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Abstract

Covalent crosslinking and mass spectrometry techniques hold great potential in the study of
multiprotein complexes, but a major challenge is the inability to differentiate intra- and inter-
protein crosslinks in homomeric complexes. In the current study we use CYP102A1, a well-
characterized homodimeric P450, to examine a subtractive method that utilizes limited
crosslinking with disuccinimidyl dibutyric urea (DSBU) and isolation of the monomer, in addition
to the crosslinked dimer, to identify inter-monomer crosslinks. The utility of this approach was
examined with the use of MS-cleavable crosslinker DSBU and recently published cryo-EM based
structures of the CYP102A1 homodimer. Of the 31 unique crosslinks found, 26 could be fit to the
reported structures whereas 5 exceeded the spatial constraints. Not only did these crosslinks
validate the cryo-EM structure, they point to new conformations of CYP102A1 that bring the
flavins in closer proximity to the heme.
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INTRODUCTION

Covalent crosslinking and mass spectrometry (CXL-MS) is a widely used method that
employs bifunctional chemical crosslinking reagents and facile peptide sequencing by high
resolution mass spectrometry to identify specific amino acids that were crosslinked on the
protein. This technique can be used to identify protein-protein interactions, to define
interaction sites in protein complexes, as well as characterize the structure of proteins based
on the crosslinker’s known length. One particular challenge of this method is the inability to
distinguish between inter- and intra- protein crosslinks in homomultimeric protein
complexes. Lima et al. [1] has noted the prevalence and importance of homodimeric and
homomultimeric proteins in biological processes and has developed a technique that utilizes
stable-isotope labeling of one of the monomers in a homodimer to directly address this issue.
This rigorous method to differentiate the inter- and intra- monomeric crosslinks requires the
ability to express isotopically enriched protein, to purify the protein, and to reconstitute the
labeled monomer with an unlabeled monomer to form a functional dimer. Unfortunately, the
ability to reconstitute the dimer is dependent on the protein of interest. Another approach,
albeit less rigorous, is to carefully limit the crosslinking reaction such that both crosslinked
dimers and monomers can be separated by denaturing SDS-PAGE, so that the monomer,
which contains only intra-monomer crosslinks, can be compared to the dimer, which
contains both intra- and inter- monomer crosslinks [2—7]. In this way, the intra-monomer
crosslinks can be identified with certainty and essentially be subtracted from the crosslinks
found in the dimeric sample, leaving a set of crosslinks for further analysis by orthologous
methods. There have been only a handful of studies to employ this method [2-7].

In our study, we have utilized this subtractive CXL-MS method in the course of our
structural studies on the homodimeric CYP102A1 enzyme. In particular, we wished to
examine how well CXL-MS data would compare to a recently reported cryo-EM-based
structural model of the full-length enzyme [8] and to explore how well the subtractive CXL-
MS method performed when applied to this well characterized homodimeric P450 enzyme.
CYP102A1 is a self-sufficient cytochrome P450 enzyme from Bacillus megaterium that
catalyzes the hydroxylation of fatty acids and other molecules. The catalysis involves the
transfer of electrons derived from NADPH to the FMN/FAD containing reductase domain of
CYP102A1 to the heme in the oxygenase domain. This allows for the sequential one-
electron transfer of electrons from the FMN to the heme, a requisite one-electron acceptor,
to enable dioxygen activation and insertion of one the oxygen atom into the substrate. The
exact mechanism of how these electron transfer reactions occur is a topic of intense interest,
especially in light of interest in utilizing CYP102A1 as a biocatalyst.

In the current study disuccinimidyl dibutyric urea (DSBU), a MS-cleavable crosslinker that
allows high-confidence identification of crosslinked residues by high resolution mass
spectrometry [9,10], was used. The subtractive method successfully identified inter-
monomeric crosslinks with residues originating in the oxygenase domain that fit in the cryo-
EM derived structures of full length CYP102A1. However, the subtractive method falsely
identified crosslinks spanning residues in the reductase domain as inter-monomeric
crosslinks, as all crosslinks identified in this domain fit better to the cryo-EM derived
structure as intra-monomeric crosslinks. Thus, the success of the subtractive method is likely
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dependent on the nature of the structural domains and how they are impacted as crosslinking
proceeds. Moreover, the crosslinks are consistent with the dynamic movements of the FMN
domain of one monomer to the heme domain of another monomer that was proposed for
CYP102A1 from the cryo-EM derived structures in open and closed conformations [8].
Thus, the crosslinking studies provide important information in support of the cryo-EM
derived structures as well as new evidence for a conformation that brings the FMN closer to
the heme, allowing for facile electron transfer and enabling efficient catalysis.

MATERIALS AND METHODS

Materials.

Disuccinimidyl dibutyric urea (DSBU) Lot UG281415 was purchased from Thermo
Scientific. Sodium chloride Lot 16620 was from Fisher BioReagents and 1X phosphate-
buffered saline pH 7.4 Lot 2052719 was from Gibco. Anhydrous DMSO Lot SHBK9388, 2-
mercaptoethanol Lot SHBG9616V, and ammonium bicarbonate Lot 116K0130 were from
Sigma. Bio-Safe Coomassie stain Lot BR190408, 2x Laemmli Lot 64224909, and 4-15%
gradient SDS-PAGE gels Lot 64294610 were purchased from Bio-Rad.

Protein expression, purification, and characterization.

The full-length A82F variant of CYP102A1 with an N-terminal Hisg tag, referred to as full-
length CYP102A1, was expressed and purified as previously described [8]. This mutant is
the same protein used in elucidating the cryo-EM-derived structural model of the
CYP102A1 [8]. The SEC-MALS analysis of full-length CYP102A1 shows a single peak
with a mass of 238 + 8.8 kDa, which is consistent with a homodimer. The full-length
preparation displays NADPH consumption at ~1,220 min~2 in the presence of omeprazole

[8].

Chemical crosslinking and SDS-PAGE analysis.

Purified full-length CYP102A1was diluted to a final concentration of 10 uM in 10 pl of PBS
pH 7.4 supplemented with salt to give a final concentration of 255 mM NaCl. The mixture
was treated with the desired amount of DSBU, which was dissolved in anhydrous DMSO,
for 5 or 15 minutes at room temperature with rotation. The DMSO was always below 10%
(v/v) of total reaction volume. Reactions were quenched with 2 pl 0.5 M ammonium
bicarbonate and mixed for 5 minutes at 4°C, then diluted with an equal volume of 2x
Laemmli Sample Buffer containing 10% (v/v) 2-mercapotethanol. Samples were boiled for 5
minutes and aliquots (3 pg of protein) were submitted for SDS-PAGE on 4-15% gradient
gels typically run for 75 minutes at 50 mAmps/gel. Gels were stained for 1 hour with
ProteinSafe Coomassie Stain and destained in MilliQ water. Gels were imaged with a LI-
COR Odyssey Fc and bands corresponding to monomer and dimer were quantified by
densitometric analysis with the use of ImageStudio software (version 5.2). A standard curve
of bovine serum albumin and full-length CYP102A1 showed a linear range from 0 to 6 pg
protein per lane.
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Mass spectrometry and peptide assignment.

Cross-linked protein samples were separated by SDS-PAGE. Protein bands corresponding to
monomeric or dimeric CYP102A1 were submitted for in-gel trypsinolysis and subsequent
analysis of the tryptic peptides on a Thermo Scientific Q Exactive HF Orbitrap MS at the
University of Michigan Mass Spectrometry-Based Proteomics Resource Facility. Peptide
assignments were performed using MeroX (version 2.0) to specifically search for peptides
containing the signature doublet that DSBU produces upon fragmentation. MeroX software
compares the experimental secondary MS to a library of all theoretically possible DSBU-
crosslinked peptides and scores the results based on how well each MS/MS spectrum
matches its theoretical counterpart [9,10]. MS datasets were analyzed with primary and
secondary fragment mass deviations of 10 and 50 ppm, respectively, with mass limits of
600-6000 Da. Score cut-offs calculated for a False Discovery Rate (FDR) < 0.01% were
applied [11,12]. The MS/MS spectra were also manually checked, as another layer of quality
control, using MeroX and XCalibur (version 3.0).

Mapping of crosslinks onto three-dimensional models of CYP102A1.

RESULTS

Crosslinks were mapped to recently published structural models of CYP102A1 using the
Xlink Analyzer Plugin [13] in UCSF Chimera [14]. These models were derived from cryo-
EM data of the same full-length A82F variant CYP102A1 used in our current study [8]. The
models are the first full-length structures of the CYP102A1 and utilized the EM density as
well as rigid-body fitting of the crystal structures of individual heme, FMN, and FAD
domains [4KEW, 1BVY, 4DQK] [15-17]. The structures represent homodimers of
CYP102A1 with both heme and FAD domains in contact with each other. At least three
major conformations of full-length CYP102A1 were detected representing one closed state
where the FAD and FMN are in close contact and two open conformations where the FMN
domain is rotated away from the FAD and is closer to the adjacent heme domain of the
opposing monomer possibly favoring a trans electron transfer. Input files containing
crosslinks were manually generated and 27 A C,-C, Euclidean distance cutoffs for the
DSBU linker arm were applied in Xlink Analyzer.

Crosslinking of CYP102A1 with DSBU leads to formation of a covalently linked dimer.

In this study we used an A82F variant of full-length CYP102A1, which is identical to that
used in a recently published cryo-EM derived full-length structure of the P450 enzyme [8].
This full-length CYP102AL1 is highly similar to the wild-type enzyme with a molecular
weight determined by MALS of 238 + 8.8 kDa, consistent with a homodimer, and is fully
functional with NADPH consumption of ~1220 min~1 in the presence of omeprazole [8]. As
shown in Fig. 1A, analysis of the full-length CYP102A1 by denaturing SDS-PAGE and
Coomassie staining gives rise to a visible band migrating slightly above the 100 kDa marker,
corresponding to each monomer (lane 1, M). Treatment of full-length CYP102A1 with 50-
fold molar excess of DSBU gave a time-dependent increase in formation of one major
crosslinked product, which is visible above the 250 kDa molecular weight marker (lanes 2—
8, D). Although it migrates much higher in mass than expected for the native dimeric band,
SEC analysis of the reaction mixture shows that the crosslinked product elutes with a highly
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similar retention time as the native dimer of untreated CYP102A1. Thus, we conclude that
the SDS-PAGE does not provide the accurate molecular mass. Furthermore, analysis by a
linear sucrose gradient shows that the crosslinked full-length CYP102A1 elutes in the same
fractions as the native dimer (data not shown). Thus, we denote this species as the
crosslinked dimer (D). As shown in Fig. 1B, the quantification of the monomer and dimer
bands by densitometric analysis reveals a clear loss of the monomeric band over time
(closed squares) and a concomitant increase in the dimeric band (closed circles). The sum of
the densities of the monomer and dimer bands equals the total density of the starting
untreated CYP102A1 band indicating that we have accounted for the major products of the
crosslinking reaction. The formation of the crosslinked dimer of CYP102A1 is dependent on
the concentration of DSBU (Fig. 1C, lanes 1-6). The quantification of the bands once again
shows that monomer is converted stoichiometrically to the crosslinked dimer product (Fig.
1D).

High-resolution tandem mass spectrometric analysis of the monomer band on SDS-PAGE
identifies intra-monomer crosslinked residues in CYP102A1.

Since native CYP102A1 exists as a non-covalently associated homodimer, crosslinking can
give rise to either intra-monomer (within one monomer) or inter-monomer (across
monomers) covalent crosslinks. We first examined the monomer band from SDS-PAGE gels
after DSBU crosslinking as they can only contain intra-monomer crosslinks. We examined
samples of full-length CYP102A1 after crosslinking for 5 min or 15 minutes with DSBU at
0.5 mM final concentration. Although we cannot visualize the extent of monomer
crosslinking by SDS-PAGE, we do know that approximately 26% and 46% of the starting
CYP102A1 was crosslinked to the dimer band after 5 min and 15 min, respectively. Bands
were excised in duplicate and submitted for MS analysis, and sites of crosslinks were
identified as described in Methods. As shown in Table 1, we found that crosslinking for a
short duration gives rise to five major intra-monomer crosslinks with three of the crosslinks
starting at residue K77 in the oxygenase domain. Interestingly, K77 exists on the B’-helix
located above the substrate binding site of the heme binding pocket of CYP102A1 [18]. As
shown in Fig. 2A, when the intra-monomer crosslinks are mapped onto a linear
representation of the CYP102A1 monomer, we can readily visualize that four of the
crosslinks are within the oxygenase domain with one crosslink in the linker region. At
longer durations of crosslinking, we see three of the same crosslinks as in the early time
sample but also crosslinks within the FAD domain concentrated around the FAD cofactor
binding site (Table 2 and Fig. 2B). We will explore how these crosslinks map to known
structures of these regions in the next subsection.

Intra-monomer crosslinks mapped to a Cryo-EM-derived structural model of full-length

CYP102A1.

With the exception of one crosslink in the linker region, the intra-monomer crosslinks
identified in the previous section (Fig. 2) spanned residues within the oxygenase domain (5
crosslinks) or the FAD domain (6 crosslinks) where high resolution crystal structures exist
[15,17].
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In Fig. 3, we show the 3D structural model that was constructed by fitting the structure of
the oxygenase and reductase domains as rigid bodies into the density map generated from
cryo-EM studies [8]. As shown in the upper half of the figure, the five crosslinks identified
in the oxygenase domain were mapped onto a crystal structure of the CYP102A1 oxygenase
domain as determined by Butler et al. [15] All the crosslinks mapped within the C,-C,
Euclidean distance of the DSBU linker arm of 27 A and thus appear in close agreement with
the crystal structure. The available crystal structure of the FAD domain determined by Joyce
et al. [17] contains residues for only three of the crosslinked adducts we identified. As
shown in Fig. 3 lower half, the three crosslinks involving residue K1039 were mapped (red
bars) onto structure of the FAD domain and found to have C,-C,, distances greater than 27
A, ranging from 39.86 A (K791-K1039) to 43.24 A (K787-K1039). Thus, these crosslinks
do not fit well to the crystal structure of the FAD domain. The remaining three FAD
crosslinks involving K735, which is located on an unresolved loop on the proximal side of
the cofactor binding site, as well as the crosslink on the linker region could not be mapped
onto the crystal structure and we rely on cryo-EM based modeling of the regions where the
crystal structures do not exist [8]. Although the CYP102A1 was found in several different
conformations in the cryo-EM studies, there is only one structure where the linker region
was resolved. Thus, we used this conformation to examine the remaining intra-monomeric
crosslinks (Fig. 3). The cryo-EM derived density maps allowed the modeling of the
previously unresolved loop in the FAD domain and we were able to map the three remaining
FAD crosslinks from residue K735 within the DSBU distant restraint. Moreover, we also
mapped the K469-K474 crosslink within the linker region to well within the DSBU distance
restraint. It is noteworthy that with the exception of three crosslinks involving K1039 within
the FAD domain, all the intra-monomeric crosslinks are consistent with the full-length cryo-
EM derived model of the CYP102A1 structure as well as the available crystal structures of
the subdomains.

High-resolution tandem mass spectrometric analysis of the dimer band identifies both
inter- and intra- monomer crosslinked residues in CYP102A1.

We now focus on the mass spectrometry data derived from the dimer band generated after
crosslinking with DSBU. The crosslinks from the dimeric band comprise a mixture of intra-
and inter- monomeric crosslinks with those formed at 5 min and 15 min treatments with
DSBU shown in Tables 3 and 4, respectively. As a starting point for our analysis, we used an
approach used by others that subtracts the crosslinks found in the monomer band, which are
intra-monomer crosslinks, from the crosslinks found from the dimer band to give a data set
of putative inter-monomer crosslinks [2—7]. Thus, we have greyed out from Tables 3 and 4
the intra-monomer crosslinks identified from the monomer band. We have also verified by
use of the cryo-EM derived dimer structure that these intra-monomer crosslinks indeed are
better mapped as intra- and not inter- monomer crosslinks (data not shown). Although some
studies have utilized the subtractive method to assign the remaining crosslinks as inter-
monomer crosslinks, we more carefully examine this assumption by mapping the remaining
crosslinks to the cryo-EM derived structures of the CYP102A1 dimer.
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Analysis of crosslinks obtained from the dimer band with the use of the cryo-EM structural
models of the CYP102A1 homodimer.

Our overall approach was to map dimer-specific crosslinks as either intra- or inter- monomer
crosslinks onto the three published cryo-EM derived structural models [8] to determine the
Co-Cq Euclidean distance of each crosslink scenario. As shown in Table 5, the crosslinks
that were not greyed out from Tables 3 and 4 are listed along with the location of the
crosslinks with respect to the domains. A structure of the closed conformation, which was
utilized above to map the intra-monomer crosslinks, was used (C/osed) in addition to two
open conformations (Open / and Open /) representing structures where the FMN domain
appears to rotate away from the FAD domain in varying degrees, resulting in its closer
proximity to the heme. A simplified model of the CYP102A1 homodimer in these three
conformations is shown in Fig. 4. For each crosslink, the C,-C, Euclidean distance for each
structure mapped as the inter-monomer or intra-monomer crosslink was determined. Since
the homodimers are not symmetrical in these conformations, each crosslink can have two
inter-monomeric possibilities arbitrarily denoted as a-p and B-a, as well as two intra-
monomeric possibilities denoted as a-a and B-B. The distance is depicted in bold type in
those cases where the distance is equal to or less than the 27 A C,-C, linker distance.

Oxygenase domain crosslinks (#1-8) —Six of the eight crosslinks originating in the
oxygenase domain (#1,3-5,7,8) could be mapped within the linker distance of 27 A as inter-
monomer crosslinks to at least one of the three conformations, with the closed conformation
fulfilling five of the crosslinks. While all conformations could map crosslink #4,
interestingly crosslink #8 was best only mapped to the Open Il conformation. Two of these
oxygenase domain crosslinks (#2,6) did not map to any of the conformations within the
linker distance of 27 A; however, the shortest distances were clearly mapped as the inter-
monomer. In fact, all the crosslinks originating in the oxygenase domain were better fit as
inter-monomer. Thus, for the mapping of the oxygenase domain contacts, the subtraction
method utilizing the crosslinks found in the monomer band was fully validated. It appears
that the Closed and Open Il conformations captured the extremes of the crosslinks while the
Open | conformation was intermediate between these extremes with regard to the crosslinks.

Reductase domain crosslinks (#9—-19) —In sharp contrast to that found for the
crosslinks originating from the oxygenase domain, crosslinks entirely within the reductase
domain (containing the FMN and FAD subdomains) fit within a linker distance of 27 A as
intra-monomer crosslinks and not inter-monomer crosslinks. Moreover, all the crosslinks
found could be fit to at least one conformation. Interestingly, seven of the eleven crosslinks
could be fit on what we designated as the p-monomer of all three conformations whereas the
a-monomer fit the four remaining crosslinks better.

To better understand the crosslinks in relation to the dynamic nature of the CYP102A1
structure as well as define what monomers were depicted as a and B, we have mapped all of
the above crosslinks within the 27 A linker distance (bolded values from Table 5) onto the
Closed and Open Il structures since they appear to be the extremes of the conformations
with respect to the mapping of the crosslink distances (Fig. 5). Figure 5A shows the inter-
monomeric crosslinks on the structure of CYP102A1 in the Closed conformation in all 10
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possible combinations between the a-monomer (light grey) and p-monomer (dark grey).
There is a tight association of the oxygenase domains containing the heme prosthetic group
(red) to form the dimeric structure as well as seemingly looser association with the FMN
(orange) and FAD (yellow) containing reductase domains of the other monomer forming a
trans-type configuration of the dimer. There are eight crosslinks bridging oxygenase and
reductase domains, as well as two crosslinks across the oxygenase domains. As shown in
Fig. 5B, the Open Il conformation of the CYP102A1 reveals the same two crosslinks that are
preserved between the oxygenase domains. However, the open conformation reflects a large
conformational change in the reductase domain of a.-monomer with the FMN (orange)
moving in closer proximity to the heme (red) of the B-monomer. This leads to a loss of the
eight crosslinks found in the Closed conformation but a new crosslink between residue Y695
of the FAD domain and residue K313 of the oxygenase domain is able to fit the structure.
There are crosslinks between these same residues that are only 28 A in the Closed
conformation so this is likely not specific to the open conformation. However, there is a
crosslink between S66-K1039 (Table 5, #2) that is 35.5 A in distance in the Open II
conformation (Fig 5B, red ban but is much longer (51 A) in the Closed conformation (not
shown). It is possible that crosslink sampled a conformation where these residues are much
closer than they appear in the Open Il conformation and likely reflects a conformation where
the heme and FMN are much closer than captured by the Open Il structure. We will examine
the crosslinks that could not be assigned within the distance constraint as a group in the
Discussion. We also mapped the intra-monomer crosslinks (Table 5, #9-19) to the structure
of the closed and open conformations of CYP102A1 in a similar manner. As shown in Fig.
5C, the Closed conformation maps eight of the eleven intra-monomer crosslinks on each
monomer. On the B-monomer (dark grey), we can see three main groups of crosslinks at
residue K508, centered around residue K573, and one short crosslink at residue K691.
Although the reductase domains in the dimer are not symmetrical, we can still observe that
these crosslinks are essentially mirrored on the a-monomer (light grey). There is an
additional crosslink at residue 516 on the a.-monomer and the g-monomer has an analogous
crosslink that failed to meet our distance cutoff by only 0.7 A. In Fig. 5D, the intra-monomer
crosslinks were mapped on the Open Il conformation. The B-monomer (dark grey) is highly
similar to that found for the B-monomer of the Closed conformation and the three sets of
crosslinks are present. In contrast, the a-monomer undergoes large conformational changes
involving the movement of the FMN prosthetic group (orange) with a notably different
pattern of crosslinks present. In fact, all three of the remaining crosslinks at residues S507,
K508, and K561 that were not accounted for by the closed conformation are compatible with
the open conformations.

DISCUSSION

In the current study, DSBU was used in CXL-MS experiments to map CYP102A1 residues
that are close enough to be spanned by the crosslinker when the CYP102A1 homodimer is in
its native state. Although modern mass spectrometry methods can readily identify the
crosslinked residues, it is more difficult to determine if the residues are the result of inter- or
intra- monomer crosslinks as both monomers have identical amino acid sequences. In lieu of
technological challenges of isotopically labeling one monomer, we chose to follow a
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subtractive method used previously in several CXL-MS studies of homomeric proteins [2—
7]. Specifically, we carefully controlled the reaction to obtain a mixture of crosslinked
dimers and monomers, which could be separated by SDS-PAGE. The crosslinked monomers
were utilized to study intra-monomeric crosslinks, which mapped nicely to known structures
of the protein. The crosslinked residues found in the dimer sample comprise inter-monomer
as well as intra-monomer crosslinks. This subtractive method worked well for the crosslinks
involving at least one residue in the heme-containing oxygenase domain of CYP102A1, as
evident by mapping to a recently reported cryo-EM derived structural model of the full-
length dimeric protein [8]. The remaining crosslinks, which bridged residues entirely in the
reductase domain, could not be mapped as inter-monomeric crosslinks. Even though these
crosslinks were not found in the monomer sample data set, they appear to fit more
consistently as intra-monomer crosslinks in the cryo-EM structures. This may reflect the
inherent conformational flexibility of the reductase domain and its ability to sample different
conformations more often after inter-monomer crosslinks are formed that lock the
monomers together. Alternatively, perhaps once certain intra-monomeric crosslinks are
formed, the CYP102A1 reductase domain can no longer stay in the dimeric state. In either
case, we are left with a monomer band that does not give rise to the same intra-monomer
crosslinks as the dimer band. Thus, this subtractive method has its limitations and is
certainly not as rigorous as labeling one monomer with a stable isotope [1].

Of the 31 total unique crosslinks identified, we successfully mapped 26 to the cryo-EM
structure, suggesting a high degree of correspondence between these two methods. However,
we could not map five crosslinks within the 27 A distance restraint of the DSBU linker arm.
As shown in Fig. 6, we have mapped these five crosslinks to the residues representing the
shortest distance in the Open Il conformation of the CYP102A1. Four of these crosslinks
involved K1039 crosslinked to either a residue in the oxygenase domain (S66) or to three
residues closely clustered on the reductase domain (K787, K791, K797) near the FAD. The
distances between these residues vary between 31.8 A to 43.2 A in the cryo-EM derived
structures. Although the low resolution of the cryo-EM structure precludes definitive
statements, it’s possible that conformational flexibility in these regions is reflected by the
crosslinking but not apparent in the structural studies. This is noteworthy as electrons
donated from NADPH must shuttle from the FAD to FMN to heme for catalytic activity
[19-23]. More specifically, a further extension of the Open Il conformation of the
CYP102A1 homodimer would bring the residue pairs S66-K1039 and K310-K691 closer to
each other giving rise to a conformation where perhaps the FAD moves closer to the
prosthetic heme in solution. Interestingly, a crystal structure of a truncated CYP102A1 with
the oxygenase and part of the reductase domain showed the FMN domain directly in contact
with the opposing oxygenase domain [16,24]. The direct interaction of reductase and
opposing oxygenase domain is further supported by recent hydrogen-deuterium exchange
studies [25]. More recently, a computational modeling study of the interaction of CYP1A1l
with cytochrome P450 reductase suggests that transient interactions between heme and FAD
domain are likely [26]. Thus, perhaps both FMN and FAD can be closer to the heme during
catalysis than is apparent from the current cryo-EM derived structures.
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Highlights

Crosslinking and mass spectrometry complements Cryo-EM structural
information

Mapping of protein-protein interaction sites in CYP102AL1 by crosslinking
and MS

Insights into the application of CXL-MS to homodimeric multiprotein
complexes
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Figure 1. Formation of covalently crosslinked CYP102A1 dimer after treatment with DSBU.
(A), Time-dependent formation of crosslinked CYP102A1 after treatment with DSBU. Full-

length CYP102A1 (10 uM) was treated with 0.5 mM DSBU for the indicated duration and
aliquots (3 pg) of the reaction mixtures were submitted to SDS-PAGE and stained with
Coomassie Blue as described in Methods. D, crosslinked dimeric CYP102A1; M, monomer
of CYP102AL1. (B), Quantification of bands seen in A. Bands corresponding to the
crosslinked dimer (closed circles) and monomer (closed squares) were quantified by
densitometric analysis. The sum of the dimer and monomer was also calculated (closed
triangle). Mean + SD derived from three independent reaction mixtures (n=3). (C),
Formation of the crosslinked CYP102A1 is dependent on the concentration of DSBU.
CYP102A1 was treated with the indicated concentrations of DSBU for 5 min and the
reaction mixture analyzed as in A. (D), Quantification of bands seen in C. The amount of
dimeric CYP102A1 (closed circles), monomeric CYP102A1 (closed squares), and the sum
total (closed triangles) was quantified as in B. Mean + SD (n=3). Densities determined for
all bands are within the linear range of detection.

Biophys Chem. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Felker et al.

A

" e o

Reductase .
1
FMN FAD
Linker Hinge
452 479 630 657 1048

Figure 2. Schematic representation of the intra-monomer crosslinks found in the monomer band
derived from CYP102A1 treated with DSBU for 5 min (A) or 15 min (B).

Blue arcs, crosslinks; red, oxygenase domain; orange, FMN domain; yellow, FAD domain.
The FMN and FAD domains together represent the reductase domain.
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Figure 3. Structure of the CYP102A1 monomer derived from the cyro-EM model constructed
with the use of the crystal structure of the oxygenase and reductase domain, which contains the

FMN and FAD binding domains [8].

Backbone ribbon model of CYP102A1 is shown in grey and the 27A scale bar indicates the
accepted C,-C,, distance restraint for the DSBU crosslinker. Blue bars, crosslinks that map
within 27 A; red bars, crosslinks that exceed 27 A; red, heme prosthetic moiety; orange,

FMN; yellow, FAD.
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Figure 4. Three conformations of the CYP102A1 homodimer identified in Cryo-EM structural
model.

Simplified models of the homodimer in its Closed, Open I, and Open Il conformational
states are shown that represent conformations captured in recent cryo-EM studies of the
enzyme [8].
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Inter-monomer crosslinks

B O

Figure 5. Crosslinks mapped to cryo-EM structural model of the CYP102A1 homodimer in
Closed (A and C) and Open 11 (B and C) conformations.

Since the dimer is not symmetrical, we arbitrary labeled one monomer a (light grey) and the
other B (dark grey). The heme-containing oxygenase (BMP) and flavin-containing reductase
(BMR) domains of each monomer are labeled accordingly. Cofactors and crosslinks are
colored as in Figure 3. 27A scale bar indicates the accepted C,-C, distance restraint for the
DSBU crosslinker. Crosslinks #1-8 with the exception of #6 from Table 5 are shown in A
and B. Crosslinks #9-19 from Table 5 are shown in C and D.
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Y K1039

Figure 6. All five crosslinks that exceeded the distance restraint of the DSBU linker arm were
mapped to shortest distances in the open 11 conformation of the CYP102A1 homodimer.

Monomers and cofactors are colored as in Figure 4. 27A scale bar indicates the accepted Cg-
C, distance restraint for the DSBU crosslinker.
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Crosslinked tryptic peptides identified after analysis of the monomer band derived from CYP102AL1 treated
with DSBU for 5 min

Sitel Site2 Peptidel Peptide 2 m/z  Score
K10 K42 EMPQPKTFGELK IADELGEIFKFEAPGR 848.691 169
K77 K188 NLSQALKFVR ALDEAMNKLQR 665.615 181
K77 K203  NLSQALKFVR ANPDDPAYDENKR 959.150 87
K77 K350 NLSQALKFVR EDTVLGGEYPLEKGDELMVLIPQLHR  1081.327 138
K469 K474  KIPLGGIPSPSTEQSAKK KAEDAHDTPLLVLYGSNMGTAEGTAR 954.100 21

Score values are calculated as indicated in methods.
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Crosslinked tryptic peptides identified after analysis of the monomer band derived from CYP102AL1 treated
with DSBU for 15 min

Sitel Site2  Peptidel Peptide 2 m/z  Score
K25 K365 NLPLLNTDKPVQALMKIADELGEIFK DKTIWGDDVEEFRPER 1020.331 70
K77 K188 NLSQALKFVR ALDEAMNKLQR 665.615 160
K77 K203 NLSQALKFVR ANPDDPAYDENKR 959.484 36
K77 K350 NLSQALKFVR EDTVLGGEYPLEKGDELMVLIPQLHR  1081.327 119
K735 K771 LEAEEEKLAHLPLAK AMAAKTVCPPHK 640.144 183
K735  T772 LEAEEEKLAHLPLAK AMAAKTVCPPHK 640.143 160
K735 K814 LEAEEEKLAHLPLAK YPACEMKFSEFIALLPSIRPR 883.071 45
K787 K1039 VELEALLEKQAYK LWLQQLEEKGR 1043.572 263
K791 K1039 QAYKEQVLAK LWLQQLEEKGR 693.883 171
K797 K1039 EQVLAKR LWLQQLEEKGR 610.344 135

Score values are calculated as indicated in methods.
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Crosslinked tryptic peptides identified after analysis of the dimer band derived from CYP102AL1 treated with
DSBU for 5 min

Sitel Site2  Peptidel Peptide 2 m/z  Score
S66 K1039 LIKEABDESR LWLQQLEEKGR 704.617 165
K77 K188  NLSQALKFVRR ALDEAMNKLQR 665.615 175
K290 K691 NPHVLQKAAEEAAR HLEIELPKEASYQEGDHLGVIPR  872.657 44
T577 K1039 NWATTYEKVPAFIDETLAAK LWLQQLEEKGR 966.515 83

Rows emphasized in grey indicate crosslinks also detected in Tables 1 and 2. Score values are calculated as indicated in methods.
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Crosslinked tryptic peptides identified after analysis of the dimer band derived from CYP102A1 treated with
DSBU for 15 min

Site 1

K60
S66
K70

K219
K310
K310
K313
S507
K508
K508
T516
K561
K573
K573
K573
K691

Site 2

K561
K1039
K561

K448
K691
K735
Y695
K791
K735
K778
K735
K787
Y790
K791
K1039
K841

Peptide 1

LIKEACDESR
LIKEACDESR
FDKNLSQALK

VMNDLVDKIIADRK

QVKQLK

QVKQLK

QLKYVGMVLNEALR
DLADIAMSKGFAPQVATLDSHAGNLPR
DLADIAMSKGFAPEVATLDSHAGDLPR
DLADIAMSKGFAPEVATLDSHAGDLPR
DLADIAMSKGFAPQVATLDSHAGNLPR
QFVDWLDQASADEVKGVR
YSVFGCGDKNWATTYQK
YSVFGCGDKNWATTYQK
YSVFGCGDKNWATTYQK
HLEIELPKEASYQEGDHLGVIPR

Peptide 2

QFVDWLDQASADEVKGVR
LWLQQLEEKGR
QFVDWLDQASADEVKGVR

ETLTLKPEGFVVKAK
HLEIELPKEASYQEGDHLGVIPR
LEAEEEKLAHLPLAK
HLEIELPKEASYQEGDHLGVIPR
QAYKEQVLAK
LEAEEEKLAHLPLAK
TVCPPHKVELEALLEK
LEAEEEKLAHLPLAK
VELEALLEKQAYK
VELEALLEKQAYK
QAYKEQVLAK
LWLQQLEEKGR

VDEKQASITVSVVSGEAWSGYGEYK

m/z

1160.237
704.616
856.189

697.795
892.985
658.128
892.677
1042.793
940.691
974.905
1171.113
1264.654
939.219
850.169
905.697
1379.439

Score

233
136

169
115

144
204
192
131
171
170

Rows emphasized in grey indicate crosslinks also detected in Tables 1 and 2. Score values are calculated as indicated in methods.
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onto the three available conformations of the full-length CYP102A1 structure.

Table 5.
Distances of the crosslinked residues mapped as inter- and intra- monomer crosslinks

Page 23

All crosslinks from Table 3 and 4 that were not greyed out were used. Since the dimer in these conformations

is not symmetrical, we arbitrarily assigned one monomer a and the other §. Thus, there are four possible

distances for each crosslink in each conformation. Crosslink configurations that mapped to distances within
the 27 A distance restraint for the DSBU linker arm are shown in bold.

Crosslink Identity

Structural Conformation

Closed Open | Open 11

ap Ppa aa PP aPp Pa aa PP apf Pa aa PP
#  Residues Domains Ca-Ca Distance (A)
1 K60-K561 Oxy-FMN 19.3 19.3 96.7 96.7 27.9 41.2 97.6 938 33.0 419 1019 95.2
2 S66-K1039 Oxy-FAD 51.8 51.3 1051 105.1 474 471 1018 1094 723 355 99.8 1124
3 K70-K561 Oxy-FMN 22.8 225 92.8 928 25.6 421 96.6 919 371 441 1008 93.2
4 K219-K448 Oxy-Oxy 17.9 17.9 36.5 365 143 16.4 36.5 365 14.0 154 36.5 36.5
5 K290-K691 Oxy-FAD 26.8 26.4 57.7 57.7 323 36.1 61.4 62.6 526 28.0 61.6 66.0
6  KB310-K691 Oxy-FAD 31.4 31.1 49.1 49.1 326 37.1 52.2 549 505 318 53.3 57.8
7  KB310-K735 Oxy-FAD 23.3 214 46.8 451 29.0 25.8 39.0 458 342 280 46.8 42.4
8  KB313-Y695 Oxy-FAD 28.4 28.0 64.1 641 317 33.2 64.3 68.1 521 257 65.5 69.1
9  S507-K791 FMN-FAD 79.9 79.8 27.9 279 79.2 76.5 229 278 781 752 229 27.8
10 K508-K735 FMN-FAD 58.4 59.3 20.2 209 593 53.0 23.0 212 578 516 23.0 21.2
11  K508-K778 FMN-FAD 78.2 78.1 31.3 31.3 807 74.8 245 312 79.2 733 245 31.2
12 T516-K735 FMN-FAD 57.6 59.3 25.0 27.7  69.0 56.9 36.5 300 67.8 56.0 36.5 30.0
13 K561-K787 FMN-FAD 97.4 97.2 353 353 96.7 93.3 16.1 345 953 922 16.1 345
14 K573-Y790 FMN-FAD 78.3 78.3 22.3 223 793 82.8 424 218 780 817 42.4 21.8
15 K573-K791 FMN-FAD 80.5 80.5 19.0 19.0 818 85.0 40.8 18.4 80.7 839 40.8 18.4
16 K573-K1039 FMN-FAD 95.6 95.7 20.9 209 941 96.0 24.1 226 945 952 24.1 22.6
17 T577-K787 FMN-FAD 88.2 88.2 26.9 269 87.6 90.7 37.2 255 864 897 37.2 255
18 K577-K1039 FMN-FAD 100.7 100.8 17.7 17.7 99.6 100.2 20.6 21.8 998 99.6 20.6 21.8
19 K691-K841 FAD-FAD 60.6 60.5 7.3 7.3 59.0 59.0 7.3 7.3 591 59.2 7.3 7.3
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