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Abstract: Mononuclear molybdoenzymes catalyze a broad
range of redox reactions and are highly conserved in all
kingdoms of life. This study addresses the question of how the
Mo cofactor (Moco) is incorporated into the apo form of
human sulfite oxidase (hSO) by using site-directed spin
labeling to determine intramolecular distances in the nano-
meter range. Comparative measurements of the holo and apo
forms of hSO enabled the localization of the corresponding
structural changes, which are localized to a short loop (residues
263–273) of the Moco-containing domain. A flap-like move-
ment of the loop provides access to the Moco binding-pocket in
the apo form of the protein and explains the earlier studies on
the in vitro reconstitution of apo-hSO with Moco. Remarkably,
the loop motif can be found in a variety of structurally similar
molybdoenzymes among various organisms, thus suggesting
a common mechanism of Moco incorporation.

Molybdoenzymes play essential roles in many aspects of
cell metabolism.[1] These molybdoenzymes are broadly con-
served throughout evolution and share the so-called molyb-
denum cofactor (Moco). Human SO (hSO), which is localized
to the intermembrane space of mitochondria, catalyzes the
oxidation of sulfite to sulfate, the final step in the oxidative
degradation of sulfur-containing amino acids, at its redox-
active molybdenum cofactor. Sulfite, as a strong nucleophile,
is able to cause severe damage to a multitude of cellular
components including membrane components and sulfoli-
pids.[1a] In the absence of SO, sulfite accumulates in the body
and especially causes severe damage to the brain. The
corresponding diseases, isolated sulfite oxidase deficiency[2]

or Moco deficiency,[3] are characterized by rapidly progressing
neurodegeneration[4] and death in early childhood.

In the past, molybdoenzymes were intensively studied to
understand their enzymology, including their biosynthesis[5]

and cellular distribution,[6] and the redox chemistry of the
Moco.[7] However, elementary questions such as the molec-
ular basis of the insertion mechanism of Moco into hSO
remained open. Since hSO is localized to the intermembrane
space of mitochondria, the mechanism of hSO translocation,
assembly, and cofactor insertion is a complex, multistep
maturation process, which has been proposed to be highly
coordinated.[8] Owing to its instability, it is considered to be
unlikely that Moco exists in a free protein-unbound form in
the cell. However, Moco-binding chaperones for enzymes of
the sulfite oxidase family have not been identified so far.
Thus, several unexplored hypotheses exist for the insertion of
Moco into hSO.[1a,9] Biochemical studies of SO and other
molybdoenzymes suggest Moco to be the last cofactor
inserted into the already assembled apoenzyme,[10] an obser-
vation that allows the structural details of the insertion step to
be addressed by comparing the apo and the holo forms of the
protein.

This study aims at elucidating the structural basis of the
mechanism of Moco insertion into hSO by using site-directed
spin labeling (SDSL). Human SO is a homodimer with
a molecular mass of about 110 kDa and each monomer of the
full-length protein consists of three domains referred to as the
Moco, the heme-containing, and the dimerization domain.
The structure of hSO has not been determined yet, however,
a crystal structure was determined for the highly homologous
chicken liver SO (cSO;[11] PDB ID: 1SOX, 67 % identical
residues).[12] Based on the structure of cSO, suitable labeling
sites to probe structural changes within the Moco domain
were selected and distance distributions between pairs of site-
specifically introduced spin labels in the respective holo- and
apoprotein samples were determined by using pulsed elec-
tron–electron double resonance spectroscopy (PELDOR or
DEER) to search for structural changes related to the
presence or absence of Moco.[13] The results reveal a highly
localized change involving a short loop (residues 263–273 in
hSO) in the Moco domain. This loop provides access to the
Moco binding pocket from the outer surface in the apo form,
while it blocks access in the holo form. The conservation of
the loop structure as well as its binding motif for the Moco in
a variety of structurally related molybdoenzymes (see Fig-
ure S12 in the Supporting Information) points to a conserved
Moco insertion mechanism.

SDSL is typically based on the labeling of cysteine
residues, which requires a construct without Cys to avoid
interference with labeling at native cysteine residues. The
cysteine-free construct used within this study lacks the N-
terminal heme domain of hSO and is referred to as hSOMD
(hSO Moco domain) throughout this study. It has previously
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been shown that the activity of hSOMD is retained after
exchange of the four nonessential cysteine residues.[14] Addi-
tionally, 70–90 % of wild type sulfite oxidation activity was
obtained for all hSOMD variants containing the site-specif-
ically introduced cysteine residues used in this study (at
positions 195, 235, 302, 217, 267, 341, and 353) as long as the
essential cysteine residue at position 207 was retained.
Mutation of C207 to serine results in an inactive enzyme[15]

owing to a loss of the cysteine-sulfur–molybdenum bond.
Despite the lack of catalytic activity, all holo-form hSOMD
variants lacking the essential residue C207 exhibited a molyb-
denum loading of about 80%, which corresponds to the
molybdenum incorporation level of the wild-type protein as
checked by inductively coupled plasma optical emission
spectrometry (ICP-OES).

To verify the structural comparability of the cysteine-free
hSOMD construct with the full-length wild-type protein
(hSO), three sites located on different secondary structure
elements, namely N195 (a-helix)[*] , R235 (b-sheet), and R302
(loop) located around the Moco binding pocket were selected
based on the cSO crystal structure (Figure 1). To investigate

the full-length hSO by SDSL, pairs of the non-natural amino
acid p-acetylphenylalanine, namely N195/R235pAcPhe,
N195/R302pAcPhe, and R235/R302pAcPhe, were introduced
into the wild-type enzyme. These variants were labeled by
using specific catalytic ketoxime coupling chemistry.[16] The
distance distributions obtained for hSO were compared to
theoretical expectations based on the cSO crystal structure
using the PyMOL script “MtsslWizard”,[17] which calculates
the conformational space of different spin labels considering
a simple van-der-Waals model. For all measurements, the
resulting distance distributions as determined by using the
software tool “DeerAnalysis 2013”[18] agreed well with
expectations based on the crystal structure of cSO (Fig-
ure S2), a result that also holds for hSOMD variants
containing the corresponding MTSSL-labeled cysteine pairs
only. It should be noted that the distance distribution reveals

contributions from spin–spin interactions within one (intra)
and between the two (inter) monomer units of the homodi-
mer. The simulations allow discrimination between them, and
theoretical intramonomer distances are colored in blue while
the inter-monomer distances are shown in green. The
intermonomer distances are usually too large to be probed
by the DEER experiments, therefore the discussion of the
distance distribution is restricted to the intramonomer
distances. Hence, hSOMD lacking the essential cysteine
residue 207 and the full-length protein are structurally
indistinguishable from cSO in the examined region. The
cysteine-free hSOMD construct can be used as a reference for
the apoprotein. It should be noted that ketoxime coupling of
spin labels to apoprotein variants containing unnatural amino
acids was not possible because of insufficient stability of the
apoprotein under the reaction conditions.

The measurements for the apo forms of the hSOMD
variants N195/R235C, N195/R302C, and R235/R302C
revealed no changes, as expected based on the crystal
structure of cSO (Figure S3, the distance distributions for all
cysteine variants were calculated using both MtsslWizard as
well as the Matlab toolbox “MMM2013.2” and they gave very
similar results), hence, it is inferred that this region of the
protein remains unperturbed in absence of the cofactor.

As a next step, the remaining secondary structure
elements of the Moco domain of hSOMD were examined
by using a variety of MTSSL-labeled cysteine pairs containing
residue 302, shown to be fixed, with sites 217, 267, 341, and
353, as well as two additional pairs of residue 267 with
residues 195 and 353 (Figure 1), which exhibit predicted
intramonomer distances compatible with DEER experiments
(15–60 è[13]). For each pair, distance distributions were
measured for the holo- and apoproteins. For the traces with
modulation depths approaching 0.5 (e.g., the holo form of
variant 195–267C; Figure S5) multiple spin interactions
within the homodimer have to be considered. These may
lead to artificial contributions (“ghost peaks”) in the distance
distribution. However, data analysis using the “power-scal-
ing” approach[19] implemented in “DeerAnalysis 2013” gave
no indication of “ghost-peaks”. The measurements on pairs
302–217, 302–341, and 302–353 showed no significant differ-
ences between the holo and apoprotein samples as exempli-
fied for the latter pair in Figure 2 A (for DEER traces, see
Figure S4). Based on these results, it can be concluded that
the structure of the protein as probed by these residues is
unchanged after insertion of the Moco. A different scenario is
found for pairs containing residue 267. Comparing, for
example, the distance distributions of the apo- and holopro-
teins for the pair 195–267 shown in Figure 2 B, a new peak at
smaller distances together with some weight at distances
between 30 and 50 è is observed for the apo form of the
protein. The contribution at small distances is readily seen in
the time traces (Figure S5), which show a considerably faster
initial decay of the DEER trace for the apo form, corre-
sponding to shorter distances. While the interspin distance
between 195–267 is reduced in the apo form, increased
distances are observed for 267–302 (Figure 2C). Together
with the observation that the distance distribution is virtually
unchanged for all other pairs investigated, it is concluded that

Figure 1. Residues selected for site-directed spin labeling (structure of
cSO; PDB ID: 1SOX). Numbering corresponds to the respective
positions in hSO. See the Supporting Information for sequence align-
ment.

[*] The numbering Scheme refers to hSO. Information on the sequence
alignment as compared to cSO and its crystal structure may be found
in the Supporting Information.
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the loop containing residue 267 undergoes Moco-dependent
structural rearrangement. It should be noted that the distance
distribution of pair 267–353 is broadened even for the holo
form of the protein compared to expectations based on the
crystal structure (Figure S7). This observation is in line with
results from crystallography that reveal a loss of electron
density for the loop containing residue 353 for a variant
lacking the essential cysteine residue C207, which points
towards increased mobility for this structural element
(PDB ID: 3HBG).[20]

The structural constraints imposed by the measured
distance distributions were used to describe the movement
of the loop containing residue 267. DEER-derived data were
used to calculate the structural transition by employing the
“Elastic Network Model” (ENM) module of the Matlab
toolbox “MMM2013.2”.[21]

The distance distributions determined for the holoprotein
fit well the expectation based on the cSO crystal structure
(PDB ID: 1SOX). Hence, this structure was used as the
reference point (without the heme domain) for the structural
transition. The constraints (weighted mean value and width of
the distribution, see Table 1) derived from the measurements
of all cysteine pairs of the apo protein mentioned above were

used and resulted in a calculated structure of the apo form as
shown in Figure 3A (orange) in comparison to the crystal
structure of cSO (cyan). The root-mean-square deviation
(RMSD) of the optimized structure is found to be 1.6 è,
which is a value considered to indicate an acceptable fit.[21a]

The overlay of the two models reveals a large-scale
movement of the loop containing residue 267 (red spheres). A
smaller movement is also observed for the loop including
residue 353 (yellow spheres), while no significant differences
are observed for the other residues (grey spheres) inves-
tigated here. The movement of the loop containing residue
353 is most likely due to structural differences originating
from the C207S exchange as discussed above.[20]

Analysis of the DEER experiments using the ENM
approach on apoprotein samples demonstrate a flap-like
movement of the short loop consisting of residues 263–273 in
the absence of Moco, while the rest of the protein is virtually

Figure 2. Distance distributions of holo- (black trace) and apoprotein
(red trace) samples containing cysteine pairs at positions 302–353 (A),
195–267 (B), and 267–302 (C). Shaded areas are predictions based on
the crystal structure of chicken SO (PDB ID: 1SOX) using the PyMOL
script “MtsslWizard”; simulations using the MMM package can be
found in Figure S8. Blue: intramonomer distances; green: intermono-
mer distances.

Table 1: Distance constraints for calculation of the apoprotein structure
by the ENM-approach derived from DEER distance distributions.

Labeled
positions

Weighted
mean distance [ç]

Width of
distribution [ç]

195–235 25.7 17.2
195–302 26.9 17.1
235–302 25.8 22.2
217–302 40.9 15.0
302–341 36.3 19.7
267–302 34.0 41.3
302–353 39.0 37.0
195–267 27.0 34.3
267–353 28.8 31.2

Figure 3. A) Structural model of the apo form (orange) of hSOMD as
calculated by the ENM approach. Cyan: Holo form of cSO (PDB ID:
1SOX) used as reference structure. The dimerization domain is shown
partially transparent. B, C) Section of the Connolly surface containing
the loop 263–273 for the hSO structures shown in A where the viewing
direction is indicated by an arrow. B) Holoprotein structure; the
surface of the loop region and the loop backbone are highlighted.
Side-chain atoms of residue D265 are shown as blue/magenta
spheres; Moco is shown as a stick model. C) Structure of the
apoprotein; for better visualization of access to the Moco binding
pocket, the Moco has been drawn as a stick model in the apoprotein;
the surface of the loop region and the loop backbone are highlighted.
Side-chain atoms of residue D265 are shown as orange/magenta
spheres.
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unperturbed. This is the first direct experimental evidence for
a structural change between holo-hSO and apo-hSO and
confirms a proposal by Hille et al., who suggested the
movement of a secondary structure element as part of the
Moco incorporation mechanism for SO from Arabidopsis
thaliana.[1b] It may be noted in passing that this highly
localized structural rearrangement is different from other
well-studied protein–cofactor interactions, which typically
result in extensive and long-range effects upon binding (or
removal) of the cofactor.[22] Comparing the Connolly sur-
face[23] of the holo and the apo forms of the protein as shown
in Figure 3B and C, respectively, shows that the flap-like
movement in the apo form provides direct access to the Moco
binding pocket from the outer surface, while this access is
blocked by loop 263–273 in the holo form. The conformation
of the loop in the holo form is stabilized by two hydrogen
bonds from the D265 side chain to the N1 ring position and
the 2-amino group of the Moco (Figure 3b).[11] It is important
to note that this analysis is not meant to provide information
on the loop conformation itself. These details depend on the
specific input parameters of the simulation. However, all
performed simulations show a movement of the loop such
that the Moco binding pocket becomes accessible from the
outer surface in the apoprotein (see the Supporting Informa-
tion for a more detailed discussion). This finding provides
a possible structural explanation for the in vitro reconstitu-
tion of Moco into hSO in the absence of additional proteins.[24]

However, the incorporation process in vivo may involve
additional proteins to optimize the maturation process of
the enzyme in a manner similar to the dedicated chaperones
identified for molybdoenzymes in prokaryotes.[25]

As discussed above, residue D265 plays an important role
in Moco binding. It blocks the channel once the holoprotein is
formed and keeps the Moco and loop in a defined conforma-
tion. Comparison with other proteins from the sulfite oxidase
family reveals remarkable similarities in this Moco binding
motif: Analogous loop structures with similar coordination to
the Moco mentioned above are found, for example, in sulfite
oxidase from Arabidopsis thaliana (residues 160–171,
PDB ID: 1OGP) and sulfite dehydrogenase from Starkeya
novella (residues 157–167, PDB ID: 2BPB) or Escherichia
coli YedY (residues 43–52, PDB ID: 1XDQ; structural
models and additional examples can be found in Figure S12).
In light of the results found for hSO in this study, a similar
mechanism of Moco incorporation involving the flap-like
movement of the conserved loop structure for a range of
vastly different organism can be expected.

In conclusion, we were able to show that structural
differences between the apo and holo forms of hSO are
restricted to a small loop region of the protein containing
residues 263–273. A flap-like motion of the loop provides
a structural explanation for the observed ability to insert
Moco into apo-hSO in vitro. The conservation of this
structural motif as well as the conserved interaction of
analogous residues with the Moco throughout a range of
mononuclear molybdoenzymes suggests that the structural
changes observed for hSO and the proposed insertion
mechanism apply to other homologouous proteins within
this family as well.
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