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Abstract

Within the cell, the trace element molybdenum (Mo) is only biologically active

when complexed either within the nitrogenase-specific FeMo cofactor or within

the molybdenum cofactor (Moco). Moco consists of an organic part, called

molybdopterin (MPT) and an inorganic part, that is, the Mo-center. The enzyme

which catalyzes the Mo-center formation is the molybdenum insertase

(Mo-insertase). Mo-insertases consist of two functional domains called G- and

E-domain. The G-domain catalyzes the formation of adenylated MPT

(MPT-AMP), which is the substrate for the E-domain, that catalyzes the actual

molybdate insertion reaction. Though the functions of E- and G-domain have

been elucidated to great structural and mechanistic detail, their combined func-

tion is poorly characterized. In this work, we describe a structural model of the

eukaryotic Mo-insertase Cnx1 complex that was generated based on cross-linking

mass spectrometry combined with computational modeling. We revealed Cnx1

to form an asymmetric hexameric complex which allows the E- and G-domain

active sites to align in a catalytic productive orientation toward each other.
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1 | INTRODUCTION

For most species, Molybdenum (Mo) is an essential ele-
ment (Zhang et al., 2011; Zhang & Gladyshev, 2010) as it
owns an irreplaceable function for enzymes involved in the
global C, N, and S metabolism (Stiefel, 2002). Here Mo is
complexed within the molybdenum cofactor (Moco) whose
synthesis involves a set of evolutionary highly conserved
enzymes and reaction steps (Mendel & Kruse, 2012). Syn-
thesis of Moco is commonly subdivided into four steps. In
the first step of Moco biosynthesis, GTP is converted into
cyclic pyranopterin monophosphate (cPMP; Hover
et al., 2013; Wuebbens & Rajagopalan, 1993). Two
enzymes, historically termed cPMP synthase, catalyze this
reaction. In eukaryotes, these were localized in the mito-
chondria of the cell (Mendel, 2013; Mendel & Kruse, 2012;
Teschner et al., 2010), while all subsequent pathway steps
are localized in the cytoplasm (Mendel, 2013; Mendel &
Kruse, 2012). Recent work identified 30,8-cH2GTP as initial,
short-life, first step intermediate (Hover et al., 2013, 2015).
Subsequent work identified its formation to be under tight
transcriptional control—at least in the fungus Neurospora
crassa (Wajmann et al., 2020), suggesting that regulation of
Moco biosynthesis is realized at the earliest stage possible.
In the second pathway step cPMP is converted into molyb-
dopterin (MPT), a tricyclic pterin derivative (Mendel &
Kruse, 2012; Wuebbens & Rajagopalan, 2003). MPT is the
organic part of Moco serving as Mo-chelating moiety. As
such, MPT serves as a substrate for the molybdenum-
insertase (Mo-insertase, recently reviewed in Kruse, 2022a)
which catalyzes the third and fourth step of Moco biosyn-
thesis. Mo-insertases are each composed of a functional G-
and E-domain (Kruse, 2020; Mendel & Kruse, 2012). In
prokaryotes, these occur as separate entities (Leimkühler
et al., 2011), while—with the known exception of the green
alga Chlamydomonas reinhardtii (Llamas et al., 2007)—
they are fused in eukaryotes. Here an unstructured linker
region of variable length connects the E- and G-domain
(Heck et al., 2002; Probst et al., 2014; Smolinsky
et al., 2008; Stallmeyer et al., 1995). For the human Mo-
insertase gephyrin, shortening of the linker resulted in the
depletion of Moco-synthesis activity, hence documenting
its importance for proper domain interaction, metabolite-
transfer and finally Moco-synthesis activity (Belaidi &
Schwarz, 2013). Using the plant Mo-insertase Cnx1 as a
model enzyme, the G-domain was shown to be required
for MPT-adenylylation, yielding adenylated MPT (MPT-
AMP; Kruse, 2022a; Kuper et al., 2004; Llamas et al., 2004).
The reaction of ATP with MPT yields the AMP derivative
MPT-AMP which should hence be named adenylyl MPT
instead of adenylated MPT. However, as the term adeny-
lated MPT has been established upon the identification of
MPT-AMP in 2004 (Kuper et al., 2004) and is commonly

used in the literature, throughout this work, MPT-AMP is
termed adenylated MPT (Kruse, 2022a). The E-domain was
found to be involved in the subsequent Mo-insertion reac-
tion (Llamas et al., 2006), yielding the recently identified
and unexpected novel intermediate Moco-AMP (Probst
et al., 2021), which throughout this work will be termed
adenylated Moco (see above; Kruse, 2022a). The liberation
of Moco is then achieved by the Mg2+ dependent hydroly-
sis of Moco-AMP (Figure 1; Llamas et al., 2006; Probst
et al., 2021).

FIGURE 1 Legend on next page.
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Subsequently, Moco may either be transferred to the
user enzymes directly (Llamas et al., 2006), or is handed
over to proteins of the cellular Moco transfer/storage-
system (Fischer et al., 2006; Hercher, Krausze, Yang,
et al., 2020; Krausze et al., 2020; Kruse et al., 2010;
Mendel & Kruse, 2012), recently reviewed in
(Kruse, 2022b). However, the successful crystallization of a
full-length Mo-insertase (eukaryotes) or a Mo-insertase
complex assembled from E- and G-domain(s) (prokaryotes)
has not yet been reported. Therefore, the principles behind
the interaction of its domains and the linked metabolite-
transfer are open to speculation. The mammalian Mo-
insertase gephyrin was suggested to adopt mesh-like struc-
tures in the cell. This theory was supported by a SAXS
study; however, there are no high-resolution structures
available so far confirming this model (Kneussel &
Betz, 2000; Sander et al., 2013). For the plant Mo-insertase
Cnx1, it is generally assumed that its structure conforms
with that of full-length gephyrin. Here we report the first
evidence-based structural model of the plant (A. thaliana)
full-length Mo-insertase Cnx1. In this work, we gained
insight into the Mo-insertase complex assembly by employ-
ing a cross-linking mass spectrometry (XL-MS) approach in
combination with computational modeling. The details
behind domain–domain interaction within the Cnx1 com-
plex have been deciphered which suggests the hexameric
complex to possess two functionally active sites.

2 | RESULTS

2.1 | XL-MS of recombinant full-length
Cnx1 protein

Structure-based work identified the final Moco biosyn-
thesis intermediates MPT-AMP (Kuper et al., 2004) and

Moco-AMP (Probst et al., 2021) bound to the trimeric
Cnx1G (Kuper et al., 2004; Llamas et al., 2004) and
dimeric Cnx1E (Krausze et al., 2017; Llamas et al., 2006)
domain and hence unambiguously confirmed the active
sites of these. However, as yet it is not understood how
MPT-AMP is transferred within the Cnx1 full-length pro-
tein (i.e., from the G-domain active site to the E-domain
active site). To shed light on the principle(s) behind the
transient E- and G-domain interaction, we employed a
structural proteomics approach relying on XL-MS. Using
the plant (A. thaliana, Cnx1) Mo-insertases as its sepa-
rately expressed domains are the established model
enzymes to study eukaryotic Mo-insertase functionality
(Kruse, 2022a). Upon cross-linking of the complex, we
determined the molecular weight of cross-linked Cnx1
full-length preparations and found the Cnx1 full-length
protein to form a complex of ca. 475 kDa (Figure 2).

Next, protein assemblies were analyzed via SDS-
PAGE, which revealed the formation of two higher
molecular weight complexes (ca. 200 kDa, Cnx1 complex
1 and ca. 350 kDa, Cnx1 complex 2) documenting the for-
mation of two covalently linked E-G protein complexes
as confirmed by MS-based analysis (Figure 3).

For the Cnx1 full-length complexes 1 and 2 in total
87 and 21 cross-links were identified (Figure 3, Tables S1
and S2). All Cnx1E/G-residues of the high-molecular weight
complex 1 that were found to be involved in inter-molecular

FIGURE 1 The final step of molybdenum cofactor biosynthesis.

(a) The reaction intermediates of the last two steps within

molybdenum cofactor (Moco) biosynthesis are shown. These final

steps are catalyzed by the molybdenum-insertase (Mo-insertase)

E-domain which is required to insert molybdate into adenylated

molybdopterin (MPT-AMP). Subsequently, Moco-AMP (adenylated

Moco) is cleaved in a Mg2+ dependent reaction yielding physiologically

active Moco (Llamas et al., 2006). (b) Mo-insertases possess two

functional domains, namely G- and E-domain. The G-domain is

required for the adenylylation of MPT (Kruse, 2022a; Kuper

et al., 2004; Llamas et al., 2004). Both domains are either fused together

(most eukaryotes; Llamas et al., 2007; Mendel & Kruse, 2012) or are

expressed as separate entities (prokaryotes; Leimkühler et al., 2011).

Domain annotation was carried out according to Krausze et al. (2017)

(Cnx1, CAB38312), Schwarz et al. (2001) (Gephyrin, Q9NQX3), Xiang

et al. (2001) (MoeA, P12281), Liu et al. (2000) (MogA, P0AF03). In

Kruse (2022a), the function of Mo-insertases is summarized.

FIGURE 2 Size determination of the recombinant Cnx1

protein complex. Gel-filtration chromatogram from the Cnx1 full-

length complex. The complex elutes at 8.02 mL. The cross-linked

complex was loaded on a calibrated Superdex 200 increase

analytical column using 100 mM HEPES-KOH, 300 mM NaCl,

1 mM EDTA, 5% glycerol as running buffer. The inset shows the

calibration of the column with standard proteins.
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cross-links (50 out of 87) were mapped on the E- and
G-domain protein surface. Therefore the Cnx1E structure
with the highest percentage of structurally solved residues
amongst all available Cnx1E structures (Hercher, Krausze,
Hoffmeister, et al., 2020; Krausze et al., 2017, 2018; Probst
et al., 2021) and the Cnx1G structure co-crystallized with the
E-domain substrate MPT-AMP (Kuper et al., 2004) were
used (Figure 4c). Doing so revealed that a subset of
E-domain residues involved in inter-domain cross-links sur-
round the active site (Figure 4c, part I). Notably, this was
found to be not the case for the G-domain where involved
amino acid residues were found to be scattered across two
opposing sites of the G-domain trimer, with the notable dif-
ference, that interactions primarily involved one site of the
trimer (please compare Figure 4c, part I vs. part II).

From the 87 cross-links obtained for full-length Cnx1
complex 1, the 50 inter-domain cross-links (between the
two different Cnx1 domains) were considered in a model-
ing approach devoted to resolve the Cnx1E/G-domain
interaction. However, as 13 inter-domain cross-links
involve residues fall into the structurally unresolved parts
of Cnx1E (Figure 4a, 5G2S; Krausze et al., 2017; residue

K444, S452) and Cnx1G (1UUY; Kuper et al., 2004; K630)
or the likewise structurally unresolved linker region
(K458), these were not used for model building. Notably,
amino acid residues involved in inter-domain cross-links
are found on both sites of the E-domain dimer which
holds true to lesser extent also for the G-domain trimer.
Consequently, we conclude that more than one orienta-
tion may be existent in which E- and G-domain interact
with each other. Consistently, it was not possible to
establish a single (E + G) interaction model that includes
all obtained inter-domain cross-links. Therefore, in the
following, we subdivided the cross-linking set assuming
that each side of the G-domain interacts with two specific
sets of E-domain residues. Doing so revealed two interac-
tion models of G- and E-domain (Figure 5).

Notably, the cross-links used for model building were
all derived from the high molecular weight complex 1 -
(Figure 3). However, also the cross-links obtained from
the high molecular weight complex 2 (Figure 3) are fully
consistent with our interaction models shown in Figure 5.
However, overall significantly less inter-domain cross-
links were obtained from high molecular weight complex

FIGURE 3 In vitro cross-linking of recombinant Cnx1 full-length. (a) TGX-stained SDS PA-gel: Lane I documents the purity of the

recombinant Cnx1 protein used for XL-MS experiments. Ten micrograms were loaded. Lane II documents the assembly of high-molecular

weight complexes (marked by asterisks) upon addition of the cross-linker DSBU to recombinant Cnx1 full-length protein (see Section 4 for

details). (b) The circular plot shown was generated based on the XL-MS data obtained for the ca. 350 kDa complex (a, labeled with*). All

inter-domain cross-links are highlighted in blue, and the intra-domain cross-links are highlighted in red. All lysine residues are highlighted

in blue. The degree of conservation of the residues is colored from highly conserved (red) to non-conserved (white) (see Section 4 for details;

Ashkenazy et al., 2016). The circular plot shows a total of 87 cross-links, either inter cross-links between E-domain (bright orange),

G-domain (teal) and/or linker (gray), or intra cross-links within the E- and G-domains itself. Cnx1 homologs in other species were identified

with the HMMER homolog search algorithm (1 iteration, E-value cut-off = 0.0001) using the UniRef90 protein database (Suzek et al., 2015).

The result obtained was used as input file for the circular plot which was created using the software CX-Circos (http://cx-circos.net).

4 of 13 HASSAN ET AL.
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2. Subsequently, we analyzed the two Cnx1E-G interaction
models. The interaction interface derived from interaction
model 1 was also found to be largely provided by Cnx1E
subdomains I + II (23/55 residues) and subdomain IV:
25/55 residues, Figure 6a,c). However, to a minor extent
also subdomain III contributes here (7/55 residues). In
total 16 H-bond and 7 salt bridge interactions were identi-
fied within the modeled complex (Figure 5c).

The interaction surface of interaction model 2 involves
in total 58 residues (from the E-domain) which were
found to be distributed in about equal parts to Cnx1E
subdomains I + II (31/58 residues) and IV (25/58 resi-
dues) (Figure 6b,c), while only 2 residues were provided
from subdomain III. In total 18 H-bond interactions and
four salt bridge interactions were identified within the
modeled complex (Figure 6c). Importantly, as the full-
length Cnx1 protein consists of one E- and one
G-domain, the proposed interaction models (Figure 5a,b)
cannot occur separately. However, assembly of the two

interaction models within one Cnx1 complex results in a
two (trimeric G-domain) to three (dimeric E-domain)
stoichiometry which corresponds to a calculated molecu-
lar weight of 438 kDa conforming with our results from
size exclusion chromatography (Figure 2). Thus formed,
the complex does not allow the further recruitment of
Cnx1 full-length proteins (Figure 7).

For modeling of the interaction models 1 and 2 (Fig-
ure 5) and the complex assembled from these (Figure 7),
hitherto exclusively the obtained inter-domain cross-links
were used. In a following step, we tested the remaining
intra-domain cross-linking set (i.e., the “E–E” and “G–G”
cross-links) for consistency with our Cnx1 complex
models (Figures 5 and 7). From the 37 intra-domain
cross-links, 31 are fully consistent with interaction models
1 and 2, while the remaining 6 intra-domain cross-links
became explainable considering that the Cnx1 complex
assembles from both interaction models (Figure 5,
Figure S1, Tables S6 and S7), thus providing an additional

FIGURE 4 In vitro cross-linking of recombinant full-length

Cnx1. (a) Schematic representation of full-length Cnx1 with the E-

and G-domain colored gray and dark gray respectively. Numbers

refer to the amino acid positions (Q39054; Stallmeyer et al., 1995).

The PDB codes for Cnx1E (Krausze et al., 2017) and Cnx1G (Kuper

et al., 2004) are given above. Residues that have been resolved in

the structures are indicated. (b) Position of the Cnx1 amino acids

identified in cross-linked Cnx1E-G peptides. Below the structurally

resolved parts of the Cnx1 domains are indicated by a black line.

Residues that fall into the structurally unresolved parts of the

protein are indicated with an asterisk. The first and last resolved

amino acid of Cnx1E (Krausze et al., 2017; PDB entry 5G2S) and

Cnx1G (Kuper et al., 2004; PDB entry 1UUY) are given. (c) Part I

and II: Front view (I) and back view (II) of Cnx1E monomers a and

b (PDB entry 5G2S) and Cnx1G monomers a, b, and c (PDB entry

1UUY) with the cross-linked residues indicated. Only residues that

were involved in cross-links classified as satisfied (see Table S6) are

shown. Orange = residues used for modeling of interaction model

1, cyan = residues used for modeling of interaction model 2. A

dotted line indicates that the residue is shielded by the protein

surface as a result from the viewing angle. Residue K556 lies at the

edge on one side of the trimer and hence has been used to model

both, the interaction 1 and the interaction 2 models as indicated by

an additional, cyan-colored circle. Interaction model II: The Cnx1E

dimer has been additionally rotated by 100� as indicated in the

figure. Numbering refers to the numbering of the full-length

enzyme (Q39054; Stallmeyer et al., 1995). The Cnx1E and Cnx1G

active sites are indicated by a colored and transparent circle for

Cnx1E (red) and G (green) respectively. Note that all Cnx1G active

sites are shielded by the protein as a result from the viewing angle

in the interaction model I representation. Same for one of the two

Cnx1E active sites in the dimer (Krausze et al., 2017; Probst

et al., 2021) in the interaction model II representation. E- and

G-domain are not shown in scale.
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line of evidence for the accuracy of the model. Finally, we
modeled the unresolved linker region connecting the
Cnx1EC-Terminus and Cnx1GN-Terminus employing de novo
modeling (Kim et al., 2004; Mashiach et al., 2010). Next to
the annotated Cnx1 linker region (spanning amino acids
454–459, Q39054; Krausze et al., 2017; Stallmeyer
et al., 1995) the lacking parts of the Cnx1E (Cnx1E440–453;
Krausze et al., 2017) and the Cnx1G (Cnx1G460–463; Kuper
et al., 2004) structures were likewise modeled. Subse-
quently, the Cnx1 complex (Figure 7) was completed with
these modeled parts (Figure 8).

No clashes of these within the complex were observed
which we consider as additional supportive evidence for
the accuracy of our Cnx1 model. Most importantly, none
of the modeled protein parts within the Cnx1 complex
was found to shield the Cnx1E- and G-domain active sites
here, hence being not in conflict with the metabolite-
transfer. The arrangement of the different Cnx1 full-
length molecules within the complex is illustrated in
Figure 9, which illustrates that the hexameric Cnx1 com-
plex is asymmetric due to a high inter-domain flexibility
of the assembling monomers.

FIGURE 5 Cnx1E possesses two Cnx1G interaction sites. Cnx1E/G-domain interaction model 1 (a) and 2 (b). The models were

generated based upon a subset of inter-domain cross-links tabulated next to the image of the respective complex. The cross-linked amino

acid sequences were included (peptide G/peptide E). Modeling was carried out using the HADDOCK server (Koukos et al., 2020) and as

described in Section 4. Cnx1E (orange 5G2S; Krausze et al., 2017) and Cnx1G (green, 1UUY; Kuper et al., 2004) are shown in surface

representation. The image was prepared using Chimera (Pettersen et al., 2004). *These cross-links were included into modeling based on the

high flexibility of the E-domain part targeted by the cross-linker (see Figure S2).

6 of 13 HASSAN ET AL.
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3 | DISCUSSION

Within this work, we employed a XL-MS approach to
reveal the assembly of Cnx1E and G-domains within the
Mo-insertase complex. The current model of eukaryotic
Mo-insertase complex interaction suggests that E- and
G-domains interact via a central G-domain trimer which
attaches to distal E-domain dimers, thus forming a mesh-
like structure (Kneussel & Betz, 2000; Sander et al., 2013).

Notably, our data for the plant Mo-insertase Cnx1 does
not confirm this model of E- and G-domain complex for-
mation but suggests that the Mo-insertase forms a com-
pact complex that assembles from six full-length proteins.
The majority of the cross-links satisfied the data-
driven-derived biomolecular model; however, some cross-
link distances were violated. Upon model inspection and
distance calculations, it is evident that these cross-links
may well be satisfied in the hexameric state upon minor

FIGURE 6 Interaction surfaces within the Cnx1E-G complex. (a + b) Schematic representation of Cnx1E with the subdomains (I, II,

III, and IV) indicated. Subdomains were annotated as published earlier (Krausze et al., 2017), whereby the numbers below indicate the first

residue of each subdomain. Residue # 452 is the last residue of subdomain IV. Residues that contribute to the interaction interface of

interaction models 1 (a) and 2 (b) (see Figure 5) are indicated by white lines or boxes respectively. Asterisks indicate the positions of the

Cnx1E active site residues K294, K297, S328, R369, S400 (Krausze et al., 2018). (c) Tabulated properties of the interaction interfaces derived

from interaction models 1 and 2 (Figure 3). The data were derived from a PISA (Krissinel & Henrick, 2007) based analysis of interaction

models 1 and 2 (see Figure 5 for comparison).

FIGURE 7 The Cnx1 complex. (a) Schematic representation of dimeric Cnx1E and trimeric Cnx1G assembly within the Cnx1 complex.

Numbers refer to the respective full-length proteins involved in complex assembly (see Figure 9 for comparison). (b) Surface representation

of the Cnx1 complex schematically shown in (a). Cnx1E is shown in orange, Cnx1G is shown in green. The image was generated with

Chimera (Pettersen et al., 2004).

HASSAN ET AL. 7 of 13
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conformational re-arrangements within the complex.
Consistent data comes from size exclusion chromatogra-
phy which assigned a molecular mass of ca. 475 kDa to
the complex which is in good agreement with its calcu-
lated molecular mass (438 kDa). However, as a 350 kDa
sized cross-linked complex was identified via SDS PAGE,
we assume that here next to the full-length protein
unknown stoichiometries of separately occurring E- and
G-domain assemble within the complex and consistently
upon cross-linking; these were no longer detectable in
the analyzed sample. Our detailed investigation of the
Cnx1E/G interaction interfaces within this complex
revealed that these involve Cnx1E subdomains I + II and
IV, but to a significantly less extent subdomain III. Nota-
bly, this attributes a novel function to these subdomains
which were hitherto assigned to assist in Moco-AMP
binding (subdomains I + II; Probst et al., 2021) and to
provide part of the molybdate binding site (subdomain
IV; Krausze et al., 2017; Probst et al., 2021).

However, the distance between the E- and G-domain
active sites within the complex (interaction model
2, Figure 10a) excludes a direct handover of MPT-AMP
from G- to E-domain active site, raising the question how
metabolite-transfer can nonetheless occur. As concluded
from the local RMSD values of the two structurally most
diverting Cnx1E structures 5G2S and 6RMS (Figure 10b,
Figure S2) we identified Cnx1E subdomains I + II to pos-
sess a highly flexible region right adjacent/partially over-
lapping to the primary G-domain interaction site
(Figure 10). We suggest, that this flexibility is required
for the MPT-AMP-transfer to occur as part of the subdo-
mains I and II shield the Cnx1E MPT-AMP binding site
(Figures 6b and 10a,c; Probst et al., 2021). Since these

subdomains possess a high flexibility, we suggest, that
within the metabolite-transfer reaction, both domains
expose the MPT-AMP binding site. This in turn may
allow the E- and G-domain active sites to come into
closer proximity as determined for our interaction
2 model (Figure 10a,c). Any movement of Cnx1E subdo-
mains I + II has not been considered for model building
so far. Notably, the restrains used for model
building (interaction model 2) allow the face-to-face posi-
tioning of the E- and G-domain within the complex, how-
ever only when subdomains I + II expose the substrate
binding site (data not shown). Considering all E/G-
domain interactions within the Cnx1 complex reveals
overall two Cnx1E active sites involved in catalysis, while
the remaining four active sites are not (Figure 7). It is
tempting to assume, that in the cell under conditions of
high Moco demand, separate Cnx1G may provide MPT-
AMP to the remaining Cnx1E active sites thus enhancing
the synthesis capacity of the complex. However, as yet it
has not been investigated if Cnx1 cleavage occurs in the
plant. At least recombinant full-length Cnx1 protein
preparations contain significant amounts of free E- and
G-domain arising from in cell linker cleavage, document-
ing both, accessibility and sensitivity of the linker toward
cleavage.

4 | MATERIALS AND METHODS

4.1 | Cloning of cnx1

cnx1 was cloned by PCR using cnx1 full-length cDNAs as
templates (Krausze et al., 2017). Full-length cnx1 was

FIGURE 8 De novo modeling of the structurally unresolved parts of the Cnx1 complex. Surface representation of the Cnx1 complex

shown in Figure S1 including the de novo modeled, unresolved Cnx1E (PDB entry 5G2S; Krausze et al., 2017) and Cnx1G (PDB entry 1UUY;

Kuper et al., 2004) parts. Cnx1E is shown in orange, Cnx1G is shown in green, and the modeled parts are shown in red. Modeling was done

using Robetta (Kim et al., 2004); the image was generated with Chimera (Pettersen et al., 2004). The orientation of each domain within the

respective Cnx1 full-length monomers is detailed in Figure 9.
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amplified by PCR using the Phusion® High-Fidelity DNA
Polymerase (NEB) and appropriate primers
(Cnx1_BamHI_for 50-attaggatccatggaaggtcaaggttgttg-30

and Cnx1_PmlI_rev 50-taatcacgtggtgagtacaagaacatccag-
30). Subcloning of the PCR products was carried out using
the CloneJET™ PCR Cloning Kit according to the manu-
facturer's instructions. Sequencing revealed a single base
exchange in codon 279 (NM_122108.4) which results in a
silent mutation and hence the construct was considered
to be correct. Next full-length cnx1 was subcloned into
the BamHI and PmlI sites of a His6 tag/Twin-Strep-tag®

encoding vector described earlier (Ringel et al., 2013).

4.2 | Expression and purification of
recombinant proteins

Routinely, full-length Cnx1 was recombinantly expressed
in E. coli strain TP1000 (Palmer et al., 1996). All expres-
sions were carried out in 2YT media containing 50 μg/
mL ampicillin. Recombinant gene expression was
induced with 1 mM isopropyl 1-thio-β-D-
galactopyranoside and cells were grown aerobically for

FIGURE 9 Orientation of E- and G-domain within full-length

Cnx1 monomers forming the complex. The six full-length

monomers were derived from the complex shown in Figure 8. The

complex building Cnx1 monomers have been named according to

Figure 7. Cnx1E (orange, PDB entry 5G2S) and Cnx1G (green, PDB

entry 1UUY) are shown in surface representation. The image was

prepared using Chimera (Pettersen et al., 2004). FIGURE 10 Legend on next page.
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19 h and at 22�C. Upon harvesting, cell lysis was carried
out using an Avestin Emulsiflex C5 homogenizer. For
lysis of Cnx1 full-length expressing cells, Roche cOm-
plete™, EDTA-free protease inhibitor was added. To clar-
ify the lysates, a subsequent centrifugation step was
carried out (22,000�g, 60 min, 4�C). The following purifi-
cation regime was employed for the purification of full-
length Cnx1: Initially, recombinant Cnx1 was purified by
immobilized metal affinity chromatography (IMAC).
IMAC was carried out at 4�C, using Ni-NTA Agarose
(Qiagen). Upon loading of the lysate, the gravity flow col-
umn was washed once using a wash buffer composed of
100 mM Tris–HCl pH 7.5, 150 mM NaCl, 20 mM imidaz-
ole, and 5% glycerol (v/v). For elution, a buffer composed
of 100 mM Tris–HCl pH 7.5, 150 mM NaCl, 250 mM
imidazole, and 5% glycerol has been used. Next, NiNTA
purified protein was loaded onto Strep-Tactin®

Superflow® high-capacity resin (IBA), following the man-
ufacturer's description. As washing buffer, 100 mM
HEPES-KOH pH 7.5, 300 mM NaCl, 1 mM EDTA, and
5% glycerol were used. For elution, the washing buffer
was amended with 5 mM D-Desthiobiotin (IBA). Upon
elution, the obtained protein was further purified
employing gel filtration chromatography using an analyt-
ical Superdex 10/300 increase column (GE Healthcare)
connected to an Äkta purifier system (Amersham Biosci-
ences). The running buffer contained 100 mM HEPES-
KOH pH 8.0, 300 mM NaCl, and 1 mM EDTA. For cali-
brating the column, molecular weight standards
(GE Healthcare) were used according to the manufac-
turer's instructions. Fractions containing Cnx1 full-length
protein were pooled and buffer exchanged, using PD10

columns (Amersham Biosciences) according to the man-
ufacturer's description. The buffer was exchanged for
20 mM Tris–HCl pH 7.0. The final purification step
employed anion exchange chromatography which was
carried out using a self-packed XK16 column with
SOURCE™ 15Q resin (GE Healthcare). As low salt buffer
20 mM Tris–HCl pH 7.0 was used. As high salt
buffer, 20 mM Tris–HCl pH 7.0, 1 M NaCl was used. For
purification of full-length Cnx1, an 80-min gradient was
applied. Cnx1 full-length eluted over a range of 12.95–
25.98 mS cm�1. Cnx1-containing fractions were collected
separately and analyzed via SDS PAGE prior to pooling.
Twelve percent SDS-Page gels were TGX (Tris-Glycine
eXtended)-stained and processed using ImageLab 6.0
with a ChemiDoc XRS+ system (Biorad). Pure protein
fractions were concentrated (Vivaspin 6, 10 kDa cut-off,
Sartorius AG) and stored in 20 μL aliquots in liquid nitro-
gen. For the structural proteomics approach, a shortened
protocol was applied for the purification of full-length
Cnx1, which comprised the Strep-Tactin® based purifica-
tion and quality controlling steps described above using
HEPES-KOH containing buffers.

4.3 | Cross-linking mass spectrometry

For cross-linking mass spectrometry (XL-MS) experi-
ments, the homobifunctional, amine-reactive cross-linker
disuccinimidyl dibutyric urea (DSBU, CF PLUS Chemi-
cals) was used. Cross-linking reaction mixtures contained
10 μM Cnx1 that were incubated in 100 mM HEPES-
KOH pH 7.5, 300 mM NaCl, 1 mM EDTA. The stock solu-
tion of DSBU (1 M) was freshly prepared in DMSO. The
cross-linking reaction was carried out at room tempera-
ture and for 30 min using a 100-fold molar excess of
DSBU over Cnx1E. The reaction was stopped by the addi-
tion of 20 mM Tris–HCl (pH 8.0). The reaction mixture
was then loaded onto a 10% polyacrylamide gel. SDS-gels
were then TGX-stained and processed using ImageLab 6.0
with a ChemiDoc XRS+ system (Biorad). High-molecular
weight protein species (i.e., putative Cnx1E-G complexes)
were excised from the gel, reduced with 10 mM dithio-
threitol, and carbamidomethylated with 55 mM iodaceta-
mide. Afterwards, the samples were incubated overnight
with GluC (1:20 (w/w) enzyme: protein ratio) at 37�C and
digested with trypsin (Promega) for 4 h at 37�C.

4.4 | Liquid chromatography–tandem
mass spectrometry

Liquid chromatography–tandem mass spectrometry (LC–
MS/MS) analyses were performed using an Ultimate 3000

FIGURE 10 Orientation of Cnx1E and G active sites toward

each other within the interaction 2 model. (a) Ribbon

representation of the Cnx1E-G interaction 2 model. The active site

bound metabolites MPT-AMP (Cnx1G, PDB entry 1UUY; Kuper

et al., 2004) and Moco-AMP (Cnx1E, PDB entry 6Q32; Probst

et al., 2021) are shown in stick representation. The distance

between the Moco/MPT C2 atoms was defined and found to span

17.3 Å. Cnx1E is shown in light gray, Cnx1G is shown in dark gray.

Flexible residues are colored in orange (see b). (b) Individual Cα
RMSD values derived from the superimposition of Cnx1E structures

5G2S and 6RMS are shown in (c). Colors highlight residues that

possess RMSD values >1, >2, and >3 Å respectively. The major

interfacing part of subdomains I + II (residues 140–158, see
Figure 5) within the Cnx1E-G complex is indicated by a red bar.

(c) Same view of the Cnx1E-G interaction 2 model as shown in (a).

Cnx1E (5G2S) is shown in light gray, the structurally most diverting

Cnx1E structure (6RMS, see Figure S2) is shown in light blue. The

major interfacing part of subdomains I + II (residues 140–158, see
Figure 6) is colored in red. (a) and (c) images were generated with

PyMOL (Lilkova et al., 2015). (b) The individual Cα RMSD values

were calculated using Chimera (Pettersen et al., 2004).
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RSLC nano-HPLC system coupled to an Orbitrap Fusion
mass spectrometer equipped with nano-electrospray ioni-
zation (ESI) source (Thermo Fisher Scientific). For sepa-
ration, a C8 reversed-phase (RP) precolumn and a C18
RP separation column were used. To desalt the samples,
peptides were washed with 0.1% trifluoroacetic acid
(TFA) for 15 min. 0.1% formic acid (FA) in water was
used as solvent A, solvent B contained 0.08% FA in 80%
acetonitrile (MS-grade, VWR). A linear 90 min gradient
(0%–35% solvent B) with a flow rate of 300 nL/min was
applied to elute the peptides. Data were acquired in data-
dependent MS/MS mode using stepped HCD (high
energy collisional dissociation, normalized collision ener-
gies [NCEs]: 27%, 30%, 33%). For data acquisition, each
high-resolution full scan (m/z 300–1500, R = 120,000,
target value [AGT] 400,000, max. injection time
(IT) 50 ms) in the orbitrap was followed by high-
resolution product ion scans (R = 15,000, AGT 50,000, IT
200 ms, isolation window 2 Th) for charge states 2+ to
7+ within 5 s, starting with the most intense signal in the
full scan mass spectrum. Dynamic exclusion (duration
60 s, window ±2 ppm) was enabled. Data acquisition was
controlled by Xcalibur software (version 4.1, Thermo
Fisher Scientific).

4.5 | Identification of cross-linked
products

Cross-linked products were identified using MeroX (ver-
sion 1.6.6; Iacobucci et al., 2018). C-terminal cleavage at
K and R was set for trypsin, while C-terminal cleavage
at D and E was set for GluC. Three missed cleavage sites
were allowed. Cross-linking site 1 was defined as K,
cross-linking site 2 was defined as K, S, T, Y, and
N-terminus. All cross-links generated by the software
were manually inspected and visualized on the 3D pro-
tein structure by PyMOL (Lilkova et al., 2015). Results
are tabulated in Tables S1 and S2.

4.6 | Modeling of the Cnx1 complex

Modeling of the complex was done using HADDOCK
(Dominguez et al., 2003; van Zundert et al., 2016). For
modeling, PDB file 5G2S (Cnx1E; Krausze et al., 2017)
and PDB file 1UUY (Cnx1G; Kuper et al., 2004) were
used. Therefore, initially, all water molecules and ligands
were removed and chains and identifiers were renum-
bered using Coot (Emsley et al., 2010). Next, we used the
validated set of cross-links (Table S1) to generate two
groups based on their location on the E- and G-domain
surface respectively (see Figure 4 for comparison). These
have been included into the HADDOCK input files (table

files; Bonvin et al., 2018). The restraint distance of Cα to
Cα was set to a range of 4–30 Å (Bonvin et al., 2018;
Iacobucci et al., 2018) for all of the cross-linked residues.
Subsequently, the input files were included as ambiguous
restraints active and passive residues were determined
using Cport (de Vries & Bonvin, 2011; Table S3). For
group 1, in total, six similar clusters were obtained from
which cluster 2 was chosen for subsequent characteriza-
tion upon manual assessment (see Table S4). For group
2, in total, four similar clusters were obtained from which
cluster 1 was chosen for subsequent characterization
upon manual assessment (see Table S5). From both clus-
ters, the best scoring model was used for manual inspec-
tion which included an initial check for restrain
accuracy. Further, the distances between the N-terminus
of the G-domain and the C-terminus of the E-domain
were determined and checked for consistency with the
estimated maximum distance possible (defined by
the unresolved structural parts of Cnx1E; Krausze
et al., 2017; PDB 5G2S440–453, the linker [Cnx1454–459;
Krausze et al., 2017] and Cnx1G [Kuper et al., 2004] PDB
1UUY460–463; in summa 23 aa, 87.4 Å when assuming a
Cα–Cα distance of 3.8 Å). Doing so revealed both models
(group 1 = model 1; group 2 = model 2) to fulfill the cri-
teria set as all retrains were within the range set and the
distances between Cnx1EC-terminus and Cnx1GN-terminus

were found to range between 40.7 Å and 66.8 Å. Results
from the complex modeling are available as supplemental
data (Data S1). In Table S6, the classification of cross-
links (violated, satisfied) used to establish the interaction
models 1 and 2 is tabulated. For the intra-domain com-
plex, this is tabulated in Table S7.

4.7 | De novo modeling

The unresolved parts of Cnx1 (Cnx1439–464) were modeled
de novo using Robetta (Kim et al., 2004) by applying the
TrRosetta de novo modeling approach. The modeled pro-
tein part was then positioned manually within the Cnx1
complex before a refinement was done for each
Cnx1 full-length protein (composed of Cnx1E, modeled
unresolved parts, and Cnx1G) of the complex using
FiberDock (Mashiach et al., 2010).
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