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Abstract

The rod-outer-segment guanylyl cyclase 1 (ROS-GC1) is a key transmembrane protein for retinal photo-
transduction. Mutations of ROS-GC1 correlate with different retinal diseases that often lead to blindness.
No structural data are available for ROS-GC1 so far. We performed a 3D-structural analysis of native
ROS-GC1 from bovine retina by cross-linking/mass spectrometry (XL-MS) and computational modeling.
Absolute quantification and activity measurements of native ROS-GC1 were performed by MS-based
assays directly in bovine retina samples. Our data present the first 3D-structural analysis of active, full-
length ROS-GC1 derived from bovine retina. We propose a novel domain organization for the intracellular
domain ROS-GC1. Our XL-MS data of native ROS-GC1 from rod-outer-segment preparations of bovine
retina agree with a dimeric architecture. Our integrated approach can serve as a blueprint for conducting
3D-structural studies of membrane proteins in their native environment.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Phototransduction is a process converting the
light signal into an electrical response using a
signal cascade in the outer segment of the rods in
the retina.1–3 After the activation of rhodopsin via
photon absorption, cGMP is hydrolyzed by phos-
phodiesterases. Subsequently, the decreasing
rs. Published by Elsevier Ltd.This is an open acc
cGMP concentration triggers the closing of the
cGMP-dependent cyclic nucleotide-gated channels
and the reduction of the intracellular calcium
concentration. The rod-outer-segment guanylyl
cyclase 1 (ROS-GC1)4–6 plays a major role in the
calcium feedbackmechanism stimulated via guany-
lyl cyclase-activating proteins 1 and 2 (GCAP-1
and -2).7–10 In order to restore the calcium
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concentration to the dark-adapted state, ROS-GC1
raises the initial cGMP level, when calcium levels
drop from ~500 nM to ~50 nM.5,11–13 In 1991,
ROS-GC1, possessing a molecular mass of 110–
115 kDa, was purified from different vertebrates,4,14

but the 3D-structure of full-length ROS-GC is still
elusive.
ROS-GC1 is divided into two main parts, the

extracellular (ExtD) and intracellular domains
(IcD), separated by the transmembrane domain
(TMD) (Figure 1). A large portion of the
intracellular domain (IcD) is a kinase-like domain,
also known as kinase homology domain (KHD),
which is C-terminally followed by the catalytic
domain (CD).6,15 The identity of the ROS-GC1 IcD
compared to other members of the membrane
guanylyl cyclase family is ~34% for the KHD and
~57% for the CD, as exemplified for natriuretic pep-
tide receptors and the heat-stable enterotoxin
receptor, NPR-A, NPR-B, and STaR.16

The classification, organization and overall
molecular description of IcD subdomains in ROS-
GC1 have evolved during the last years (Figure 1
(a))17: TheN-terminal part of the KHDwas renamed
juxtamembrane domain (JMD) as its sequence is
highly conserved in ROS-GC1 and 2, but differs
from other membrane guanylyl cyclase members,
such as NPR-A, NPR-B and STaR.12,18 The JMD
is followed by a kinase-like domain, also known as
kinase homology domain (KHD), and the catalytic
Figure 1. Schematic presentation of ROS-GC1 dimer. R
transmembrane domain (TMD), and an intracellular domain (
the leader sequence (LS).28 The IcD is subdivided into a jux
(KHD), a signaling helix domain (SHD) and a core catalytic
Based on the present study, we now divide the IcD into KH
domain (CD, purple). Boundaries of IcD (marked a and b) a
the ROS-GC1 IcD. Figure is adapted from.85 Isotope-labeled
bovine ROS-GC1 in ROS preparations.

2

domain (CD). KHD and CD are separated by a lin-
ker region, which exhibits 71% sequence homology
to the dimerization domain of the NPR-A recep-
tor.19,20 Several studies suggest that the linker
region is essential for ROS-GC1 dimerization and
regulation by GCAPs21–23 and adopts either a
coiled-coil23 or a-helical24,25 structure. Depending
on its function, the linker region has been termed
dimerization domain (DD)20 or signal helix domain
(SHD).26,27 The linker region is followed by the CD
that catalyzes the conversion of GTP into cGMP11

and the C-terminal extension (CTE, aa 1021–
1110) that is characteristic for ROS-GC1,20 but is
not required for catalytic activity.28,29 Based on
bioinformatics analysis and our present 3D-
structural studies, we now propose a novel and sim-
plified domain organization for the IcD of ROS-GC1
that is divided into KHD, “a-helical domain” (aHD)
and CD (Figure 1(b)).
A number of retinal dysfunctions and diseases,

such as Leber’s congenital amaurosis (type LCA1)
and cone-rod dystrophies (CORD), correlate with
more than 140 mutations in the GUCY2D gene
encoding ROS-GC1 (alternatively dubbed GC-E),
which cause blindness or severe visual
impairment.29–32 As such, the LCA1 mutation
F565S in the GUCY2D gene30 results in a loss of
sensitivity for GCAP-1 regulation when tested
in vitro with the bovine ortholog.33 CORD-related
mutations can cause different functional impair-
OS-GC1 consists of an extracellular domain (ExtD), a
IcD). (a) According to Duda et al. the numbering includes
tamembrane domain (JMD), a kinase homology domain
domain (CCD) with a C-terminal extension (CTE). (b)
D (blue), a- helical domain (aHD, green) and catalytic

re not covered in our current structural working model of
peptides 1 and 2 were used for absolute quantification of
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ments as a complete loss of activity, a shift in Ca2+-
sensitive regulation by GCAPs or constitutive activ-
ity.34 To design novel therapies against these retinal
diseases, 3D-structural information on full-length
ROS-GC1 is urgently needed.
Chemical cross-linking in combination with mass

spectrometry (XL-MS)35–37 presents a powerful
technique to derive information on the elusive 3D-
structure of ROS-GC1 (Figure 2). Chemical cross-
linkers react with specific functional groups of amino
acids to fix the 3D-structures of proteins and protein
complexes. The major benefit of XL-MS consists in
its outstanding potential to derive structural informa-
tion of proteins and protein networks directly from
cell lysates, intact cells, organelles, and tissues.38–41

The constraints derived from the cross-links then
serve as basis for a computational modeling of the
protein 3D-structures.42–45 For our XL-MS studies
of ROS-GC1, we applied the MS-cleavable cross-
linker disuccinimidyl dibutyric urea (DSBU) that
connects mainly primary amine groups of lysines
within Ca-Ca distances up to ~30 �A.46–48 Conduct-
ing the cross-linking reaction directly in bovine
ROS preparations allowed mapping the 3D-
structure of ROS-GC1. In this paper, we present
the first 3D-structural model of full-length ROS-
GC1 by integrating XL-MS andmolecular modeling.
Our cross-linking data allow refining the domain
organization of ROS-GC1 and confirming that
ROS-GC1 exists in a native dimeric or a higher
order oligomeric state.
Figure 2. XL-MS Workflow. (a) ROS-GC1 was enriched fr
immunoprecipitation (IP). Directly on the magnetic bead
subsequently the digestion with trypsin. The supernatant co
ESI-MS/MS. (b) After disruption of HEK293 cells transfect
cross-linked with DSBU and the insoluble fraction was sub
peptides were separated by SEC and the resulting fracti
performed with MeroX 2.0. The identified cross-linked amin
modeling of the 3D-structure of ROS-GC1.

3

Results

Quantification and activity measurements of
native bovine ROS-GC1 in ROS preparations

As a first step, we characterized the native full-
length, bovine ROS-GC in the ROS preparations
regarding its absolute concentration and catalytic
activity. MS-based quantification of ROS-GC1 was
performed using isotope-labeled peptides (see
Methods)49–53 (Figure 1(b)). The ROS-GC1 con-
centration was determined to be 102 ± 10 nmol/l
and 130 ± 10 nmol/l for the two ROS-GC1 peptides
by applying a mass spectrometric pseudo-MRM
approach (Figure 3), while it was found to be
101 ± 10 nmol/l and 129 ± 10 nmol/l by MS-based
analysis (Supplementary Figure 1). Therefore, the
ROS-GC1 concentration in the ROS preparations
was ca. 115 nmol/l, which is comparable to previous
estimations obtained by other methods with ROS-
GC1:rhodopsin ratios of 1:200 and 1:520, yielding
between 167 and 418 nmol/l, respectively.4,54

To ensure that ROS-GC1 derived from ROS
preparations and HEK293 cell membranes is
catalytically active, activity measurements were
conducted by MS-based assays. Quantification of
the ROS-GC1 reaction product cGMP, as well as
GMP and guanosine, was performed by a mass
spectrometric MRM approach (Supplementary
Figure 2).55 The activity of human ROS-GC1 con-
tained in the HEK293 cell membranes, calculated
based on cGMP levels generated, were found to
om the bovine rod-outer-segment (ROS) preparation by
s, the cross-linking with DSBU was performed and
ntaining the cross-linked peptides was analyzed by LC/
ed with full-length human ROS-GC, the cell lysate was
jected to enzymatic digestion. Afterwards, cross-linked
ons were analyzed by LC/MS/MS. Data analysis was
o acids provided distance information for computational



Figure 3. Absolute quantification of bovine ROS-GC1 in ROS preparation. Peptides with isotope-labeled Arg at the
C-terminus, peptide 1 162AAGTTAPVVTPAADALYALLR182 and peptide 2 1028STVQILSALNEGFLTEVR1045, were
used for absolute quantification of ROS-GC1 (nomenclature of ROS-GC1 peptides, please see Figure 1 (b)). Intensity
ratios were determined between the peptide that had been generated during digestion and the isotope-labeled
peptide that had been externally added. Pseudo-multiple reaction monitoring (MRM) analysis was performed by the
software Skyline 20.1.0.155.51,52 Concentrations of 102 ± 10 nmol/l (peptide 1) and 130 ± 10 nmol/l (peptide 2) were
determined.

A. Rehkamp, D. Tänzler, C. Tüting, et al. Journal of Molecular Biology 433 (2021) 166947
be comparable with previous studies25,56,57 (Sup-
plementary Figure 3). We then aimed at measuring
GC activity under physiologically relevant light con-
ditions in ROS preparations. However, the bio-
chemical determination of GC activity in
illuminated ROS preparations is compromised by
the light-triggered phosphodiesterase (PDE) activ-
ity, which would degrade cGMP produced by the
GC to GMP. A 50-nucleotidase activity further
dephosphorylates GMP to guanosine (Supplemen-
tary Figure 4a). Thus, the total GC activity would be
the sum of cGMP, GMP and guanosine. Additional
degrading reactions that do not start from GC activ-
ity lead from GTP to GMP and guanosine and form
further background reactions. Using a MS-based
assay we took these reactions schemes into
account by two steps. First, by using the PDE inhi-
bitor IBMX we partially inhibited PDE resulting in a
mixture of cGMP and its hydrolytic downstream
products GMP and guanosine (=total pool). Sec-
ond, we determined the background levels of
GMP and guanosine production resulting from
GTP, which bypassed the GC activity (Supplemen-
tary Figure 4a). These values were subtracted from
the total pool of GMP and guanosine. The activity of
full-length, bovine ROS-GC1 was determined to be
8 ± 2 nmol cGMP � min�1 � mg rhodopsin�1 (Rh)
at a reaction time of 5 minutes (Figure 4), which is
in good agreement with published data for complete
ROS preparations measured by other methods
(~7–11 nmol � min�1 � mg Rh�1).11,57 Thus, our
careful MS-based analysis allowed us confirming
the catalytic activity of ROS-GC1 in ROS prepara-
tions and made us confident to perform subsequent
4

XL-MS studies for deriving 3D-structural informa-
tion of full-length, native ROS-GC1.
Cross-linking allows the 3D-structural study of
native bovine ROS-GC1

XL-MS experiments were performed with the
amine-reactive, MS-cleavable cross-linker DSBU
(Supplementary Figure 5) to investigate the
conformation of native and active, full-length ROS-
GC1 in the ROS preparations (Figure 1).
Conducting the XL-MS experiments with ROC-
GC1 in a highly complex mixture without
preceding purification of the protein is challenging,
but exhibits the distinct advantage of gaining
insights into ROS-GC10s 3D-structure derived
from bovine retina. The cross-links identified in
native, bovine ROC-GC1 served as distance
constraints for molecular modeling of ROS-GC1.
As only one cross-link was detected in the ExtD of
ROS-GC1, we focused on the 3D-structural
characterization of the IcD of ROS-GC1.
The XL-MS workflow for analyzing the 3D-

structure of native, bovine ROS-GC1 is presented
in Figure 2. To adapt the XL-MS strategy for
identifying ROS-GC1 cross-linked peptides
directly from the ROS preparations, we optimized
our original XL-MS protocol that had originally
been developed for studying purified proteins and
protein assemblies.58

The digestion protocol for ROS-GC1 was
optimized in HEK293 cell lysates and then applied
to bovine ROS-GC1 from ROS preparation. In
summary, we compared three different digestion



Figure 4. Determination of the bovine ROS-GC1 activity. The ROS preparation was incubated for 5 and 10 minutes
in the absence of calcium. Quantification of cGMP, GMP and guanosine was performed based on the specific
transition of the selected precursor to a product ion by MRM analysis. Peak areas were determined with Skyline
20.1.0.155.51,79 For the determination of the activity the produced amount of cGMP, GMP and guanosine were added.
As a control, the amount of GMP and guanosine, generated by residual enzymatic activity in the ROS preparation,
was subtracted (Supplementary Figure 4). (a) ROS-GC1 activities of 8 ± 2 nmol cGMP � mg Rh�1 � min�1 (5 min)
and 6 ± 2 cGMP � mg Rh�1 � min�1 (10 min) were calculated. (b) Overview of determined cGMP concentration
(pmol/ml), specific activity based on rhodopsin (Rh), ROS-GC peptide 1 and 2.
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protocols, filter-aided sample preparation (FASP),59

surfactant and chaotropic agent-assisted sequen-
tial extraction/on-pellet digestion (SCAD),60 and
the ProteaseMaX workflow.61,62 Highly repro-
ducible sequence coverage of ~40 to 50% was
obtained for human ROS-GC1 derived from the
HEK293 cell lysate by applying the ProteaseMaX
protocol. For bovine ROS-GC1 from ROS prepara-
tion a combination of FASP and ProteaseMaX pro-
tocols proved to yield maximum sequence
coverage (see Methods).
In principle, two different strategies were applied:

The bovine ROS-GC1 from ROS preparations was
enriched via IP before XL-MS was performed. For
human ROS-GC1 from HEK293 cells, the
workflow was executed in the opposite manner,
conducting the cross-linking reaction first and the
SEC enrichment step afterwards. The additional
SEC enrichment step of cross-linked peptides
greatly reduced sample complexity and allowed
identifying even low-abundant human ROS-GC1
cross-links from HEK293 membrane preparations
(Supplementary Figure 6).63.
Briefly, cross-linking with theMS-cleavable cross-

linker DSBU facilitates the MS-based identification
5

of cross-links from highly complex mixtures, such
as tissue samples or whole cell lysates
(Supplementary Figure 5). DSBU reacts
preferably with lysine side chains, but also
possesses a significant reactivity towards serine,
threonine, and tyrosine residues. The unique
feature of DBSU to be cleaved during MS/MS
experiments yields characteristic patterns that are
recognized by the MeroX software allowing a fully
automated and unbiased assignment of cross-
links.63–65 In-depth LC/MS/MS analysis delivered
a total of 30 unique cross-linking sites in full-length
bovine ROS-GC1 from ROS preparation. For full-
length human ROS-GC1 expressed in HEK293
cells, 27 cross-links were found. Two exemplary
MS/MS spectra allowing the unambiguous identifi-
cation of cross-linked amino acids are presented
in Supplementary Figure 7 (bovine ROS-GC1)
and Supplementary Figure 8 (human ROS-GC1).
All unique cross-linking sites identified in ROS-

GC1 from the ROS preparations are summarized
in Table 1, Supplementary Tables 1 and 2 and
displayed in Figure 5. Each cross-link is assigned
to its respective ROS-GC1 domain where the
cross-linking site is located, applying the



Table 1 Cross-links in bovine, full-length ROS-GC1 from bovine retina
preparation. Cross-links between identical or overlapping sequences are
considered as interprotein cross-links between two monomers and are
shaded in grey. If the cross-linking site is ambiguous, all potential cross-
linked amino acids are given. For the nomenclature of ROS-GC1 domains,
please see Figure 1(b).

Cross-linking site 1 Cross-linking site 2 Domains

308 325 ExtD-ExtD
527 540/542 KHD-KHD
527 686/688 KHD-KHD
527 763 KHD-KHD
657 673/674 KHD-KHD
673 686 KHD-KHD
673 688 KHD-KHD
673 686/688 KHD-KHD
686 763 KHD-KHD
688 763 KHD-KHD
686/688 763 KHD-KHD
527 818 KHD-αHD
642 818 KHD-αHD
657 812/815 KHD-αHD
657 815 KHD-αHD
673/674 818 KHD-αHD
686/688 818 KHD-αHD
763 818 KHD-αHD
811 818 αHD -αHD
527 527 KHD-KHD
686 686 KHD-KHD
686/688 686/688 KHD-KHD
811/812 818 αHD -αHD
812/815 818 αHD -αHD
815 818 αHD -αHD
815 824 αHD -αHD
815 818/824 αHD -αHD
818 818 αHD -αHD
851 853/854 αHD -αHD
851 853 αHD -αHD
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nomenclature and numbering as displayed in
Figure 1(b). According to our novel domain
organization, the majority of cross-links are now
located in the KHD and aHD (Figure 5 and
Table 1). One additional cross-link was found in
the ExtD. The main cross-linking sites in the KHD
and aHD are Lys527 (involved in four cross-links)
and Lys686/Thr688 as well as Lys815/818 (involved in
eight cross-links). The cross-links indicate that
KHD and CD domain are apparently connected in
a flexible manner.
Furthermore, 11 unique cross-links were

identified between identical or overlapping amino
acid sequences, located in the KHD and aHD, and
can therefore only by explained by the existence
6

of a ROS-GC1 homodimer or a higher order
oligomer in the bovine retina (Table 1). These
findings are in agreement with previously reported,
initial XL-MS data in combination with Western
blot analysis where the homodimer was
hypothesized to be the active form of native GC in
ROS preparations.21
Full-length human ROS-GC1 from HEK293
cells recapitulates bovine ROS-GC1 cross-
links

Additionally, we performed XL-MS of ROS-GC1
contained in HEK293 cell membranes as a
comparison if the HEK cell expression expression



Figure 5. DSBU Cross-links in native, bovine ROS-GC1 dimer. The domain organization was adapted based on the
current XL-MS and computational modeling results. Cross-links are shown in red. Figure is adapted from.85
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system will yield data comparable to native ROS-
GC1 immunoprecipitated from ROS preparations.
This will offer the chance to use HEK293 cell
membranes instead of ROS preparations for
future structural studies of ROS-GC1.
Apparently, the cross-linking reaction conducted

in HEK293 cell lysates was successful
(Supplementary Figure 9). SDS-PAGE analysis of
non-cross-linked and cross-linked samples
revealed a shift towards high molecular weight
bands in theDSBU-cross-linkedHEK293 cell lysate.
All unique cross-linking sites identified for human

ROS-GC1 from HEK293 cells are summarized in
Table 2, Supplementary Tables 3–5 and shown in
Supplementary Figure 10. As the numbering of
human and bovine ROS-GC1 differs by five amino
acids, we decided to present all cross-linked
amino acids according to bovine numbering
(Supplementary Table 6).
The majority of cross-links were identified in the

KHD (Table 2, Supplementary Figure 10). One
major cross-linking site is again Lys527, with 10
cross-links being located in the KHD. Moreover,
Lys657 (KHD) and Lys815/818 (aHD) were found to
be frequently cross-linked with residues in the N-
terminal part of the IcD. Structurally relevant
cross-links are located between Lys527 or Lys588

(KHD) and Lys1098 (CD), which are located
spatially apart from each other in the ROS-GC1
domain structure (Figure 1).
7

Our XL-MS results might indicate that in the
cellular environment in HEK293 cells, the KHD and
CD come very close to each other as otherwise
they could not be cross-linked. Furthermore, three
interprotein cross-links in CD were identified
between identical or overlapping amino acid
sequences, which again confirm the formation of a
ROS-GC1 homodimer or a higher order oligomer
under cellular conditions (Table 2).
Impressively, the cross-link (Lys851 � Lys853) in

CD and all cross-linking sites - with the exceptions
of Lys686/Thr688, Lys763, Lys811/Ser812 obtained
from native bovine ROS-GC1 - were confirmed in
the human ROS-GC1. Therefore, it can be
concluded that full-length, human ROS-GC1
overexpressed in HEK293 cells adopts a
comparable 3D-structure to that of the native
bovine ROS-GC1 from ROS preparations and
might alternatively be used for future 3D-structural
studies.
C-Terminal region of bovine ROS-GC1
confirms higher-order architecture

To gain additional structural information of ROS-
GC1, we selected a C-terminal fragment from
bovine ROS-GC1, comprising the aHD and CD
(aa 814–1110), for further XL-MS experiments
(Supplementary Figure 11). The catalytic activity
(14 pmol � min�1 � mg�1 ROS-GC1) of this



Table 2 Cross-links in human, full-length ROS-GC1. Cross-links between identical
or overlapping sequences are considered as interprotein cross-links between two
monomers and are shaded in grey. If the cross-linking site is ambiguous, all potential
cross-linked amino acids are listed. For the nomenclature of ROS-GC1 domains,
please see Figure 1(b).

Cross-linking site 1 Cross-linking site 2 Domains

524/525 527 KHD - KHD
527 540 KHD - KHD
527 540/542 KHD - KHD
527 542 KHD - KHD
527 546 KHD - KHD
527 546/549 KHD - KHD
527 549 KHD - KHD
527 546/549/554 KHD - KHD
527 568 KHD - KHD
527 657 KHD - KHD
532 568 KHD - KHD
568 657 KHD - KHD
657 673 KHD - KHD
657 673/674 KHD - KHD
673/674 700 KHD - KHD
527 818 KHD-αHD
642 815 KHD-αHD
657 815 KHD-αHD
657 818 KHD-αHD
657 819 KHD-αHD
657 818/819 KHD-αHD
815 818 αHD -αHD
527 1098 KHD - CD
588 1098 KHD - CD
851 853 αHD -αHD
1051 1051 CD - CD
1048/1051 1053 CD - CD
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fragment was comparable to previously published
results where the activity of soluble ROS-GC1
constructs was ~7 pmol � min�1 � mg�1 ROS-
GC1.66,67 The ROS-GC1 fragment was expressed
in E. coli, purified by affinity chromatography and
SEC, enzymatically digested, and subjected to
XL-MS in the same manner as bovine and full-
length ROS-GC1 (see Methods). A total of 37
unique cross-linking sites were identified for this
C-terminal ROS-GC1 region comprising the aHD
and CD. The majority of cross-links were found in
the CD (Supplementary Tables 7 and 8 and Supple-
mentary Figure 12). Selected MS/MS spectra of
DSBU cross-links are shown in Supplementary Fig-
ure 13. Five cross-links derived from ROC-GC1
dimer (Lys1051 � Lys1051, Lys1048/1051 � Lys1053,
Lys1051 � Lys1053, Lys1098 � Lys1101 and Lys1110-
� Lys1110) contain identical sequence stretches
and once again confirm the homodimeric or oligo-
meric structure of ROS-GC1.
8

Molecular modeling and cross-link
validation for ROS-GC1 reveal the
spatial organization of a flexible
homodimer

According to our novel domain organization
(Figure 1(b)), the IcD of ROS-GC1 consists of
three domains: KHD (aa 542 – 806), CD (aa 860
– 1066), connected by aHD (aa 807–859). The
aHD contains a helix-turn-helix motif with a hinge
(Figure 6 and Figure 7). Our XL-MS experiments
identified ROS-GC1 to exist as homodimer or
possibly as higher order oligomer in its native form.
The KHD is highly conserved in its monomeric

state, but a variety of dimeric interfaces exist in
the KHD. We identified several dimeric KHD
interfaces of high homology, present in the B-raf
kinase of the MAPK pathway complex (6Q0J),68

the Ser/Thr kinase PknA (4X3F),69 the Tyr kinase



Figure 6. Dimeric models for the KHD, aHD and CD domains and satisfaction of all identified cross-links on the
structural models. (a) Dimeric KHD domain, derived from binary HADDOCK docking by applying C2 symmetry. (b)
Initial dimeric aHD-CD domain. (c) Extended dimeric aHD-CD, now including the molecular hinge. The initial structure
was extended by adding a helix-turn-helix motif at the N-terminal region. The derived structure was validated by six
cross-links. Cross-links are shown as dashed lines. Intra- and inter-molecular cross-links are colored in yellow and
orange. (d) Comparison of the aHD from ROS-GC1 and the human soluble guanylyl cyclase (sGC, 6JT2). Both
structures show a helical structure with a turn at the N-terminus.
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c-Abl (4XEY),70 and the Ser/Thr kinase PBL2
(6J5T).71 This implies that kinase dimers can
acquire multiple higher-order states, which is also
reflected by the XL-MS data. This is because, after
superposition and cross-link mapping on the gener-
ated KHD dimer models using the templates above,
violations of cross-links are observed. Therefore, an
unbiased, data-driven binary docking of the mono-
meric structures using HADDOCK leads to a KHD
dimer with a complete satisfaction of cross-linking
constraints (Figure 6(a), Supplementary Table 9).
The CD is also highly conserved, as shown for a

variety of homologous protein complexes.
Additionally, the aHD is oriented in a
perpendicular manner towards the CD and is
conserved in multiple models of those
homologous structures. In contrast to the KHD,
the dimeric interface of the aHD-CD structure is
highly conserved. Therefore, based on the dimeric
structure of a soluble guanylate cyclase from
Manduca sexta (6PAS),72 we generated the dimeric
structure of the aHD and CD (aa 823 – 1065, Fig-
ure 6(b)). Intermolecular cross-links identified
(Lys851 � Lys853 or Lys854) validate the aHD/CD
dimeric model. The N-terminal region of the aHD
extends in a helix-turn-helix motif to connect the
9

KHD and CD. This helix-turn-helix motif (aa 800–
825) is highly conserved in various structural mod-
els deposited in the PDB (4NEU, 6OKO, 4UYA,
6PAT, 6PAS), but acquires multiple conformations
involving helical elements, forming a molecular
hinge. The consequence of these structural
changes is the subsequent spatial and conforma-
tional alteration of the interconnected domains. A
similar conformational change might occur in
ROS-GC1, defining the orientation of the CD pre-
sent at the C-terminus of the IcD, while the N-
terminus is anchored in the membrane. The model
of the aHD has therefore been extended by this
helix-turn-helix or hinge motif (aa 800 – 1066; Fig-
ure 6(c)). The derived structure satisfied one intra-
and five intermolecular cross-links (Figure 6(c)).
The overall structure of the complete aHD is in a
good agreement (RMSD 7.06 �A) with the known
aHD from the ß1 subunit of the soluble guanylyl
cyclase (Figure 6(d)). We successfully completed
the ROS-GC1 IcD structure after structural super-
position of the derived KHD and aHD/CD dimers
after subsequent refinement using HADDOCK
(Figure 7(a)). In addition, the final ROS-GC1 IcD
model satisfies 79% (19/24, Supplementary
Table 10) of identified cross-links and recapitulates



Figure 7. Model of the complete dimeric intracellular domain (IcD) of ROS-GC1. (a) Dimeric model of the ROS-GC1
IcD. Cross-links are shown in dashed lines and colored by their type: intra-molecular cross-links are shown in yellow,
inter-molecular in orange and violated cross-links (both, intra- and intermolecular) in red. (b) Statistics of the
Euclidean distance distribution. The median distance is indicated at 15.60�A. (c) Representative conformations for the
flexible helix-turn-helix motif in kinases and cyclases. On the top left, the motif included in the ROS-GC1 structure
generated in this study is shown; on the top right, the motif from the RIP1 kinase (PDB-ID: 4NEU) is shown. On the
bottom, this motif can undergo structural changes upon activation as shown in a cyclase (PBD-IDs: 6PAS, 6PAT).
The helix-turn-helix manifests in the inactive conformation (PDB-ID: 6PAS) and the same sequence acquires an
extended helical conformation in the active state. Residue numbers of N- and C-termini of the regions are given.
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a log-normal distance distribution (Figure 7(b)).
Interestingly, the five violated cross-links are exclu-
sively located in the hinge motif of the aHD and can
be rationalized by the intrinsic flexibility of this
region. In fact, different conformations have been
observed for other cyclase and kinase domains
(Figure 7(c)). Additionally, a conformational change
is required for activation as seen in the soluble
guanylate cyclase from Manduca sexta, which is
captured in an active (6PAT) and inactive state
(6PAS).72 Here, a conformational change from a
90� kinked helix-turn-helix motif to a straight helix
motif is apparent (Figure 7(c)).
The model generated for the complete IcD was

further used to validate the cross-links, identified
in human ROS-GC1 from HEK293 cells and the
recombinant C-terminal bovine ROS-GC1
fragment produced in E. coli. All cross-links
(14/26) that can be mapped for ROS-GC1 from
HEK293 cells are within the allowed distance
range (Supplementary Table 11). The majority of
cross-links in the C-terminal bovine ROS-GC1
fragment (aa 814–1110) are located within the C-
terminal region of the CD (aa 1067–1110), which
could not be modeled due to the absence of
suitable template structures. Interestingly, this C-
10
terminal region is predicted to be disordered.
Conclusively, only 8 out of 37 cross-links could be
mapped in the native IcD structure with a cross-
link satisfaction of 37.5 % (3/8; Supplementary
Table 12). The violated cross-links are, again,
located between the aHD and the CD.

Discussion

So far, no high-resolution 3D-structure is
available for native ROS-GC1. In particular,
partition, domain arrangement and stoichiometry
of the IcD are still under discussion. The two
major domains of ROS-GC1 IcD are the KHD and
the CD that are connected by the aHD (Figure 1
(b)).28,66 In particular, the dimerization and function
of the aHD is currently discussed as GCAP binding
interface21–23 or as a control switch/signaling
domain (SHD).24,25,73 Based on our experiments,
we propose a role of the aHD in regulating cyclase
activity.
Intracellular Domain of ROS-GC1. In this work,

we investigated the 3D-structure of ROS-GC1 by
XL-MS and computational structural biology
methods and succeeded in deriving a 3D-
structural model for the complete IcD of ROS-
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GC1. The cross-links that were independently
derived from full-length bovine and human ROS-
GC1 are in good agreement, delivering valuable
insights into the enzyme’s 3D-structure and
structural similarity across species (Tables 1 and
2 and Supplementary Figure 14). 10 cross-links
identified in native bovine ROS-GC1 in ROS
preparations conformed with 13 unique cross-links
derived from human ROS-GC1 overexpressed in
HEK293 cells. Furthermore, 14 cross-links in
human ROS-GC1 provided additional structural
information, of which 8 were not possible in bovine
ROS-GC1 due to differences in the amino acid
sequence. Three additional cross-links were not
found in human ROS-GC1 caused by the absence
of Lys763 in the human sequence.
Molecular Modeling Indicates Extensive

Conformational Flexibility. The ROS-GC1 IcD
model exhibits structural features of striking
molecular complexity. In particular, the aHD (aa
807–859) that connects the KHD to the CD can
acquire various conformations, having an effect on
the orientation and proximity of the connected
domains. The XL-MS data agree with a dimeric
architecture and an extended conformation of the
ROS-GC1 IcD, which has been shown to be the
catalytically active conformation in other guanylate
cyclases72 (Figure 7(c)). This observation is also
corroborated by our in-cell assays, which show a
significantly higher activity of ROS-GC1 in bovine
retina extracts as compared to those derived from
ROS-GC1 overexpressed in HEK293 or E. coli
cells.
Although we cannot exclude a conformation

where the KHD and CD are in vicinity in native
bovine ROS-GC1, this conformation is expected
to be a minor population. No cross-link was
observed for vicinal KHD and CD in the bovine
ROS-GC1 from ROS preparation. Although the
absence of cross-links between these domains
does not imply the exclusion of structural states,
activity assays corroborate the active
conformation and not the closed, inactive state.
Only two cross-links in human ROS-GC1 from

HEK293 cell membranes (Lys527 � Lys1098 and
Lys588 � Lys1098) might however indicate the
vicinity of KHD and CD. The cross-linking results
from a C-terminal fragment of bovine ROS-GC1
(aa 814–1110) also suggest a compact structure
where KHD and CD are in close neighborhood.
We observed cross-links between KHD and CD
(Lys818 � Lys1051, Lys853/Thr854 � Lys1048/1051,
Lys818 � Lys1098, and Lys853/Thr854 � Lys1110).
The DSBU cross-linker spans Ca-Ca distances up
to 30 �A.46,47,58 The cross-links exhibit a distance
of more than 30 �A in the model, indicating a high
flexibility in the regions where both lysine residues
are located. Structurally exploring the combined tor-
sion angle space of the aHD and the predicted
disordered C-terminal region of the CD does not
yield satisfaction of the derived cross-links (Supple-
11
mentary Figure 15 (a)-(d)). This points to even
higher conformational flexibility underlying both
regions. Indeed, violated cross-links in the bovine,
full-length ROS-GC1 are exclusively located in the
hinge motif and underlying the intrinsic flexibility
and importance of this region for activity.
Validating the Model of the Intracellular Domain.

In order to verify our ROS-GC1 IcD model, Ca–Ca

distances bridged by the cross-linker were
mapped into the KHD, aHD and CD. For the
bovine ROS-GC1, the cross-links are in the range
of 8 to 30 �A with four exceptions. These four
cross-links exhibit distances of slightly higher than
30 �A but are readily explained by their location in
the hinge region of the aHD (Figure 6 and
Supplementary Table 10). A comparison of
Euclidian and surface accessible distances of the
cross-links mapped in the final model of ROS-
GC1-IcD, is shown in Supplementary Table 13.
Furthermore, the cross-links Lys568 � Lys657,
Lys642 � Lys815, Lys657 � Lys673, Lys657 � Ser674,
Lys657 � Lys815 and Lys673 � Lys700 of the human
ROS-GC1 derived from HEK293 cell membranes
fit perfectly with the KHD and aHD model showing
distances of less than 30 �A (Supplementary
Table 11). It has to be noted that currently we
cannot exclude that these cross-links are
intramolecular (within one monomer) and not
intermolecular (between two monomers) ones.
The inter-protein cross-links Lys851 � Lys853,
Lys1051 � Lys1051, Lys1048 � Lys1053 and
Lys1051 � Lys1053 with Ca-Ca distances of less
than 30 �A point to a dimeric ROS-GC1 structure
(Supplementary Table 11). Strikingly, the majority
of cross-links found for the native bovine ROS-
GC1 dimer from ROS preparations were identical
to those of full-length human ROS-GC1 and a C-
terminal bovine ROS-GC1 fragment, providing
complementary 3D-structural information.
It is important to point out that the cross-links in

ROS preparations are indeed unique for ROS-
GC1 and are not false-positive cross-links
originating from other proteins present in the ROS
preparation. To confirm this, we performed a
MeroX search including all proteins identified in
ROS preparations and identified 205 unique
cross-linking sites that do not involve ROS-GC1,
but point to various other protein-protein
interactions (Supplementary Table 14). Strikingly;
all cross-link signals - except one – that were
assigned to ROS-GC1 are clearly distinct and
allow an unambiguous assignment of ROS-GC1
cross-links in a complex environment. One single
cross-link (m/z 516.792, 4+ charge state) was
ambiguously assigned to be either within the KHD
of ROS-GC1 or between ROS-GC1 und arrestin.
The latter assignment however possesses a lower
MeroX score and is therefore less likely.
Conclusively, in this study, we established an

integrated XL-MS workflow that enabled us to
identify cross-linked products from full-length,
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enzymatically active ROS-GC1 directly in bovine
ROS preparations. Cross-links were identified for
the complete IcD of ROS-GC-1. 3D-structural
information on the KHD and CD of ROS-GC1 was
derived from the cross-link constraints serving as
basis for subsequent molecular modeling studies.
Apparently, the aHD that connects the KHD and
the CD can acquire various conformations, having
an effect on the orientation and proximity of the
connected domains. Our XL-MS data agree with a
dimeric architecture and an extended
conformation of the ROS-GC1 IcD, which has
been shown to be the catalytically active
conformation in other guanylate cyclases. To
refine our current structural model of full-length
ROS-GC1, further experiments will be conducted
using alternative cross-linking chemistry and
combining complementary structural biology
techniques, such as cryo-EM and XL-MS.

Methods

Chemicals and reagents

Chemicals were obtained from Roth or Sigma-
Aldrich, solvents were obtained from VWR. ROS-
GC1 antibody (B7, monoclonal) was purchased
from Santa Cruz Biotechnology, Dynabeads
Protein G was obtained from Thermo Fisher
Scientific (Invitrogen), and ROS-GC1 peptides
(SpikeTides) were obtained from JPT Peptide
Technologies.

Cell culture

HEK-flip 293 cells that had been permanently
transfected with full-length, human ROS-GC1
gene were kindly provided by Prof. Daniele
Dell’Orco, University of Verona, Italy. Cells were
cultivated in Dulbecco’s modified Eagle’s medium
(DMEM, high glucose, GlutaMAX, Gibco by
Thermo Fisher Scientific), harvested, and
centrifuged as previously described.25,74,75 ROS-
GC1 expression was assessed via fluorescence
microscopy of the co-expressed eGFP and ROS-
GC1 identification by peptide mass fingerprint anal-
ysis. Cell pellets were stored in liquid nitrogen at
�80 �C before XL-MS experiments or activity
assays were conducted.

Protein expression and purification

Additionally, the sequence from the C-terminal
part of the IcD of bovine ROS-GC1 (aa 814–1110)
was expressed with N-terminal (His)8 tag, lipoyl
domain, and tobacco etch virus cleavage site
(HLT tag) in E. coli BL21 (DE3) cells. Cells were
grown at 37 �C to an OD600 of 0.6. Afterwards,
cells were incubated at 18 �C for 1 h and gene
expression was induced by adding 0.1 mM IPTG.
Expression was performed at 18 �C overnight.
12
After harvesting, the cells were resuspended
(50 mM HEPES, 150 mM NaCl, 2.5 mM TCEP,
10% glycerol, 0.05% DDM and 10 mM imidazole,
pH 7.2) and disrupted by French press. The
supernatant was loaded onto a Ni2+-NTA column
(5 ml HisTrap FF column, GE Healthcare) and the
protein was eluted with an imidazole gradient.
Afterwards, size exclusion chromatography (SEC)
(Superdex 200 pg 26/600, GE Healthcare) was
performed (50 mM HEPES, 150 mM NaCl,
2.5 mM TCEP, 10% glycerol, 0.05% DDM and
1.5 mM MgCl2, pH 7.2), fractions of the protein
monomer were combined, concentrated, and
stored at �20 �C.

ROS preparations

The ROS of bovine retina containing full-length
ROS-GC1 were prepared from bovine eyes balls
obtained from a local slaughterhouse according to
an existing protocol76,77 or were bought from In
Vision Biosciences (Seattle, USA). The original pro-
tocol yields osmotically intact ROS, but our proce-
dure is modified in several aspects, yielding
broken ROS with perforated or disintegrated
plasma membranes, which allows full access of
small molecules and interacting proteins. The rho-
dopsin concentration in the ROS preparations was
determined to be 3.65 mg/ml.54 The ROS prepara-
tion was stored in buffer (10 mM HEPES, 1 mM
DTT, 1 mM PSMF, pH 7.4).

Immunoprecipitation

For immunoprecipitation (IP) of the ROS
preparations, magnetic beads (30 ml) with
immobilized protein G (Dynabeads protein G,
30 mg/ml) were incubated with 15 ml ROS-GC1
antibody (monoclonal, 200 mg/ml) at room
temperature for 60 min. After antibody
immobilization, the beads were washed three
times with 500 ml of reaction buffer (20 mM
HEPES, 100 mM NaCl, 2 mM EGTA, 2 mM
MgCl2, 2 mM DDM, 10% (v/v) glycerol, pH 7.5).
20 ml of ROS preparation were solubilized with
230 ml of the reaction buffer on ice for 60 min.
Solubilized ROS suspension was incubated with
the antibody beads for 60 min and washed three
times with reaction buffer (500 ml each).
Afterwards, ROS-GC1 bound to the magnetic
beads was applied for XL-MS.

ROS-GC1 quantification

For absolute ROS-GC1 quantification in the
ROS preparations, two representative tryptic
ROS-GC1 peptides were employed (peptide 1:
162AAGTTAPVVTPAADALYALLR182, peptide 2:
1028STVQILSALNEGFLTEVR1045, for nomencla-
ture of ROS-GC1 peptides, please see Figure 1 (b)).
Both ROS-GC1 peptides were synthesized with



A. Rehkamp, D. Tänzler, C. Tüting, et al. Journal of Molecular Biology 433 (2021) 166947
stable isotope-labeled (13C6 and 15N4), C-terminal
Arg, followed by a trypsin-cleavable Q-tag.49,78 To
2.5 ml of ROS preparation, ProteaseMAX surfactant
was added to a total volume of 90 ml. Digestion was
performed according to the manufacturer’s protocol
(Promega)61–62. Before adding 2 ml of trypsin
(0.05 mg/ml, Promega), 500 fmol of isotope-labeled
peptides 1 and 2 were added to spike the ROS
preparation. The reaction was stopped by adding
10 ml of 10 % (v/v) TFA. Different sample volumes,
corresponding to 5, 10, 25, 50 and 75 fmol of
isotope-labeled peptides 1 and 2, were analyzed
with the NanoElute UPLC system (Bruker Daltonik)
coupled to a timsTOF Pro mass spectrometer
equipped with CaptiveSpray Ion Source (Bruker
Daltonik). The peptide mixtures were separated
via a C18 column (75 mm � 150 mm, 1.9 mm,
120 �A, nanoElute Fifteen, Bruker Daltonik) with a
linear 40-min gradient ranging from 2% to 50%
solvent B: acetonitrile with 0.08% formic acid (FA);
solvent A: 0.1% formic acid (FA) at a flow rate
of 0.3 ml/min. MS data were recorded using a
pseudo-multiple reaction monitoring (MRM)
approach. Triply charged ions of non-labeled and
isotope-labeled peptides 1 and 2 were selected for
fragmentation by collision-induced dissociation
(CID) with a normalized collision energy of 35%.
All MS measurements were performed in triplicate.
For absolute ROS-GC1 quantification, intensity
ratios were determined of the two intrinsic ROS-
GC1 peptides 1 and 2, generated by tryptic diges-
tion, and their externally added, isotope-labeled
peptide counterparts. Data analysis was performed
with Skyline 20.1.0.155 (MacCoss Lab, University
of Washington).51–53
ROS-GC1 activity

The catalytic activity of ROS-GC1 in ROS
preparations and HEK293 cell membranes was
determined according to existing protocols.11,25,57

The conversion of GTP to cGMP, catalyzed by
ROS-GC1, was induced by adding 1 ml of ROS
preparation or 5 ml of HEK293 membrane suspen-
sion to a final volume of 25 ml of activity buffer
(40 mM HEPES, 56 mM KCl, 8 mM NaCl, 10 mM
MgCl2, 0.1 mM ATP, pH 7.5), containing 10 mM
IBMX solution, 1 mMGCAP-2, and 2 mMGTP. After
incubation at 37 �C for 5 or 10 min, the reaction was
stopped by adding 100 mM citric acid and 100 mM
EDTA at a 1:1 (v/v) ratio. Calibration curves were
generated by injection of 0.1, 0.25, 0.5, 1, 2, 5, 10
and 20 mM cGMP, GMP and guanosine in activity
buffer (Supplementary Figure 2). To determine the
basal enzymatic activity in the ROS preparation,
which might result in the production of GMP and
guanosine, 2 mM cGMP was added to 2 mM
13C/15N-labeled GTP (Supplementary Figure 3).
13C/15N-labeled GTP allowed discriminating
whether the reaction products GMP and guanosine
originally derive from GTP or cGMP.
13
Quantification of cGMP, GMP, and guanosine
was performed by LC/MS using an MRM
approach55 (nanoAcquity UPLC system coupled to
a Xevo TQD mass spectrometer, Waters) using
specific transitions of selected precursor ions to
fragment ions (cGMP: m/z 346.0 ? 152.0, m/z
361.0 ? 162.0; GMP: m/z 364.0 ? 152.0, m/z
379.0 ? 162.0; guanosine: m/z 284.0 ? 152.0,
m/z 299 ? 162.0). The mixtures were separated
via a C18 column (100 mm � 1.0 mm, 2.6 mm,
100�A, Kinetex XB-C18, Phenomenex) with a linear
5-min gradient ranging from 1% to 35% solvent B:
acetonitrile, solvent A: 0.1% formic acid (FA) at a
flow rate of 50 ml/min. All MS measurements were
performed in triplicate. Peak areas were determined
with Skyline 20.1.0.155 (MacCoss Lab, University
of Washington).51,79

The catalytic activity of a purified ROS-GC1
fragment (aa 814–1110) was performed by LC/
MS/MS by a pseudo-MRM approach using the
specific transition of cGMP (m/z 346.0 ? 152.0)
(1200 HPLC system (Agilent Technologies)
coupled to an LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) equipped
with nano-ESI source (Proxeon).55,80 The samples
were separated via a C18 column (250 � 1 mm,
5 mm, 300 �A, Jupiter C18, Phenomenex) with a lin-
ear 10-min gradient from 2% to 40% solvent B: sol-
vent B: acetonitrile with 0.08% formic acid (FA);
solvent A: 0.1% formic acid (FA) at a flow rate of
50 ml/min. Peak areas were determined with Xcal-
ibur (version 2.1; Thermo Fisher Scientific) in the
ion chromatograms; linearity was obtained between
0.06–60 pmol cGMP.

XL-MS analyses

For XL-MS of ROS preparations, the IP beads
loaded with ROS-GC1 were suspended in
reaction buffer (20 mM HEPES, 100 mM NaCl,
2 mM EGTA, 2 mM MgCl2, 2 mM DDM, 10% (v/v)
glycerol, pH 7.5). The cross-linking reaction
(400 ml final volume) was induced by adding 1 mM
DSBU46,63) (40 mM stock solution in DMSO). After
incubating the mixture at room temperature for
60 min, the reaction was quenched with 20 mM
Tris-HCl, pH 8.0. Alternatively, the 3D-structure of
ROS-GC1 was stabilized by adding glutaraldehyde
prior to IP and DSBU cross-linking. According to an
established protocol,81 0.05% (v/v) glutaraldehyde
was added to 20 ml of ROS preparation and the
solution was kept on ice for 5 min before the reac-
tion was quenched by 100 mM Tris-HCl, pH 8.0 (fi-
nal concentration).
For XL-MS of HEK293 cell lysates, cells (see

above) of a confluent 75-cm2 flask were
resuspended in 500 ml of buffer (20 mM HEPES,
100 mM NaCl, 1 mM TCEP, 0.1 mM EGTA, 2 mM
MgCl2, 0.15 mM DDM, 10% (v/v) glycerol,
cOmplete EDTA-free protease inhibitor cocktail
(Roche), pH 7.5). After incubation on ice for
30 min, cells were lysed using a syringe (0.5 mm
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tube).56,74 The total protein concentration of the cell
lysate was determined via Bradford protein assay to
be 2 mg/ml. 0.5 ml of benzonase (stock solution 250
units/ml, Sigma Aldrich) were added and the cell
lysate was incubated on ice for 30 min before
100 ml-aliquots were prepared. GCAP-2 was added
to a final concentration of 1 mM to each aliquot. The
cross-linker DSBU (40 mM stock solution in DMSO)
or a 1:1 mixture of non-deuterated/deuterated
cross-linker DSBU-D0/D12 (14 mM stock solution
in DMSO) was added to a final concentration of
1 mM. The reaction mixtures were incubated at
room temperature for 60 min. After quenching the
reactionwith 20mMTris-HCl, pH 8.0, samples were
centrifuged at 13,000� g for 20min. The pellet, rep-
resenting the HEK293 membrane fraction, was fur-
ther used for LC/MS analysis25,82 (SEC and
selected fractions for LC/MS/MS are shown in Sup-
plementary Figure 6).
For XL-MS of the purified ROS-GC1 domain (aa

814–1110), a protein concentration of 5 mM was
employed in 50 ml reaction buffer (50 mM HEPES,
150 mM KCl, 1.5 mM MgCl2, 2.5 mM TCEP, 10%
(v/v) glycerol, 0.05% DDM (w/v), 10 mM EGTA,
5 mM GCAP-2, pH 7.2). DSBU was added at 500-
fold molar excess and the mixture was incubated
at 0 �C for 120 min, before the reaction was
quenched with 20 mM NH4HCO3 (final
concentration).

SDS-PAGE and enzymatic digestion

For LC/MS/MS analysis of ROS-GC1 from bovine
ROS preparations, in-solution digestion was
performed directly on the magnetic beads used for
IP (see above) with the filter-aided sample
preparation (FASP) protocol.59 The buffer was
exchanged to 50 mM ammonium bicarbonate and
samples were solubilized with 20 ml of 0,2% (v/v)
ProteaseMAX surfactant solution. Tryptic digestion
was performed according to themanufacturer’s pro-
tocol (Promega).61,62 After adding 2 ml of trypsin
(0.5 mg/ml, Promega), peptide mixtures were incu-
bated at 37 �C for 4 h. Samples were acidified with
10 ml 10% (v/v) TFA. After digestion, supernatants
from magnetic beads (~100 ml) were concentrated
to 40 ml and analyzed by LC/MS/MS.
To monitor DSBU cross-linking of HEK293 cell

lysates, SDS-PAGE analysis (10% gel) was
performed. For in-solution digestion of HEK293
cell membranes, the same Protease MAX protocol
was applied as for the ROS preparations. Peptide
mixtures (~400 ml) were separated via SEC63,83,84

and concentrated to a volume of 50 ml each. For
each cross-linking experiment, 12 SEC fractions
were subjected to LC/MS/MS analysis.
Cross-linked samples of purified ROS-GC1

fragment (aa 814–1110) were analyzed by SDS-
PAGE using gradient gels (4–20%, Mini-
PROTEAN TGX gels, Biorad). For in-gel
digestion, selected bands corresponding to ROS-
GC1 monomer and dimer were excised.
14
Enzymatic proteolysis with AspN (Promega) and
trypsin as well as LC/MS/MS analysis were
performed as previously described.85,86

LC/MS/MS

Peptide mixtures originating from IP and SEC
fractionation were analyzed by LC/MS/MS using
an Ultimate 3000 RSLC nano HPLC system
(Thermo Fisher Scientific) coupled to an Orbitrap
Fusion Tribrid mass spectrometer equipped with
Nanospray Flex ion source (Thermo Fisher
Scientific). Peptides originating from in-solution
digestion of ROS preparations and HEK293 cell
membranes were concentrated and desalted on a
C18 precolumn (Acclaim PepMap, 300 mM *
5 mm, 5 mm, 100 �A, Thermo Fisher Scientific) with
0.1% TFA at a flow rate of 30 ml/min for 15
minutes. Peptides from ROS preparations were
separated by mPAC C18 (50 cm, PharmaFluidics)
using a 5-min gradient from 3% to 10% solvent B
(80% acetonitrile, 0.08% FA), 10% to 30% B
(345 min), 30 to 85% B (5 min), and 85% B
(5 min) at a flow rate of 0.3 ml/min.
LC separation of peptides originating from

HEK293 cell membranes was performed via self-
packed C18 columns (PicoFrits, 75 mm � 50 cm,
15 mm tip, New Objective, self-packed with
ReproSil-Pur 120 C18-AQ, 1.9 mm, Dr. Maisch
GmbH). A linear 175-min gradient was employed,
ranging from 7% to 40% solvent B, followed by a 5-
min gradient from 40% to 85% solvent B, and 85%
solvent B for 5 min. Peptides originating from in-gel
digestion of purified ROS-GC1 domain (aa 814–
1110) were concentrated, desalted on a C8
column (Acclaim PepMap, 300 mm � 5 mm, 5 mm,
100�A, Thermo Fisher Scientific), and separated on
a C18 column (Acclaim PepMap, 75 mm * 250 mm,
2 mm, 100 �A, Thermo Fisher Scientific) using a 90-
min LC gradient as described previously.87

For data acquisition in data-dependent MS/MS
mode, the most intense signals in the MS full scan
within 5 s were isolated (window 2 u) for
fragmentation via stepped higher-energy collision-
induced dissociation (HCD) using normalized
collision energies of 30 ± 3% (IP and SEC
fractions) or 29 ± 5% (purified ROS-GC1 domain).
Dynamic exclusion was enabled (exclusion
duration 60 s, deviation ± 2 ppm). For the ROS
preparations and HEK293 cell membranes,
inclusion lists comprising all theoretical masses
and charge states of potential cross-linked
products of bovine/human ROS-GC were
generated to allow a targeted mass analysis. For
the isotope-labeled cross-linker DSBU-D0/D12, the
software ICC-CLASS (isotopically-coded cleavable
crosslinking analysis software suite) served to
extract D0/D12 signals.88 Mass lists of DSBU-D0/
D12 cross-linked products were generated and
applied for a second LC/MS/MS analysis of corre-
sponding SEC fractions.89 Examples of annotated
MS/MS spectra for cross-linked products from
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bovine and human full-length ROS-GC1 are shown
in Supplementary Figures 14 and 15, respectively.
Analysis of cross-linked products

MS data were converted into mzML files by
Proteome Discoverer 2.0 (Thermo Fisher
Scientific) and the MeroX software, version 2.0
beta 5,63–65 was used to assign cross-linked prod-
ucts. The RISEUP mode in MeroX was used allow-
ing a maximum of three missing indicative ions. The
search space comprised ROS-GC1 and GCAP. All
cross-links were confirmed by manual validation.
For DSBU-D0/D12 cross-linked peptides, the D12

composition of the cross-linker was added in
MeroX.
Molecular modeling

According to our novel domain organization,
ROS-GC1 IcD possesses three structural regions
(Figure 1 (b)), for which suitable templates were
identified with HHPRED,90 namely KHD, aHD and
CD. For predicting the 3D-structure of the KHD,
templates were identified with HHPRED90 and a
homology model was generated with MODELLER
(Version 9.24) by default.91 The KHD includes aa
542–815, with the exception of the highly flexible
loop (aa 618–626), for which no suitable template
was found. In addition, a loop (aa 688–709) was
missing in the template (RIP1 kinase domain,
4NEU,92 but was modeled using a homologous
region from the kinase domain structure of PknA
from Mycobacterium tuberculosis (4OW8).93 The
dimeric model of the KHD domain was not captured
by any template and was generated using the HAD-
DOCK docking server94 with its grid implementa-
tion.95 To model the KHD dimer, the resolved
intermolecular cross-links were defined as 3–30 �A
Ca-Ca distance range. Additionally, intermolecular
cross-links to Lys818 were considered by extending
the distance range to 35�A as the unresolved Lys818

is located three amino acids further to the last
resolved residue, Lys815. Overall, 8 cross-link pairs
were used as 16 unambiguous constraints (chain A
to B and vice versa) and the guru interface was
used to generate 5,000 models in it0, 400 models
in it1, and 200 models during water refinement. In
addition, C2 symmetry was applied. Statistics of
docking are given in Supplementary Table 9. The
3D-structures of aHD (aa 823 – 859) and CD (aa
860–1066) were generated as dimers using the sol-
uble guanylate cyclase domain as template
(6PAS).72 We extended this model to cover the
complete aHD (aa 801–859) by using the homolo-
gous sequence from the highest ranking template,
identified with HHPRED (TAF5-TAF6-TAF9 com-
plex,96 6F3T) utilizing MODELLER. To generate
the model of the complete ROS-GC1 IcD, overlap-
ping sequences (aa 801–816) from the aHD and
KHD dimer were superimposed using PyMOL
[https://pymol.org/] and optimized with MODEL-
15
LER. The final ROS-GC1 IcD model was refined
in explicit water using the HADDOCK refinement
server97–100 by default.
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