is a redox-active prosthetic group found in the active site of
Mocodependent enzymes, which are vitally important for life. Moco biosynthesis involves several
enzymes that catalyze the subsequent conversion of GTP to cyclic pyranopterin monophoshpate
(cPMP), molybdopterin (MPT), adenylated MPT (MPT-AMP) and finally Moco. While the
underlying principles of cPMP, MPT, and MPT-AMP formation are well-understood, the
molybdenum insertase (Mo-insertase) catalyzed final Moco maturation step is not. In this study we
analyzed high resolution X-ray data sets of the plant Mo-insertase Cnx1E that revealed two
molybdate binding sites within the active site, hence improving the current view on Cnx1E
functionality. The presence of molybdate anions in either of these sites is tied to a distinctive
backbone conformation, which we suggest to be essential for Mo-insertase molybdate selectivity
and insertion efficiency.
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INTRODUCTION

The molybdenum cofactor (Moco) is a pyranopterin derivative found in the active site of
molybdenum enzymes (Mo-enzymes). Here, at least in the enzymes characterized
structurally, a complex hydrogen bond network is required for its proper positioning within
the active site [1] allowing for a diverse set of two electron transfer reactions to be catalyzed.
The versatile redox chemistry of Moco makes it the irreplaceable key component of the
global nitrogen, carbon, and sulfur cycles. The most prominent Mo-enzyme in autotrophs is
nitrate reductase, which catalyzes the key reaction of nitrate assimilation [2]. In mammals,
sulfite oxidase is a vitally important enzyme that inactivates neurotoxic sulfite [3]. Next to
these, Moco was also found being essential for the reduction of N-hydroxylated compounds
(mARC, [4] [5]) and the detoxification of N-hydroxylated base analogous (Ycbx and Yiim,
[6]), respectively. Notably although Ycbx and Yiim are known for a decade as yet the
underlying reaction mechanism is still open. For plants, aldehyde oxidase is an essential
Moco dependent enzyme as it is involved in phytohormone biosynthesis [7]. Moco
biosynthesis (Fig. 1) is carried out by an evolutionarily old and highly conserved multistep
pathway that employs a diverse set of enzymes and reaction mechanisms [8]. The Moco
biosynthesis pathway was found to be widespread amongst prokaryotes, archaea and
eukaryotes [9]. As a notable exception amongst eukaryotes the yeasts Saccharomyces
cerivisiae and Schizosaccharomyces pombe were found to lack Moco [9]. In the first step of
Moco biosynthesis, GTP is circularized to cyclic pyranopterin monophosphate (cPMP) [10].
The catalyzing enzyme is the iron sulfur cluster dependent cPMP synthase, which in
eukaryotes is localized in the mitochondrial matrix [11]. As all subsequent Moco
biosynthesis reaction steps are localized in the cytoplasm of the cell [12], mitochondrial
cPMP export is handled by an ABC type transporter [11, 13]. In the cytosol, cPMP is
converted into molybdopterin (MPT), a reaction characterized by the sequential introduction
of two sulfur atoms forming the MPT dithiolene motif [14]. Subsequently, molybdate is
inserted herein, which involves two partial reaction steps attributed to the two functional
domains of molybdate insertases (Mo-insertases [15-17]). Historically, these domains are
termed E and G domain [18] and are either found fused together (in eukaryotes, except the
lower alga Chlamydomonas reinhardltii [19]) or as separate entities (in prokaryotes). The G
domain adenylates MPT, yielding MPT-AMP [15, 16], which is subsequently used as
substrate by the E-domain [17]. The latter catalyzes both molybdate insertion into the MPT
dithiolene motif and MPT-AMP hydrolysis [17, 18], whereby it is assumed that MPT-AMP
hydrolyzation is the prerequisite of the molybdate insertion reaction [17, 20]. Recently,
progress has been made in identifying the AMP and molybdate binding sites, both in the
mammalian Mo-insertase gephyrin [21] and the plant Mo-insertase Cnx1 [20]. Work with
recombinant Cnx1E attributed an anchoring function to the AMP moiety of MPT-AMP and
suggests that MPT-AMP binds to Cnx1E in hitherto unknown conformation [20]. In the
latest model for Mo-insertase functionality, the AMP anchoring function was suggested to
be required for proper positioning of the MPT moiety within the Cnx1E active site. Thus
placed, the MPT dithiolene motif will be positioned directly opposite to the enzyme bound
molybdate, and hydrolysis of the MPT-AMP phosphor-anhydride bond was suggested to
trigger molybdate insertion into the MPT-dithiolene motif [20]. In the present work,
structure based analysis revealed the basic principles behind the Cnx1 catalyzed molybdate
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insertion reaction which depends on a highly conserved set of functional relevant residues in
eukaryotic Mo-insertases.

MATERIALS AND METHODS

Recombinant expression and purification of Cnx1E —

Cnx1E was recombinant expressed in Escherichia coli strains RK5204 [22, 23] and RK5206
[22] and purified as described previously [20]. In order to obtain protein preparations
suitable for high-resolution structural biology, the purification protocol was modified by
adding a washing step with high-salt buffer (0.2 M Tris-HCI, 0.5 M NaCl, 5 % (v/v)
glycerol, pH 8.0) while the protein was bound to the Strep-Tactin resin. The protein was then
eluted in buffer suitable for crystallization (0.02 M Tris-HCI, 0.15 M NaCl, 0.015 M MgCl,,
5 % (v/v) glycerol, pH 8.0) containing 5 mM desthiobiotin. Without further purification, the
protein was concentrated to about 30 g/L using Vivaspin concentrator columns with a
molecular weight cut-off of 30 kDa and then subjected to crystallization experiments.

Crystallization, data collection, and model building —

Prior to crystallization, the protein solution was supplemented with 0.015 M AMP. For co-
crystallization experiments, 0.015 M Na,MoO,4 or Na,WOwas added. Despite the
knowledge of previously published crystallization conditions [20], we subjected the protein
to a new round of initial screening, assuming that the improved purification protocol would
allow crystallization in hitherto unknown conditions. Best crystals of Cnx1E with and
without molybdate or tungstate were found in a wide range of conditions from the Morpheus
screen (Molecular dimensions). In average, these crystals diffracted significantly better
(def~2.0 A) than the ones published before (dgs~2.7 A). As an advantage over previous
conditions, the new crystals now grew from conditions not containing any sulfate or other
oxo-anions that could compete with molybdate or tungstate for the binding to Cnx1E. Prior
to crystallographic experiments, Cnx1E crystals were flash cooled in liquid nitrogen. X-ray
diffraction data of Cnx1E wildtype crystals were collected on beamline BL14.1 operated by
the Helmholtz-Zentrum Berlin (HZB) at the BESSY 11 electron storage ring (Berlin-
Adlershof, Germany) [24]. Datasets for Cnx1E not containing molybdate or tungstate were
collected at a wavelength of 0.9184 A, whereas datasets for Cnx1E with molybdate and
tungstate were recorded at a wavelength of 1.7700 A and 1.2094A, respectively, to give rise
to an anomalous signal from the metal atoms. Data were indexed and integrated with XDS
[25]. Since some degree of anisotropic diffraction was already apparent from visual
inspection of the diffraction images, the datasets were subjected to further analysis and
processing by the StarAniso server [26]. StarAniso confirmed considerable anisotropy of
both the diffraction limits and the attenuation of the diffracted intensity, which was corrected
by defining an anisotropic resolution cut-off surface and by applying an anisotropic
correction for Debye-Waller factor to the dataset. Afterwards, 5% of the diffraction data
were flagged for later exclusion from structural refinement and use in the calculation of
Rfree- The structures were then solved by transplanting the phase information from
previously published structures [20] using Phaser [27]. Attempts to solve the structure of
Cnx1E in complex with tungstate through experimental phasing with ShelxC/D/E [28] by
using the anomalous signal arising from the tungsten atoms were also successful. ShelxC
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found two tungsten sites per Cnx1E molecule and ShelxE was able to build a poly-alanine
model that was 80 % complete. In contrast, the anomalous signal arising from the
molybdenum atoms in the Cnx1E molybdate dataset was too weak for ShelxC to reliably
identify the heavy metal positions let alone for experimental phasing. Hence, the molybdate
binding sites were identified with ANODE [29] using the phase information from the final
model ANODE found two adjacent peaks in the anomalous density that were at close
distance to each other and that could not be explained by sulfur atoms of methionine or
cysteine residues. The two peaks were of different strength with the stronger being thrice as
intense as the weaker, and twice as intense as the strongest sulfur peak. These anomalous
peaks were located in proximity to the location of the molybdate anion that we reported
before [20]. Because of their close distance, each peak was interpreted as a single molybdate
anion that has only partial occupancy. X-ray diffraction data of Cnx1E variant crystals were
collected at a wavelength of 1.0 A on beamlines X06SA and X06DA. The beamlines were
equipped with an EIGER 16M X and a PILATUS 2M-F detector, respectively, and operated
by the Paul Scherrer Institute at the Swiss Light Source (Villigen, Switzerland). Data of
variant crystals were processed using AutoProc and StarAniso [30]. The initial structures
were improved by alternating steps of refinement with Buster 2.10.3 [31] and manual
rebuilding in Coot [32]. During the refinement the atomic displacement factors were treated
as being isotropic and domain displacement was accounted for by modeling the domains as
rigid bodies undergoing translation/libration/screw vibrational motion. The refinement was
stopped after Ryork and Ryree COnverged. The files containing the structure factors and the
structural models were deposited with the Protein Data Bank with accession numbers 6ETD
(Cnx1E+AMP), 6ETF (Cnx1E+Mo), 6ETH (Cnx1E+W), 6GB0 (K294A), 6GAX (K294A
+Mo), 6GB9 (S328A), 6GB4 (S328A+Mo), 6GBF (R369A) and 6GBC (R369A+Mo). The
complete data collection and refinement statistics are shown in Tables 1 and S2 for
structures of Cnx1E wildtype and variants, respectively. Figures depicting 3D images were
created with PyMOL [33]. Two-dimensional schematics representing protein-ligand
interactions were created with LIGPLOT [34] using the LigPlot+ frontend [35]. The
calculation of electrostatic surface potentials was carried out with APBS [36]. The analysis
of protein surface conservation was done using the ConSurf server [37].

Generation of Cnx1E variants —

The Cnx1E variants K294A, S328A, and R369A were generated following the QuikChange
(Agilent Technologies) protocol modified for the use of Phusion® High-Fidelity DNA
Polymerase (NEB). The Cnx1E wildtype expression vector pGPlus [20] served as template
for the polymerase reaction. The primer pairs were designed for the modified protocol
according to Xia et al. [38]. Their sequences are 5’-
tttcagcaaggtattgatggcacccgggaaacctttgaccttcg-3’ and 5°-
gtcaaaggtttcccgggtgccatcaataccttgctgaaatatac-3’ for K294A, 5°-
tacctggaaatcctgtggectgtttggtttgtttcaatatctttgt-3" and 5°-
gatattgaaacaaaccaaacaggccacaggatttccaggtaatcca-3’ for S328A, and 5°-
ctgatcccatcgeccccgagtttcatcgggecat-3’ and 5’-ccgatgaaactcgggggcgatgggatcagacttg-3’ for
R369A. The identity of the generated constructs was confirmed by sequencing.
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Phylogenetic analysis —,
The protein sequence of either the gephyrin E-domain (GephE, Q03555.3, [39] metazoa and
fungi or the Cnx1 E-domain (Cnx1E, Q39054.2 [18]), plants, were used as queries in
pBLAST [40] searches. For phylogentic analysis — if possible — two sequences from each
phylum possessing highest / lowest sequence identity to the respective input sequence were
used. For plants the analysis was expanded to the classes Chlorophyceae and
Trebouxiophyceae (phylum Chlorophyta) and Klebsormidiophyceae and the taxon
Embryophyta (phylum Streptophyta), respectively.

Inductively coupled Plasma Mass Spectrometry (ICP-MS) —

Molybdenum content was quantified with Agilent 7700 Series ICP-MS (Agilent
Technologies) using a standard calibration curve of inorganic molybdenum (Fluka). The
calibration range of the ICP-MS for molybdenum ranged between 1 — 20 ug/L. Protein
solutions and standards were mixed automatically with rhodium as an internal standard. All
values were corrected for the molybdenum content of control samples consisting solely of
buffer. All data were collected and processed using MassHunter work station software.

Quantification of Cnx1E bound Moco/MPT —

Quantification was carried out via FormA based HPLC analysis, essentially as described in
[41] [42]. MPT-AMP amounts were calculated by taking into account FormA-dephospho
amounts in a sample treated with phosphodiesterase | (Biomol) prior to dephosphorylation.
Other than described earlier [41], upon dephosphorylation FormA was not further purified
via an anion exchange step but analyzed directly on a reversed phase C-18 column (250 x
4.6 mm, 5 um, ReproSil-Pur Basic). Data acquisition and processessing was performed
using Open LAB CDS ChemStation software.

RESULTS

The Cnx1E structure complexed with Mg2*-AMP, molybdate, and tungstate —

In order to shed more light on the basic principles behind the Cnx1E catalyzed molybdate
insertion into MPT, we optimized already published protein purification and crystallization
protocols [20]. Doing so allowed us to determine the structures of Cnx1E complexed with
Mg2*-AMP alone (at 1.95 A) and in the presence of either molybdate (at 2.02 A) or
tungstate (at 1.78 A), respectively. These structures are henceforth referred to as Cnx1E
+AMP, Cnx1E+Mo, and Cnx1E+W.

Careful inspection of the Cnx1E+Mo structure led to the identification of two molybdate
anions bound 4.1 A apart within the oxo-anion binding pocket (Fig. 2A, supplementary Fig.
S1A). The single Cnx1E molybdate anion reported before [20] lies halfway between these
newly identified two anions. This discrepancy between the recently published and the
current structure is probably due to their different optical resolutions [43] of 2.5 A and 1.8
A, respectively, with the low-resolution structure [20] failing to resolve the two molybdate
anions. Consistent with this new finding for Cnx1E+Mo, two tungstate anions are also found
in the oxo-anion binding pocket of Cnx1E+W (Fig. 2B, supplementary Fig. S1B). In
contrast to Cnx1E+Mo, the tungstate anions in Cnx1E+W are located in positions slightly
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different from the molybdate anions and found to be only 1.8 A apart from one another (Fig.
2B). For Cnx1E+Mo as well as for Cnx1E+W the close proximity of the two anions in the
binding pocket rules out the simultaneous presence of both due to a mutual steric hindrance
and hints at a partial occupancy of the sites. B-factor analysis of both structures suggests that
each of the corresponding oxo-anion pairs has a conjoint occupancy of 1.0 with their
individual oxo-anions sharing an occupancy ratio of 2 to 1. Accordingly, the binding sites
will henceforth be referred to as the high-occupancy site and the low-occupancy site. The
molybdate anion in the high-occupancy site is well defined in the electron density map with
its tetrahedral geometry clearly visible (Fig 2A). In contrast, the electron density of the
molybdate anion bound in the low-occupancy site is much less well-defined. This is due to
the lower occupancy and residual freedom of motion and is reflected by the high observed
B-factors (Fig 2A).

Mg2*-AMP is bound in all three crystal structures in a rigid conformation with little
flexibility, regardless of the presence or absence of oxo-anions. The full occupancy and low
B-factors for the MgZ*-AMP molecule present in the structures are evidence for a strong
interaction between the adenosine moiety and Cnx1E. This is noteworthy as AMP is a
product of the reaction catalyzed by Cnx1E and is meant to leave the active site [17]. This
observation supports the potential anchoring function of the adenosine moiety, which we
postulated earlier [20]. The AMP molecule is found to be at a large distance to either of the
molybdate anions (~9.4 A and ~12.7 A) in the Cnx1E+Mo structure. Thus, activation of
molybdate via the formation of an anhydride bond with the alpha-phosphate of AMP [17]
appears to be implausible.

The binding of Mg2*-AMP to Cnx1E —

The binding position of Mg2*-AMP found in the structures presented in this work is in
agreement with the position reported for Rattus norvegicus (R. norvegicus) gephyrin [21],
and certainly represents the pocket that accommodates the nucleotide moiety of MPT-AMP.
MgZ*-AMP binding involves both directed and undirected interactions with amino acids
(Fig. 2D)[20]. The amino acids Leu202, 1le215, and Gly266 form the core of the pocket and
ensure the binding through hydrophobic interaction with the aromatic rt-system of the
purine ring. A high specificity for the adenosine moiety is achieved by an intricate network
of hydrogen bonds, four of which are realized through bridging water molecules (Fig. 2C,
D). Of the amino acids involved in a direct interaction with the adenosine moiety, Ser218
and Asn219 act as hydrogen bond donors, whereas Glu201 and Asp217 assume the role of
hydrogen bond acceptors. Hydrogen bonds realized through bridging water molecules link
the adenosine with donors Ser265 and Thr198 and acceptors Ser265 and Asn325. Further
stabilization of Mg2*-AMP is achieved through interactions of Thr198, Asp242, Gly324,
Asp274, Glu201, Asp67’ and Thrl07” with the phosphate group and the associated
octahedral Mg2*-water complex, all of which involve linking water molecules. Despite the
fact that the AMP binding pocket of Cnx1E is located at the dimer interface, Asp67’ and
Thr107’ constitute the only cross-monomer contribution to AMP binding
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Structural characterization of the Cnhx1E oxo-anion binding pocket —

The coordination of the molybdate anion by amino acid residues differs between the high-
and low-occupancy sites (Fig. 2F, E). In the high-occupancy site, molybdate is coordinated
through hydrogen bonds to four amino acid residues: the side chains of Ser328 and Ser400,
and the amide bond nitrogen atoms of Gly296 and Lys297. In contrast, the low-occupancy
site provides the molybdate anion with salt bridges to the side chains of the amino acids
Lys294 and Arg369, in addition to hydrogen bonds with the side chain of Ser400 and to the
backbone amide of Gly296. Comparison of the Cnx1E+Mo structure with R. norvegicus
GephE (PDB: 5ERU) and £. coli MoeA (PDB: 1FC5) shows that aforementioned residues
are conserved both in sequence and structure (Fig. 3B, supplementary Fig. S2, Fig. 4A).
Exceptions include GephE Leu605 (equivalent to Cnx1E Lys297) and Ser698 (equivalent to
Cnx1E Ser400), which deviate from their counterparts in Cnx1E and MoeA in terms of side-
chain characteristics and position, respectively. Superposition of the Cnx1E and GephE
structures [20, 21] reveals Lys297 and Leu605 to be positional homologs. As a result of this
and the fact that the interaction of Lys297 with molybdate is realized through its amide bond
rather than through the amino function of its side chain, we conclude that this residue can be
replaced by Leu605 in GephE. In contrast to the good spatial agreement of these two
residues, the positional mismatch of GephE Ser698 with its Cnx1E Ser400 equivalent
amounts to a distance larger than 23 A (Fig. 4A). This makes Ser698 incapable of molybdate
binding despite the side chain conservation. However, close examination of the GephE
structure ([21], 5ERU) revealed that Ser698 is located at the edge of a disordered and
probably nicked region, which could come into contact with the molybdate anion upon
reorientation of this flexible stretch of amino acids. The Ser400 and Arg369 in Cnx1E were
previously reported by us to be molybdate interacting residues [20]. This was also reported
for residues Ser630 and Arg670 in mammalian gephyrin [21], which are equivalent to
Cnx1E Ser328 and Arg369 (Fig. 4A). For the first time, Lys294 is identified as a molybdate
interacting residue in the higher resolution Cnx1E structure that we report here, hence
providing a complete view of Chnx1E molybdate interacting residues. Similar to molybdate,
tungstate binds to Cnx1E in mutually exclusive low- and high-occupancy sites (Fig. 2B,
supplementary Fig. S1B). Whereas the tungstate low-occupancy site is identical to the one
found for molybdate, the high-occupancy site differs in position by ~2.3 A. As consequence,
the hydrogen bond with Lys297 cannot be formed, whereas the interactions with Ser328,
Ser400 and the amide bond nitrogen of Gly296 are preserved. Additionally, a salt bridge
with Arg369, which is not observed for the high-occupancy molybdate site, is formed. The
tungstate oxo-anion identified in the low-occupancy site forms the same interactions with
amino acid residues as its molybdate counterpart in Cnx1E+Mo, with the exception of the
hydrogen bond to the backbone amide of Gly296.

Analysis of the electrostatic potential of the oxo-anion binding pocket from plant,
mammalian, and bacterial Mo-insertases shows a predominantly positively charged surface,
which is essential for compensating the negative charge of the oxo-anion (Fig. 4B). The
positive electrostatic potential arises from the presence of Lys294 and Lys297 (located in
subdomain 11, Fig. 3A, B), Arg347 and Arg369 (located in subdomain IV, Fig. 3A, B) and
from the absence of any negatively charged amino acid residues. The uncharged amino acids
that line the oxo-anion binding pocket are Met293, Pro295, Gly296, Pro297, Pro323,

Biochem J. Author manuscript; available in PMC 2019 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krausze et al.

Page 8

Gly324, Asn325, and Met399. Consistent with the fact that Moco biosynthesis is an
evolutionarily old process [9, 11], residues forming the oxo-anion binding pocket are found
in large part to be conserved among Mo-insertases from various species (Fig. 3B,
supplementary Fig. S2). Accordingly the electrostatic properties are highly comparable
among bacterial (£. coli), mammalian (R. norvegicus) and plant (A. thaliand) Mo-insertases
(Fig. 4B).

Biochemical characterization of the Cnx1E oxo-anion binding pocket —

To reveal the impact of residues Ser328, Arg369 and Lys294 on molybdate, MPT-AMP and
Moco/MPT binding, we next went on and characterized the respective alanine exchange
variants. As compared to wildtype Cnx1E, for variants R369A and K294A we found the
amount of co-purified MPT-AMP and molybdenum (molybdate) but also Moco/MPT being
significantly reduced (Fig. 5A). We conclude that (i) both residues are required for
molybdate binding to the Cnx1E low-occupancy site and that (ii) reduced molybdate binding
here goes hand in hand with reduced MPT-AMP binding and hence reduced Moco
formation. For the Cnx1E variant S328A ICP-MS-based Mo quantification combined with
significance evaluations revealed wildtype like molybdenum, MPT-AMP and Moco/MPT
binding properties (Fig. 5A). Since the majority of molybdate is bound to the low-occupancy
site as apparent from Cnx1E R369A and K294A characterization, a hidden effect of Ser328
on Cnx1E molybdate binding to the high-occupancy site cannot be excluded with the
biochemical methods applied. Therefore structures of Cnx1E variants R396A, K294A and
S328A with and without complexed molybdate were solved and analyzed.

Structural characterization of Cnx1E variants R369A, K294A and S328A —

Cnx1E variants S328A, R369A and K294A crystallized in the absence of molybdate exhibit
a structure identical to that of Cnx1E+AMP. The Cnx1E R369A+Mo and K294+Mo
structures revealed that even when present in excess, molybdate is abolished from the low-
occupancy site of both variants (Fig. 5C, D), indicating that the residual molybdenum
(molybdate) amounts quantified by ICP-MS are either bound to the high-occupancy site of
these variants or originate from bound Moco (Fig. 5A, [41, 44]). For Cnx1E variant S328A
in complex with molybdate (Fig. 5B) our analysis revealed wildtype like crystal structure
characteristics with respect to the molybdate occupancy ratio and backbone conformation.
We conclude that there is no hidden effect of Ser328 on Cnx1E molybdate binding.

DISCUSSION

While the mechanistic principles of the initial two steps of Moco biosynthesis (the formation
of cPMP and its subsequent conversion to MPT) are well understood, (summarized in [45])
the last step of Moco biosynthesis is not. Earlier fundamental work [16] identified that MPT
is adenylated by the Mo-insertase G-domain, a step that precedes the E-domain catalyzed
insertion reaction that comprises hydrolysis of the MPT-AMP phosphor-anhydride bond and
the insertion of molybdate into the MPT dithiolene motif. These two reaction steps were
found to be intrinsically connected to one another and, as a result, it was suggested that the
AMP released through MPT-AMP hydrolysis is required for the formation of adenosine-5-
phosphomolybdate [17], which was supposed to be the activated molybdate species required
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for enzyme catalyzed molybdate insertion. This can now be ruled out on a structural basis
(this work and [20]) and due to the fact that it is consistently observed that adenosine-5"-
phosphomolybdate formation is not an energetically favoured reaction [46, 47]. As an
alternative function, the AMP moiety of MPT-AMP was suggested to serve as an anchor
guaranteeing the precise positioning of the MPT dithiolene motif with respect to enzyme
bound molybdate [20]. Thus, the proper arrangement of molybdate relative to the dithiolene
moiety of MPT will result in an enhanced rate for the molybdate insertion reaction in
Cnx1E. The general molybdate insertion reaction can be simply described as a second order
chemical reaction of the form

MPT + M00‘21 ~ = Moco,

for which the reaction rate can be expressed by

d[Moco]

focol — kimpr) [Moo2 ‘],

rate =

with kbeing the rate constant for the forward reaction. In the context of Cnx1E catalyzed
Moco formation, the rate constant may be described by the Arrhenius equation,

where E4 is the activation energy, R is the gas constant, and 7 is the temperature. A is the
pre-exponential frequency factor, which can be expressed as a product of collision frequency
(2) and orientation (p) factors, and represents the rate of the reaction in the high-temperature
limit. Thus, rate enhancement, outside of a simple increase in the molybdate [11] or MPT
concentrations, is a function of a large pre-exponential factor and a reduced energy of
activation [48]. Since Cnx1E binds both MPT-AMP and molybdate, the enzyme can enhance
the rate of Moco formation by properly orienting molybdate and the dithiolene chelate of
MPT for complexation [49]. This requires the dithiolene component of MPT-AMP to be
oriented toward molybdate, thereby maximizing the orientation factor contribution to A.
Understanding how Cnx1E lowers the activation energy for the reaction is still under
investigation, but it likely involves the modulation of ionizable moieties (e.g. pK, changes)
in the active site, bond polarizations, and how the active site controls the effective nuclear
charge of the Mo ion during the catalytic sequence in order to accelerate the rate of
molybdate insertion and hence Moco formation. Tungstate is known to mimick molybdate
and trigger MPT-AMP transfer onto Cnx1E [17]. However, Cnx1E does not catalyze the
formation of the tungsten cofactor [17], indicating that Cnx1E specificity is realized not
through selective molybdate binding but through selective molybdate insertion. In this work,
we show that Cnx1E possesses high-occupancy and low-occupancy binding sites for both
molybdate and tungstate. The coordinating amino acids and the position of molybdate and
tungstate within the respective low-occupancy sites are highly comparable to each other,
whereas they differ in the high-occupancy sites. Assuming that for molecular mimicry
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tungstate is required to be bound in the identical position as molybdate, we conclude that
initially either of these two oxo-anions must bind to the low-occupancy site to trigger
cooperative MPT-AMP binding [17]. We deduce that for insertion to occur, the oxo-anion
must move to the high-occupancy site, which provides the necessary hydrogen bonds that
are required for its proper orientation relative to the MPT dithiolene moiety. Since Cnx1E
fails to catalyze tungstate insertion into the MPT dithiolene moiety, we conclude that the
coordination and position of tungstate in the high-occupancy site, which is significantly
different from that of molybdate, are not adequate for insertion to occur. Moco biosynthesis
is an evolutionary conserved pathway [9, 11] and consistently, extensive sequence analyses
revealed that among eukaryotes, all molybdate side chain interacting residues (i.e. Lys294,
Arg369, Ser328 and Ser400) are strictly conserved (supplementary Fig. S2). Biochemical
and structure based characterization of the Cnx1E variants K294A and R369A revealed that
both residues are crucial for molybdate binding to the Cnx1E low-occupancy site. Therefore
(i) structure-based (ii) biochemical and (iii) phylogenetic evidence document the importance
of Lys294 and Arg369 for Mo-insertase functionality of Cnx1E.

Next to the molybdate side chain interacting residues Cnx1E Lys294, Arg369, Ser328 and
Ser400 also residue Cnx1E Gly296 was found to be conserved amongst eukaryotes. This
residue interacts with molybdate through its backbone amide bond. Its conservation is best
explained by the fact that only glycine allows the observed torsion angles in this part of the
Cnx1E active site. However as sole exception, the fungus LJinderina pennispora
(supplementary Fig. S2) was found to possess a serine residue at the Cnx1E Gly296
homologous position, but it remains open whether or not the analyzed sequence from
Linderina pennispora is a Mo-insertase.

In the Cnx1E+Mo structure, the region comprising amino acids Gly296 and Lys297 was
found to adopt a relaxed and tense backbone conformation, each of which is linked to the
presence of a molybdate anion either in the high- or low-occupancy binding site,
respectively (Fig. 6A, B). In contrast, in the Cnx1E+AMP structure the Gly296 Lys297
region only adopts the relaxed conformation as do the variants R369A+Mo and K294A+Mo
for which molybdate was exclusively found in the high-occupancy site (Fig. 6C). Likewise,
when co-crystallized with tungstate, the Cnx1E Gly296 Lys297 region was found to adopt
exclusively the relaxed backbone conformation (Fig. 6C). Therefore, we conclude that the
tense conformation is induced upon molybdate but not tungstate binding. Since Cnx1E fails
to insert tungstate into the MPT dithiolene motif [17], we suggest this conformational
transition to be of mechanistic relevance for the molybdate insertion process. Consistent
with our biochemical and structural data, we propose that the Cnx1E low-occupancy site
represents the entry site for oxo-anion binding (Fig. 6A, C) and that binding is facilitated
mostly through ionic interactions with Arg369 and Lys294 here. The presence of a
molybdate anion in the entry site leads to the reorientation of the amide bond Gly296-
Lys297 leading to the tense conformation. The subsequent relaxation of the backbone then
assists in the relocation of the molybdate anion from the low-occupancy to the high-
occupancy site. We deduce this to be crucial for the insertion reaction to occur. In contrast, a
tungstate anion bound to the entry site fails to induce a tense conformation as the amide of
Gly296 does not provide an H-bond for interaction with tungstate (Fig. 6C). Accordingly,
tungstate is not assisted to relocate to the high-occupancy site and therefore cannot be
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inserted into the MPT dithiolene motif. However it remains an open question as to whether
the lack of Gly296 hydrogen bonding to tungstate is the cause or the effect of the loss of
tungstate insertion capability. Subsequent work may answer the question whether or not the
observed backbone flip contributes to lowering £4,
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Shown is a general scheme of the molybdenum cofactor (Moco) biosynthesis pathway. With

the exception of 3,8 "-cH2 GTP (a precursor of cyclic pyranopterin monophosphate, cPMP),
known and characterized intermediates of the Moco biosynthesis pathway are shown
sequentially. GTP = guanosine triphosphate, MPT = molybdopterin, MPT-AMP =
adenylated molybdopterin. The domain structure of Arabidopsis molybdenum insertase
Cnx1 is shown and catalyzed reactions are indicated. This figure and the corresponding
caption were originally published in [http://www.biochemj.org/content/474/1/163, Joern
Krausze, Corinna Probst, Ute Curth, Joachim Reichelt, Sayantan Saha, David Schafflick,
Dirk W. Heinz, Ralf R. Mendel, Tobias Kruse, Biochemical Journal, 2016] [20].

Biochem J. Author manuscript; available in PMC 2019 July 19.


http://www.biochemj.org/content/474/1/163

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Page 16

K294

% D217
S218 N219 3)7(.';]-2“?6

31k 3 m

~ ) ATV

3-7\. 73Ag 30A 5265
W‘

7A

L |

E201

Q . 30A

2.
& AMP
Y - I}'*{%’ms E
W‘% e N YT

N325 ® '3 Y274 oO,
T e @30iA ©<28A
RA Y
J 4 'J\};K‘GFQ ! P4 5400
1 4
' S328
T107 ‘ S

D67'

Figure 2: The Cnx1E active site comprising the oxo-anion and AM P binding pockets.
(A) Active site in Cnx1E+Mo with the oxo-anion pocket occupied by two molybdate anions

with partial occupancy. The protein is shown as Connolly surface and colored gray. AMP
and molybdate are shown as sticks; magnesium ions are shown as big, water molecules are
shown as small spheres. Mg2*-AMP and the oxo-anions are surrounded by their
corresponding 2F,-F electron density contoured to | UHSUHVHQWHG E\ D EOXH
PHVK 7KH SRVLWLRQ Rl WKH PRO\EGDWH DQLRQ IRXQG LQ WKH
SUHYLRXVO\ published structure [20] is shown as yellow silhouette. The high- and low-
occupancy sites and their distance to the phosphate group of the AMP molecule are
indicated. (B) Active site in Cnx1E+W structure with the oxo-anion pocket occupied by two
tungstate anions with partial occupancy. The presentation is the same is in panel A. (C)
Superposition of the binding pockets of the Cnx1E molybdate co-structure published
previously ([20], PDB 5G2S) with the higher resolution Cnx1E+Mo structure. Amino acid
residues interacting with MgZ*-AMP or molybdate are shown in simple stick representation
whereas the AMP molecule and the molybdate anion are shown in ball-and-stick
representation. Magnesium ions are shown as spheres, coordinated water molecules as
smaller spheres. The atoms of the previously published structure (2.8 A, [20]) are colored
gray. Residues shown in semi-transparent fashion are located in the other monomer of the
physiological dimer. The single previously identified molybdate ion ([20], PDB 5G2S) and
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the corresponding magnesium ion are highlighted by colored outlines. The background
shades are meant to distinguish the two binding pockets of the Cnx1E active site. (D)
Schematic representation of the interactions between Cnx1E and Mg2*-AMP. (E)
Interactions in the molybdate low-occupancy site, (F) Interactions in the molybdate high-
occupancy site. Involved residues and molecules are shown in ball-and-stick representation
with disregard for double bonds. The magnesium ion and water molecules are shown as light
gray spheres. Interactions within the octahedral Mg2*-water complex are shown as solid
black lines. Hydrogen bonds are shown as broken lines. If discernible, arrowheads point to
the hydrogen bond acceptor. Salt bridges are represented as solid lines with a color gradient
ranging from black to light gray with black indicating the origin of the negative charge in the
ionic interaction. Amino acids involved in hydrophobic interactions are represented by red
coronas. If not stated otherwise, atoms are colored throughout Fig. 2 as follows: carbon in
Cnx1E, green, other carbon, yellow-orange; oxygen, red; nitrogen, blue; phosphorous,
orange; magnesium, bright green; molybdenum, cyan; tungsten, teal. Hydrogen atoms are
omitted. All distances shown are given in Angstréms.
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Figure 3: Cnx1 domain organization and sequence comparison of Mo-insertases from various
€eCles.
a) Schematic representation of the Arabidopsis thaliana Cnx1 enzyme domain structure
[20]. The first and last residues of the domains are indicated. For Cnx1E subdomains are
indicated. Within the schematic representation of the Cnx1E domain, white boxes indicate
residues forming the molybdate binding sites. From these, four are involved in directed side-
chain molybdate interactions, indicated by white triangles with the corresponding Cnx1
amino acid positions given above. (B) Partial sequence comparison of Arabidopsis thaliana
(At), Rattus norvegicus (Rn), Aspergillus nidulans (An) and Escherichia coli (Ec) Cnx1E
homologs. Residues forming the molybdate binding site are indicated by asterisks. Cnx1
residues involved in directed molybdate interactions through their side-chains are indicated
by white triangles with the corresponding Cnx1 amino acid positions given above. Strictly
conserved residues are highlighted in black, conserved residues are highlighted in grey. The
alignment was generated with Clustal Omega.
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Figure 4: Properties of the oxo-anion binding pocket.
(A) Superposition of Cnx1E molybdate interacting residues with equivalent residues from

GephE (Rattus norvegicus, [21]) and MoeA (Escherichia coli, [50]). Residues from Cnx1E
are shown as sticks with the carbon atoms colored green. GephE and MoeA residues are
shown in line representation with their carbon atoms yellow and light-blue, respectively. The
residue labels are in the corresponding colors. In GephE, the amino acid residue Ser698
(corresponding to Cnx1E Ser400) is located too far away from the binding site to be
displayed (see text). (B) Electrostatic properties of the molybdate binding pocket from
MoeA (left, PDB 1FC5), GephE (middle, PDB 5ERU) and Cnx1E (right). The Connolly
surfaces are colored according to their electrostatic potentials ranging from —267 mV(red) to
+267 mV (blue). Potentials were calculated with APBS [36] for 310 K. AMP/ADP
molecules and molybdate anions are shown as sticks. Mg2* ions and water molecules are
shown as big and small spheres, respectively. The small cyan-colored spheres in the GephE
structure correspond to the partially occupied molybdate sites, identified by the authors only
by the anomalous signal arising from molybdenum atoms [21]. The subpanels of Fig. 4C
present the same view of the active site as the close-up in Fig. 4B. (C) Connolly surface of
Cnx1E colored according to the degree of amino acid conservation with magenta
corresponding to a high, cyan to a low degree of conservation. The conservation was
calculated from a sequence alignment of Cnx1E with 27 homologous proteins from
eukaryotes (see also supplementary Fig. S2). On the left, the physiological dimer of Cnx1E
is depicted with the second monomer shown gray and transparent for better visibility of the
dimer interface. The highest degree of conservation is found in the Cnx1E active site, which
is revealed by a rotation by 90°. The active site comprises the oxo-anion and AMP binding
pockets, which are shown in close-up. Molybdate and AMP are shown in ball-and-stick
representation the single magnesium ion is shown as sphere. The color scheme for hetero-
atoms is the same as in Fig. 2.
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Figure 5: Biochemical and structural characterization of Cnx1E variants.
(A) Recombinant Cnx1E wildtype protein and variants S328A, R369A and K294A were

analyzed for molybdenum cofactor (Moco) / molybdopterin (MPT), Mo and adenylated
MPT (MPT-AMP) content after expression and purification in £. coli strain RK5206.
Analysis of the recombinant proteins was carried out as described in the Materials and
Methods section. For wildtype Cnx1E the molybdate binding stoichiometrie determined was
0.074 +/- 0.0072, the MPT-AMP binding stoichiometry was found to be 0.0136 +/- 0.0048
and the Moco/MPT binding stoichiometrie was 0.133 +/- 0.012. Bars represent the standard
deviation, resulting from three full replicas. A Student’s t-test was carried out to evaluate the
significance of differences; with very high significance (p<0.001): *** high significance
(p<0.01):**, significance (p<0.05):*, no significance: NS. Comparison of the oxo-anion
binding pocket of Cnx1E variants S328A (B), R369A (C) and K294A (D). View,
representation and the electron density contour level are identical to Fig. 2A. Occupied low-
and high-occupancy sites are indicated.
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low-occupancy site

Figure 6: Low- and high-occupancy sitesin the oxo-anion binding pocket.

Cnx1E is shown in cartoon representation with relevant amino acids and the oxo-anions
shown in ball-and-stick representation. The use of colors is the same as in Fig. 2. Hydrogen
atoms are indicated as smaller white balls and sticks. Hydrogen positions were derived from
formal geometric considerations (“riding hydrogens™) and not from experiment. Amino acid
side-chains not visible in the structure due to flexibility were modeled in their most likely
conformation and are shown in gray. (A) Low-occupancy site with molybdate bound. The
hydrogen bond between the amide of Gly296 with molybdate forces the protein backbone in
a tense conformation with the ¢ and y angles of Lys297 in the disallowed regions of the
Ramachandran plot on the right-hand site. (B) The high-occupancy site occupied with
molybdate allows the adoption of a relaxed backbone conformation. The ¢ and y angles of
Lys297 are in a favored region of the Ramachandran plot. (C) The backbone conformations
associated with the tungstate-occupied low- and high-occupancy sites as well as the empty
oxo-anion binding pocket are all relaxed and resemble the situation of the molybdate
occupied high-occupancy site. Their Ramachandran plots look similar to the one in panel B.
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Table 1:

Data collection and refinement statistics.

Numbers in parentheses account for the shell of highest resolution.

Cnx1E+AMP Cnx1E+Mo Cnx1E+W
Data collection
Wavelength (A) 0.9184 1.7700 1.2094
Space group 1222
Unit cell parameters
a(A) 66.13 £ 0.04 67.11+£0.04 65.50 + 0.05
b (A) 123.11 +0.05 123.59 + 0.04 123.47 +0.08
c(A) 132.11 +£0.05 131.78 +£0.03 133.60 + 0.09
a=p=y (°) =90 =90 =90

Resolution (A)

hkt,max = Ahkt,min

45.14-1.72 (1.95-1.72)

45.07-1.78 (1.96-1.78)

42.58-1.64 (1.77-1.64)

dnoo,min 2.05 2.29 1.78

doko,min 217 2.20 2.01

doot,min 1.72 1.78 1.64

e [dopd] 1.95 [~1.7] 2.02 [~1.8] 1.78 [~1.7]
No. of reflections

total 170,016 (11,741) 531,596 (16,809) 753,889 (43,169)

unique 38,415 (2,744) 34,559 (1,728) 50,634 (2,532)
Completeness

spherical 0.668 (0.151) 0.656 (0.132) 0.757 (0.184)

eIIipsoidaIb 0.954 (0.800) 0.947 (0.778) 0.960 (0.758)
Multiplicity 4.4(4.3) 15.4(9.7) 14.9 (17.0)
Mean /o(1) 8.1(L7) 26.6 (1.5) 21.7 (1.6)
Wilson B (A?) 22.9 29.1 31.7
Rmerge 0.090 (0.659) 0.053 (1.268) 0.057 (1.864)
Rimeas 0.117 (0.865) 0.056 (1.413) 0.061(1.980)
Ryim 0.073 (0.555) 0.020 (0.610) 0.022 (0.665)
CC1/2 0.995 (0.674) 1.000 (0.719) 0.999 (0.818)
Refinement

No. of reflections used

38,404 (2,744)

34,543 (1,691)

50,624 (2,532)

Ruork ! Riree 0.1774/0.2088 0.1726 / 0.2160 0.1862 (0.2000)
No. of non-hydrogen atoms

total 3,548 3,647 3,493

in protein 3,156 3,193 3,139

in ligands 26 27 29

in ordered solvent 366 427 325
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Cnx1E+AMP Cnx1E+Mo Cnx1E+W

Atomic B-factors (A2)

Average 317 39.2 421

Protein/Ligands/Solvent 30.9/46.3/38.0 37.9/48.9/48.1 415/53.3/47.8
No. of amino acid residues

total / ordered 470/ 419 470/ 422 4701/ 422
RMSD from ideal

bonds (A) 0.014 0.014 0.014

angles (°) 1.65 1.95 1.65
Ramachandran (%)

favored 98.54 98.56 95.56

allowed 1.22 1.20 1.20

outliers 0.24 0.24 0.24

aEffective (deff) and corresponding optical (dopt) resolution of the dataset determined with EFRESOL [43].

Page 23

bData completeness for a volume in reciprocal space bounded by an ellipsoid centered on {000} and with the dimensions a= 1/dhQ0,min, b= 1/

doko,min. ¢= 1/dool,min-
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