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Abstract

Cytochrome P450 (P450) proteins are heme-containing mixed function oxidase enzymes
that play a critical role in the metabolism of drugs and toxicants. For P450 enzyme catalysis, a
flavin-containing reductase must shuttle electrons from NADPH to the heme prosthetic group of
P450. Although in most cases the reductase enzyme is a separate protein partner, there are self-
sufficient P450 enzymes containing the reductase enzyme fused with the P450 enzyme in a
single polypeptide chain. These self-sufficient P450 enzymes are excellent model systems to
study the mechanism of P450 catalysis and electron transfer reactions. There are no crystal
structures of the full-length self-sufficient P450 enzymes, although recently low-resolution cryo-
EM derived structures of two self-sufficient P450 enzymes, CYP102A1 and neuronal nitric
oxide synthase (nNOS), have been reported by our lab. A covalent crosslinking and mass
spectrometry (CXL-MS) workflow was developed in this thesis to study interdomain and
interprotein interactions within these two self-sufficient P450 enzymes, in order to learn how
P450 and reductase domains interact in detail. In these studies, I refined the workflow to analyze
and interpret MS data of crosslinks specifically from homodimeric proteins by utilizing existing
structural data in combination with an established subtractive method to identify intra- and inter-
protein crosslinks. CXL-MS of the CYP102A1 homodimer yielded 31 unique crosslinks, 26 of
which mapped in accordance with the cryo-EM based structural models of the protein.
Furthermore, I identified a novel conformational state of the CYP102A1 homodimer based on

modeling studies of the remaining five crosslinks that likely represent a structure favorable for
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electron transport to the active site heme. I then applied CXL-MS to a homodimer of nNOS
bound to its regulatory protein calmodulin (CaM), which activates the enzyme for catalysis. The
resulting 74 crosslinks, similar to those found for CYP102A1, are consistent with a conformation
where the oxygenase and reductase domains are in closer proximity than seen in previous
structural studies. My studies identify novel heme and reductase interdomain interactions for
both of the analyzed self-sufficient P450 enzymes and provide insight on domain organization
during catalysis. The CXL-MS workflow developed here will be applicable in investigating other
homomeric multiprotein machineries. Most importantly, I have identified new interdomain and
interprotein interfaces that can serve as regulatory targets in modulating these important
metabolizing systems. This work provides new insights on the catalytic mechanism of these
powerful mixed function oxidase enzymes, which are important protective enzymes from
environmental toxicants as well as potential biocatalysts for use in environmental waste

remediation.
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Chapter 1 Introduction

Cytochrome P450 enzymes and human health

Cytochrome P450 enzymes (P450s or CYPs) are heme-containing mixed function
oxidases that play a vital role in the metabolism of both endogenous and foreign compounds.
P450s are involved in the oxidation and/or reduction of 95% of all chemicals that undergo these
reactions in humans [Guengerich et al., 2016], making them a critically important class of
proteins in the body’s metabolic response. CYPs predominately function as monooxygenases in
Phase I metabolism, which increases water solubility of chemicals. In most cases, metabolism of
molecules by P450s facilitates their excretion from the body. This process deactivates numerous
drugs, toxicants, and other chemicals absorbed following environmental exposures. Metabolism

by P450 enzymes is therefore a large determinant of chemical half-life in the body.

The influence of P450s on drug metabolism has become apparent as we have gained a
more detailed understanding of metabolic processes. Just five CYPs are involved in the
metabolism of more than 90% of the small-molecule drugs in use today, and two CYP enzymes
(CYP2D6 and CYP3A4) metabolize 40% of drugs and 21% of natural compounds in humans
[Rendic & Guengerich, 2015]. Understanding the mechanisms of P450 function is an important
step in understanding metabolism of foreign compounds in the body, and therefore in predicting

and preventing toxic outcomes.



Major classes of P450 enzymes

P450 enzymes are classified in broad subcategories based on the composition of their
functional subunits. Class II P450s, responsible for the majority of Phase I metabolism in
humans, comprise two separately expressed protein subunits: a P450 subunit and a diflavin
reductase subunit containing both flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) cofactors, which sources electrons from nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) [Iyanagi & Mason, 1973]. These P450s are membrane-bound. Class VIII
P450s comprised of similar oxygenase and reductase components to class II systems, however in
class VIII P450s contain both oxygenase and reductase subunits fused within a single peptide
chain. These “self-sufficient” P450s are soluble and therefore easier to study than their

membrane-bound counterparts [Roberts et al., 2002; Finnigan et al., 2020].

Structural studies investigating class VIII P450s have proved widely applicable to
understanding the mechanisms of enzymatic turnover in other classes of P450 enzymes. The
study of protein-protein interfaces within class I P450 assemblies is complicated by the
membrane-bound nature of these systems, and the fact that the reductase and oxygenase subunits
are expressed as separate proteins. Partially due to this, some self-sufficient class VIII P450s
have historically served as model systems by which the other classes of P450 proteins can be

studied.

Common features of Class 111 P450s

Class VIII P450 enzymes are comprised of an N-terminal oxygenase domain containing
the active site cleft and prosthetic heme, a C-terminal reductase domain containing globular

FMN- and FAD-binding domains linked by a flexible hinge, and a highly flexible linker region



connecting oxygenase and reductase domains (Figure 1-1A). The most studied class VIII P450s
are obligate homodimers; to be active, two monomers with identical sequence assemble into a
noncovalently associated multiprotein complex [Black & Martin, 1994; Neeli et al., 2005]. Their
oxygenase and reductase domains directly contact one another, forming two protein-protein

interfaces (Figure 1-1B, Left).

Due to the large size and high degree of flexibility between domains in these proteins,
crystal structures are rarely obtained for more than one domain. No full-length class VIII P450
has been resolved by crystallography. The relatively stable oxygenase domain dimer has been
resolved for several fusion P450 enzymes, along with individual FAD- and FMN-binding
portions or entire FMN- and FAD-containing reductase domains. More recently, cryoelectron
microscopy (cryo-EM) and negative stain EM have been applied to study the full-length proteins
at lower resolution. These methods capture multiple conformational states of the proteins but do
not provide sufficient resolution to determine which domains interact in each conformational
state. Without orthogonal data, it can even be difficult to decipher which domain is responsible
for each electron density in these structures. Complementary structural data acquired by
crosslinking, hydrogen deuterium exchange (HDX), and mutagenesis greatly bolster our ability

to utilize these low-resolution structural methods.

The path of electron transfer in this group of enzymes is a defining characteristic. Careful
work using the model class VIII protein CYP102A1 has established that electrons are transferred
individually from the NADPH donor to the FAD cofactor, then to an adjacent FMN. The FMN,
bound within its own globular domain, then “shuttles” electrons to the active site heme within
the oxygenase domain (Figure 1-1B, Right) [Munro et al., 1994; Neeli et al., 2005]. Based on the

best-studied representatives from class VIII P450 enzymes, this second electron transfer is



believed to be the rate-limiting step, although the precise mechanism by which this transfer
occurs is not fully understood. The orientation of the FMN domain relative to the heme-
containing oxygenase during electron transfer has yet to be captured by crystallography or cryo-
EM for any class VIII P450 enzyme. Due to the transient nature of this conformation, it is likely
that it will be too difficult to capture by structural methods involving freezing (for cryo-EM) or
crystallization (for x-ray crystallography). In contrast, structural methods able to capture
conformational changes, such as HDX and crosslinking, are well positioned to address this

deficiency.

CYP102A1: a model class VIII P450

The first class VIII P450 to be discovered is also the most widely studied enzyme in this
class, CYP102A1 (historically referred to as BM3). The Fulco group first isolated and
characterized CYP102A1 from soil bacterium Bacillus megaterium in 1974 [Miura & Fulco,
1974; Hare & Fulco, 1975; Ho & Fulco, 1976; Matson et al. 1977]. Since its discovery, it rapidly
became a model enzyme for understanding both self-sufficient and class II P450s. CYP102A1
contains an oxygenase domain with prosthetic heme that aligns closely with eukaryotic CYP2A
and CYP4A families [Lewis et al. 1998]. It also contains a FAD- and FMN-containing NADPH-
reductase domain with strong sequence and structural similarity to mammalian cytochrome P450
reductase [Narhi & Fulco 1986; Porter 1991; Sevrioukova & Peterson 1995; Warman et al.,
2005]. Unlike the class Il mammalian systems, this reductase is combined with the heme-
containing oxygenase domain within a single peptide chain. The two domains, when cleaved by
proteolysis, do not display a strong affinity for one another [Narhi & Fulco, 1987]. The

CYP102A1 protein machinery is soluble, rather than membrane-bound like most mammalian



systems. With all the functional units of mammalian systems contained into a single soluble

peptide chain, CYP102A1 is the ideal system by which to study mammalian P450s.

In addition to its role as a model for mammalian P450 systems, CYP102A1 is also a
subject of intense interest due to its potential utility as a biocatalyst. CYP102A1 has the most
rapid turnover of any P450 monooxygenase at ~17,000 min—1 [Noble et al., 1999; Munro et al.,
2002]. With its ease of expression and high catalytic rate, numerous researchers have identified
the enormous potential of this enzyme as a biochemical tool. An impressive body of work using
point mutagenesis and directed evolution studies has been carried out in an effort to tailor
substrate recognition and adapt CYP102A1 for use in the biotechnology field. Potential uses
include use as a tool for pharmaceutical compound screening, drug metabolite production,
production of synthetic compounds, and mimicry of human phase I metabolism [Warman et al.,

2005; Reinen et al., 2011; Whitehouse et al., 2012; Murphy, 2015].

Despite its importance and decades of study, structure-function understanding of the full-
length CYP102A1 has remained limited until recent years. Crystal structures of the complete
oxygenase and reductase domains have been resolved at high resolution for some time
[Ravichandran et al., 1993; Li & Poulos, 1997; Joyce et al., 2012]. An additional high-resolution
structure was acquired using a truncated construct with both oxygenase and FMN domains,
which included the full oxygenase domain dimer and one FMN domain associated [Sevrioukova
et al., 1999]. However, these structures captured an incomplete subset of interdomain interaction
during electron shuttling across the enzyme. Most critically, how these domains interact with one
another during interprotein electron transfer from FMN to heme remains poorly understood.
Recently, multiple conformations of the full-length CYP102A1 homodimer were captured by

cryo-EM at high resolution [Su et al., 2020]. These three models allow our first close



examination of interdomain interactions, and likely represent the most stable conformations of
the CYP102A1 homodimer. While these structures represent a major advance in understanding
CYP102A1 domain mobility during enzymatic function, they do not capture all the interdomain
movement in the CYP102A1 conformational suite or the conformation responsible for

interprotein electron transfer from FMN to heme.

Neuronal nitric oxide synthase

Nitric oxide (NO) is a critical molecule in the body involved in regulation of vascular
tone, angiogenesis, and neurotransmission [Meffert et al., 1994; Ziche & Morbidelli, 2000;
Moncada & Higgs, 2006; Calabrese et al., 2007; Forstermann & Sessa, 2012; Feng et al., 2014].
Insufficient NO has been cited as a leading cause of endothelial dysfunction [Feng & Hedner,
1990] and is linked to the subsequent pathogenesis of cardiovascular diseases including
atherosclerosis, hypertension, and diabetes [Naseem, 2005]. Conversely, overabundant NO is
toxic through the generation of oxidative and nitrosative stress, causing protein and lipid
damage, DNA damage, and energy depletion in addition to direct cytotoxicity caused by NO
itself [Schmidt & Walter, 1994; Brown, 2010; Krol & Kepinska, 2020]. Unlike most signaling
molecules, NO is a highly reactive gaseous molecule that is not compartmentalized and instead
diffuses freely following its production. NO levels are therefore regulated through modulation of
production by nitric oxide synthase (NOS) enzymes. Three isoforms of NOS enzyme are present
in the body: inducible, endothelial, and neuronal. Each isoform serves a unique physiologic
function through its production of NO in distinct tissues, and each isoform is implicated in
adverse clinical outcomes when dysregulated. The three isoforms share a notable similarity in

structure, making isoform-specific modulation of NOS enzymes extremely difficult.



NOS enzymes are unique among class VIII P450 proteins for several reasons beyond the
gaseous product they produce; in part due to these differences, there is still some debate
regarding their status as a class VIII P450. NOS enzymes are the only flavoheme proteins to use
tetrahydrobiopterin (BH4) as a cofactor, and require BH4 for homodimer formation and catalysis
[Panda et al., 2002; Stuehr et al., 2004]. In addition, the obligatory association of regulatory
protein calmodulin (CaM) for NOS activity is unique to NOS enzymes among P450s. Due to the
large differences between NOS enzymes and conventional class VIII P450s, it has been
hypothesized that NOS and class VIII P450s are an example of convergent evolution [Masters et

al., 1996].

Like other class VIII P450s, NOS enzymes are comprised of an N-terminal oxygenase
domain and a C-terminal diflavin reductase domain. A flexible linker region connects these
domains, which is the site of association with CaM (Figure 1-2A). CaM displays a different
affinity for each of the three NOS isoforms, and the linker region is one of the sites of greatest
sequence variability across isoforms. NOS enzymes are homodimeric, with dimerization
interfaces between oxygenase domains and FAD domains. The dimerization interface of the
oxygenase domain is vastly more stable [Panda et al., 2002]. Within this interface, a zinc ion is
chelated to both monomers via two conserved cysteines and both tetrahydrobiopterin (BH4)
cofactors are incorporated [Matter et al., 2005]. NOS reductase domains have been shown to
dissociate in negative stain- and cryo-EM studies, leading to a large conformational shift from
the closed to an extended conformational shape (Figure 1-2B) [Campbell et al., 2014; Yokom et

al., 2014].

NOS enzymes, like CYP102A1, are diflavin monooxygenases with an electron transport

mechanism that involves both monomers within the homodimer. Electrons donated from



NADPH are transferred to the FAD cofactor, and then an additional intra-protein transfer to the
FMN domain occurs. These first two electron transfer steps happen within one NOS reductase
domain. Next, the FMN domain shuttles electrons to the opposing monomer’s oxygenase
domain. The mechanism by which electrons are transferred from FMN to opposing heme
remains poorly understood for all three NOS isoforms, however in all isoforms calcium-bound
CaM associating with its binding helix is required for FMN to heme electron transfer [Panda et
al., 2001]. Movement of the FMN domain toward the backside of the opposing monomer’s
active site cleft has been observed in all three NOS isoforms by cryo-EM [Campbell et al., 2014;
Yokom et al., 2014] and hydrogen-deuterium exchange (HDX) studies have identified sites of
likely interdomain contact in inducible and neuronal NOS [Smith et al., 2013; Hanson et al.,

2018].

The neuronal isoform of NOS is responsible for NO production in the brain, and is
implicated in the development of many neurodegenerative disorders. nNOS is structurally unique
among NOS isoforms in containing an N-terminal PDZ domain which is connected to the
oxygenase domain by a ~170 amino acid flexible tether (Figure 1-2A). This domain is
responsible for presynaptic localization of the nNOS [Brenman et al., 1996]. Crystal structures of
the nNOS reductase domain and dimerized oxygenase domains have been resolved, along with a
low-resolution cryo-EM model of the nNOS homodimer bound to CaM [Garcin et al., 2004;
Matter et al., 2005; Yokom 2014]. Despite extensive biochemical and structural studies on the
nNOS, it remains unknown how domains interact during the critical stage of nNOS turnover:
electron transfer from FMN to heme. In addition, whereas the interaction between CaM and its

known binding helix on the nNOS is well characterized the interactions between CaM and other



regions of the full-length nNOS remain poorly understood. This knowledge gap is addressed in

chapter 3 of my thesis.

Transient conformations are missing links in understanding CYP102A1 and nNOS
Across dissimilar class VIII P450 enzymes CYP102A1 and nNOS, a common pathway of
electron transfer is conserved: NADPH to FAD to FMN to heme. In addition, negative stain- and
cryo-EM studies indicate a similar conformational suite of these two homodimeric protein
machineries [Campbell et al., 2014; Yokom et al., 2014; Zhang et al., 2018; Su et al., 2020]. It
remains unknown whether this translates to a conserved suite of interdomain interactions or
conserved sites of interaction between domains in these very different protein machineries. In
particular, the critical step in electron transfer from FMN to heme remains unresolved in both
protein systems by high-resolution structural methods. The interdomain interactions and cofactor

positioning in this conformation remain unknown for either enzyme.

Studying protein-protein interactions using CXL-MS

Covalent crosslinking and mass spectrometry (CXL-MS) is a method by which protein-
protein interactions can be examined in their endogenous states in solution. In these studies, a
bifunctional small molecule with two reactive “warheads” is added to multiprotein machineries
in solution. Each warhead covalently binds any compatible amino acid side chain it encounters,
forming covalent bridges between compatible residues within certain proximity of one another in
the protein. Once crosslinking is complete, proteins are proteolyzed and the resulting short
peptides are analyzed by mass spectrometry. The peptide sequence and location of crosslink
formation within the peptide can then be determined through examination of fragmentation

spectra. A summary of this general CXL-MS workflow is shown in Figure 1-3.



CXL-MS has several important advantages over crystallography, cryo-EM and NMR in
examining protein-protein interactions. It can be applied to protein machineries of unlimited size,
unlike crystallography or NMR [Chavez & Bruce 2019]. In addition, it allows analysis to take
place in solution; this provides insight into protein quaternary structure and native interprotein
interactions too transient to withstand freezing or crystallization. Perhaps most importantly,
exposing proteins to a crosslinker in solution allows for the sampling of numerous
conformational states of the protein simultaneously [Rappsilber, 2011], and the method remains
sound when applied to partially (although not completely) unfolded proteins [Chen et al., 2010].
Moreover, it allows for movement of proteins, which is critical for their function, whether in
flexible linker regions or entire disordered segments [Dunker et al., 2008; Bruce, 2012]. CXL-
MS is therefore unique among structural methods in its ability to examine large, highly flexible

protein machineries as they undergo extensive movement in solution.

Recent advances in crosslink design and MS data analysis have allowed application of
the CXL-MS method to answer increasingly detailed structural questions. Historically the
method was only used for capturing the presence of protein-protein interaction, and did not
contribute detailed information on where crosslinks formed between proteins. Current methods
allow not only the presence of crosslinks to be determined but also their specific location within
the protein backbone. The advent of MS-cleavable covalent crosslinkers, with fragmentation
sites included in the covalent bridge, allow automated algorithms to search for specific crosslink
fragments within MS data. This advance has largely overcome the previously prohibitive step of
crosslink site identification within complex samples. With the ability to identify sites of crosslink
formation, more intricate structural determinations can be undertaken. These include

identification of the precise sites of protein-protein interaction within large multiprotein

10



machineries and sites of interaction between domains during conformational changes [Jacobsen
et al., 2006; Murakami et al., 2013; Leitner et al., 2016; Sailer et al., 2018; Bellia et al., 2019;
Chavez & Bruce, 2019]. CXL-MS is emerging as a technique well-suited in capturing the

movements of large proteins through multiple conformational states [Gong et al., 2015].

Homodimeric proteins present a unique challenge in CXL-MS data interpretation.
Homodimeric protein complexes such as CYP102A1 and nNOS are comprised of two
identical protein chains assembled in a quaternary structure. Because crosslink identification is
performed using protein residue sequence, and the sequence of each subunit within these
complexes is the same, a distinct challenge is presented in CXL-MS data interpretation in these
systems. For each crosslink identified within a homodimeric complex, it cannot be determined
from residue sequence alone which monomer within the complex were involved in the crosslink.
Several methods have been proposed in the literature to overcome this hurdle; however, each
multiprotein complex is unique and the application of each of these strategies is not always

feasible.

An approach put forward by Gaber and colleagues (2019) addresses crosslink
configuration within or across monomers during the structural modeling phase following MS
data analysis. Through calculating both Euclidean distance and solvent accessible surface
distance between residues identified in crosslinks, the ambiguity of crosslink assignment can be
reduced as solvent accessible surface area better differentiates between intra-monomer and inter-
monomer crosslinks than the traditional Euclidean distance measurement. However, without
additional experimental information, ambiguity remained in their crosslink assignment.

Additionally, these analyses require a near-complete structure resolution around all crosslinked
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sites in the protein under investigation. This computational method can therefore not be applied

in proteins with incomplete structures.

A method described in detail by Lima et al. (2018) addresses the ambiguity issue during
sample preparation by stable isotope-labeling one monomer then reassembling the homodimer
with one “light” and one “heavy” subunit. Differentiating which monomer is bound at either end
of the identified crosslinks then becomes relatively simple during MS data analysis. This
method, while unambiguous [Taverner et al., 2002; Pettelkau et al., 2013], is only feasible in
protein complexes that can be dissociated, labeled, and subsequently properly reassembled. It is

therefore not applicable to all systems requiring investigation.

Another method that experimentally addresses homodimeric crosslink ambiguity is
incorporation of a monomer/dimer separation step following crosslinking and before MS
analysis. This approach results in two samples: one of crosslinked monomeric protein
(containing only crosslinks within one monomer) and one of crosslinked dimeric protein
(containing crosslinks across monomers). All crosslinks present in the dimeric sample that are
not detected within the monomer are assigned as inter-monomer crosslinks [Chu et al., 2006; Wu
et al. 2013; Karagoz et al., 2017]. This method has the potential for applicability to a much wider
array of homodimeric protein complexes; however, its precision has yet to be examined in detail.
I investigate the efficacy of this approach in chapter two, in an examination of the homodimeric

CYP102A1 complex.

Conclusion
Cytochrome P450 protein systems are vital contributors to the metabolism of exogenous

compounds including drugs and toxicants. The response of CYP450 enzymes affects the level of
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toxicity humans experience from xenobiotics. Thus, understanding the mechanisms of their
operation is of immense importance in modulating toxicity following toxicant or drug exposure.
One of the largest mysteries in enzymatic function of P450 enzymes is their configurations
during the transient conformational changes responsible for electron transfer to heme-containing
active sites. To investigate the highly unstable states of P450 enzymes, the proteins must be in
their native states when captured for structural examination. CXL-MS is a uniquely well-suited
structural methodology to probe these large, flexible proteins in transient conformational states.
Recent advances in the field of CXL-MS data analysis and reagent development allow the
generation of high-confidence datasets from complex multiprotein machineries. In this
dissertation work, I harness the CXL-MS methodology to understand how domains within self-
sufficient P450 enzymes interact in their native states. I utilize two highly dissimilar P450
systems to determine whether there is a conserved conformational suite within this class of
critical metabolic proteins. In chapter two, I utilize an extensively studied model class III P450,
CYP102A1, to build and validate a robust method for examination of homodimeric proteins
using CXL-MS. In chapter three, I apply this method to explore interprotein interactions within
the more complex and poorly understood nNOS:CaM multiprotein machinery. This dissertation
work provides valuable insight into the interprotein and interdomain mechanics of these

important model P450 systems.
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Figure 1-1. Domain organization of class VIII P450 enzymes.

(A) A linear schematic of domains along a single protein’s amino acid sequence. (B) Organization
of one protein’s domains within the homodimeric P450 as FMN “shuttles” between FAD and
opposing oxygenase domains.

Figure adapted from the original research in Chapter 2 of this dissertation work, published as:
Felker, D.; Zhang, H.; Bo, Z.; Lau, M.; Morishima, Y.; Schnell, S.; Osawa, Y. Mapping Protein-
Protein Interactions in Homodimeric CYP102A1 by Crosslinking and Mass Spectrometry.
Biophysical Chemistry 2021, 274, 106590. https://doi.org/10.1016/j.bpc.2021.106590.
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Figure 1-2. Domain organization and conformational states of CaM-bound nNOS.

(A), A linear schematic of domains along a single nNOS monomer’s amino acid sequence. (B),
Organization of calmodulin-bound nNOS domains in the closed (left) and extended (right)
conformations previously captured by negative stain- and cryo-EM studies. One monomer within
the homodimer is shown in grey, with the other in color. Oxygenase domain is shown in red,
calmodulin in blue, FMN in orange, and FAD in yellow.
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Figure 1-3. A summary of the covalent crosslinking and mass spectrometry (CXL-MS) workflow.

A multiprotein complex is reacted with covalent crosslinker (blue), which binds residues within
certain proximity in the multiprotein complex. Proteins are digested to produce peptide
fragments, and mass spectrometry is used to identify fragments containing crosslinked residues.
Crosslinks are then mapped to structural data to visualize crosslink formation within the larger
three-dimensional protein complex.
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Chapter 2 Mapping Protein-Protein Interactions in Homodimeric CYP102A1 by

Crosslinking and Mass Spectrometry

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.

This section was written by D. Felker with significant intellectual contributions and editorial
work from Yoichi Osawa. It was published as an original research paper in April 2021: Felker,
D.; Zhang, H.; Bo, Z.; Lau, M.; Morishima, Y.; Schnell, S.; Osawa, Y. Mapping Protein-Protein
Interactions in Homodimeric CYP102A1 by Crosslinking and Mass Spectrometry. Biophysical
Chemistry 2021, 274, 106590. https://doi.org/10.1016/j.bpc.2021.106590.
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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.
[Lima et al., 2018] 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 [Bennett et al., 2000; Wu et al., 2013; Zeng-Elmore et al., 2014;
Karagoz et al., 2017; Liu et al., 2014; Chu, Thornton, and Nguyen, 2018]. 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 [Bennett
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et al., 2000; Wu et al., 2013; Zeng-Elmore et al., 2014; Karagdz et al., 2017; Liu et al., 2014;
Chu, Thornton, and Nguyen, 2018].

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 [Su et al., 2020] 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 [Gotze et al., 2015; Iacobucci et al., 2018], 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
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likely 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 [Su et al.,
2020]. 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.

27



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 His6 tag, referred to as full-length CYP102A1, was expressed
and purified as previously described [Su et al., 2020]. This mutant is the same protein used in
elucidating the cryo-EM-derived structural model of the CYP102A1 [Su et al., 2020]. 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-1 in the presence of omeprazole [Su et al., 2020].

Chemical crosslinking and SDS-PAGE analysis. Purified full-length CYP102A1was
diluted to a final concentration of 10 pM 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
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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.

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 [Gotze et al., 2015;
Iacobucci et al., 2018]. 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 [lacobucci and Sinz, 2017;
Iacobucci et al., 2019]. 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. Crosslinks were
mapped to recently published structural models of CYP102A1 using the Xlink Analyzer Plugin
[Kosinski et al., 2015] in UCSF Chimera [Pettersen et al., 2004]. These models were derived

from cryo-EM data of the same full-length A82F variant CYP102A1 used in our current study
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[Su et al., 2020]. 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 [PDB 4KEW, 1BVY, 4DQK] [Butler et al., 2013; Sevrioukova et al., 1999; Joyce
et al., 2012]. 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 Co-Cy Euclidean distance

cutoffs for the DSBU linker arm were applied in Xlink Analyzer.
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Results

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 [Su
et al., 2020]. This full-length CYP102A1 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 [Su et
al., 2020]. As shown in Fig. 2-1A, 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 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. 2-1B, 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
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formation of the crosslinked dimer of CYP102A1 is dependent on the concentration of DSBU
(Fig. 2-1C, lanes 1-6). The quantification of the bands once again shows that monomer is
converted stoichiometrically to the crosslinked dimer product (Fig. 2-1D).

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 2-1, 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
[Whitehouse, Bell, and Wong, 2012]. As shown in Fig. 2-2A, 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
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cofactor binding site (Table 2-2 and Fig. 2-2B). 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. 2-2) spanned residues within the oxygenase
domain (5 crosslinks) or the FAD domain (6 crosslinks) where high resolution crystal structures
exist [Butler et al., 2013; Joyce et al., 2012].

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 [Su et al., 2020]. 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. [Butler et al., 2013] 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. [Joyce et al., 2012] 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,-Cy
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 [Su et al., 2020]. Although the CYP102A1 was found in
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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. 2-3). 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 2-3
and 2-4, 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 [Bennett et al., 2000; Wu et al., 2013; Zeng-Elmore et al., 2014; Karagoz et al., 2017,
Liu et al., 2014; Chu, Thornton, and Nguyen, 2018]. Thus, we have greyed out from Tables 2-3
and 2-4 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
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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.

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 [Su et al., 2020] to determine the Cy-C, Euclidean distance of each
crosslink scenario. As shown in Table 2-5, the crosslinks that were not greyed out from Tables 2-
3 and 2-4 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 (Closed) in addition to two open conformations (Open I and Open II)
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 Figure 2-4. For each crosslink,
the Cy-Cq 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-f 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
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fulfilling five of the crosslinks. While all conformations could map crosslink #4, interestingly
crosslink #8 was best only mapped to the Open II 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 II conformations
captured the extremes of the crosslinks while the Open I 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 B-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 3, we have mapped all of the
above crosslinks within the 27 A linker distance (bolded values from Table 2-5) onto the Closed
and Open II structures since they appear to be the extremes of the conformations with respect to
the mapping of the crosslink distances (Fig. 2-5). Figure 2-5A shows the inter-monomeric
crosslinks on the structure of CYP102A1 in the Closed conformation in all 10 possible

combinations between the a-monomer (/ight grey) and B-monomer (dark grey). There is a tight
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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
(vellow) 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. 2-5B, the Open II 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 2-5, #2) that is 35.5 A in
distance in the Open II conformation (Fig 2-5B, red bar) 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 II conformation and likely reflects a
conformation where the heme and FMN are much closer than captured by the Open II 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 2-5, #9-19) to the structure of the
closed and open conformations of CYP102A1 in a similar manner. As shown in Fig. 2-5C, the
Closed conformation maps eight of the eleven intra-monomer crosslinks on each monomer. On

the f-monomer (dark grey), we can see three main groups of crosslinks at residue K508,
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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 (/ight grey). There is an additional crosslink at residue
516 on the a-monomer and the B-monomer has an analogous crosslink that failed to meet our
distance cutoff by only 0.7 A. In Fig. 2-5D, the intra-monomer crosslinks were mapped on the
Open II conformation. The B-monomer (dark grey) is highly similar to that found for the -
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.
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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 subtractive
method used previously in several CXL-MS studies of homomeric proteins [Bennett et al., 2000;
Wu et al., 2013; Zeng-Elmore et al., 2014; Karagoz et al., 2017; Liu et al., 2014; Chu, Thornton,
and Nguyen, 2018]. 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 [Su et al., 2020]. 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
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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 [Lima et al., 2018].

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. 2-6, we have mapped these five crosslinks to the residues representing the shortest
distance in the Open II 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 [Munro et al., 1994; Munro et al., 1996; Munro et al.,
2002; Neeli et al., 2005; Girvan et al., 2011]. More specifically, a further extension of the Open
IT 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 [Sevrioukova et al., 1999]. The direct

interaction of reductase and opposing oxygenase domain is further supported by recent
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hydrogen-deuterium exchange studies [Jeffreys et al., 2020]. More recently, a computational
modeling study of the interaction of CYP1A1 with cytochrome P450 reductase suggests that
transient interactions between heme and FAD domain are likely [Mukherjee, Nandekar, and
Wade, 2021]. 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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Tables

Table 2-1. Crosslinked tryptic peptides identified after analysis of the monomer band derived
from CYP102A1 treated with DSBU for 5 min.

Site1 Site2 Peptide 1 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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Table 2-2. Crosslinked tryptic peptides identified after analysis of the monomer band derived
from CYP102A1 treated with DSBU for 15 min.

Site1 Site2  Peptide 1 Peptide 2 m/z__ Score
K25 K365 NLPLLNTDKPVQALMK DKTIWGDDVEEFRPER 1020.331 70
IADELGEIFK
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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Table 2-3. Crosslinked tryptic peptides identified after analysis of the dimer band derived from
CYPI102A1 treated with DSBU for 5 min.

Site1 Site2  Peptide 1 Peptide 2 m/z  Score
S66 K1039 LIKEABDESR LWLQQLEEKGR 704.617 165
K77 K188 NLSQALKFVR 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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Table 2-4. Crosslinked tryptic peptides identified after analysis of the dimer band derived from
CYPI102A1 treated with DSBU for 15 min.

Site1 Site2  Peptide 1 Peptide 2 m/z__ Score
K10 K42 EMPQPKTFGELK IADELGEIFKFEAPGR 1131.249 221
K25 K365 NLPLLNTDKPVQALMKIADE DKTIWGDDVEEFRPER 1023.531 119
LGEIFK
K60 K561  LIKEACDESR QFVDWLDQASADEVKGVR 1160.237 39
S66 K1039 LIKEACDESR LWLQQLEEKGR 704.616 233
K70 K561  FDKNLSQALK QFVDWLDQASADEVKGVR 856.189 136
K77 K188  NLSQALKFVR ALDEAMNKLQR 665.614 159
K77 K203  NLSQALKFVR ANPDDPAYDENKR 959.151 110
K77 K350 NLSQALKFVR EDTVLGGEYPLEKGDELMVLIP  1081.327 118
QLHR
K219 K448  VMNDLVDKIIADRK ETLTLKPEGFVVKAK 697.795 169
K310 K691 QVKQLK HLEIELPKEASYQEGDHLGVIPR 892.985 115
K310 K735 QVKQLK LEAEEEKLAHLPLAK 658.128 71
K313 Y695 QLKYVGMVLNEALR HLEIELPKEASYQEGDHLGVIPR 892.677 122
S507 K791  DLADIAMSKGFAPQVATLDS QAYKEQVLAK 1042.793 30
HAGNLPR
K508 K735 DLADIAMSKGFAPEVATLDS LEAEEEKLAHLPLAK 940.691 46
HAGDLPR
K508 K778  DLADIAMSKGFAPEVATLDS  TVCPPHKVELEALLEK 974.905 25
HAGDLPR
T516 K735 DLADIAMSKGFAPQVATLDS LEAEEEKLAHLPLAK 1171.113 144
HAGNLPR
K561 K787 QFVDWLDQASADEVKGVR VELEALLEKQAYK 1264.654 204
K573 Y790  YSVFGCGDKNWATTYQK VELEALLEKQAYK 939.219 192
K573 K791  YSVFGCGDKNWATTYQK QAYKEQVLAK 850.169 131
K573  K1039 YSVFGCGDKNWATTYQK LWLQQLEEKGR 905.697 171
K691 K841  HLEIELPKEASYQEGDHLGVI  VDEKQASITVSVVSGEAWSGY 1379.439 170
PR GEYK
K735 K771  LEAEEEKLAHLPLAK AMAAKTVCPPHK 640.144 162
K735 T772 LEAEEEKLAHLPLAK AMAAKTVCPPHK 640.143 175
K791 K1039 QAYKEQVLAK LWLQQLEEKGR 693.883 169
K797 K1039 EQVLAKR LWLQQLEEKGR 610.344 140

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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Table 2-5. Distances of the crosslinked residues mapped as inter- and intra- monomer crosslinks
onto the three available conformations of the full-length CYP102A1 structure.

Crosslink Identity Structural Conformation
Closed Open I Open II

o-f B-a - B-p a-p B-a o-o B-p a-p B-a a-o B-p

# 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 93.8 33.0 419 1019 95.2
2 S66-K1039 Oxy-FAD 51.8 51.3  105.1  105.1 47.4 47.1 101.8 109.4 72.3 355 99.8 112.4
3 K70-K561 Oxy-FMN 22.8 22,5 92.8 92.8 25.6 42.1 96.6 91.9 37.1 44.1  100.8 93.2
4 K219-K448 Oxy-Oxy 17.9 17.9 36.5 36.5 14.3 16.4 36.5 36.5 14.0 15.4 36.5 36.5
5 K290-K691 Oxy-FAD 26.8 26.4 57.7 57.7 32.3 36.1 61.4 62.6 52.6 28.0 61.6 66.0
6 K310-K691 Oxy-FAD 31.4 31.1 49.1 49.1 32.6 37.1 522 54.9 50.5 31.8 53.3 57.8
7 K310-K735 Oxy-FAD 23.3 21.4 46.8 45.1 29.0 25.8 39.0 45.8 342 28.0 46.8 424
8 K313-Y695 Oxy-FAD 28.4 28.0 64.1 64.1 31.7 332 64.3 68.1 52.1 25.7 65.5 69.1
9 S507-K791 FMN-FAD 79.9 79.8 27.9 27.9 79.2 76.5 22.9 27.8 78.1 75.2 229 27.8
10 KS508-K735 FMN-FAD 58.4 59.3 20.2 209 59.3 53.0 23.0 21.2 57.8 51.6 23.0 21.2
11 K508-K778 FMN-FAD 78.2 78.1 313 31.3 80.7 74.8 24.5 31.2 79.2 73.3 245 31.2
12 T516-K735 FMN-FAD 57.6 59.3 25.0 27.7 69.0 56.9 36.5 30.0 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 95.3 922 16.1 345
14 K573-Y790 FMN-FAD 78.3 78.3 22.3 223 79.3 82.8 42.4 21.8 78.0 81.7 42.4 21.8
15 K573-K791 FMN-FAD 80.5 80.5 19.0 19.0 81.8 85.0 40.8 18.4 80.7 83.9 40.8 18.4
16 K573-K1039  FMN-FAD 95.6 95.7 209 209 94.1 96.0 24.1 22.6 94.5 95.2 24.1 22.6
17  T577-K787 FMN-FAD 88.2 88.2 26.9 26.9 87.6 90.7 37.2 25.5 86.4 89.7 37.2 25.5
18 K577-K1039  FMN-FAD 100.7  100.8 17.7 17.7 99.6  100.2 20.6 21.8 99.8 99.6 20.6 218
19 K691-K841 FAD-FAD 60.6 60.5 7.3 7.3 59.0 59.0 7.3 7.3 59.1 59.2 7.3 7.3

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 B. 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.

50



Figures

A Time (min) C DSBU (mM)
0 1 5 10 15 30 60 90 0 001 01 05 1.0 5.0
MW MW
kDa kDa
(kDa) (kDa) : 5 o
i A A A IR YT
250 -
150 -
150 -
100- w= WD WD WD W W9 W TE 8 -M g0

75 - w— 75-
Lane 1 2 3 4 5 6 17 8

=]

[
[
(=

CYP102A1
(% of untreated)
n
(=]

CYP102A1
(% of untreated)

Monomer Monomer

0 1 1 1 1 1 1 L 1 1 0 1 1 " 1

0 30 60 90 0 2 4
Time (min) DSBU (mM)

Figure 2-1. 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
CYP102A1. (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.
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Figure 2-2. 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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Oxygenase

Figure 2-3. Structure of the CYP102A1 monomer derived from the cryo-EM model constructed

with the use of the crystal structure of the oxygenase and reductase domain, which contains the
FMN and FAD binding domains.

Backbone ribbon model of CYP102A1 is shown in grey and the 27A scale bar indicates the
accepted Cqo-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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Closed

Figure 2-4. Three conformations of the CYP102A1 homodimer identified in Cryo-EM structural
model.

Simplified models of the homodimer in its Closed, Open I, and Open II conformational states are
shown that represent conformations captured in recent cryo-EM studies of the enzyme [Su et al.,
2020].
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Inter-monomer crosslinks

AR

Figure 2-5. Crosslinks mapped to cryo-EM structural model of the CYP102A1 homodimer in
Closed (A and C) and Open II (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 Co-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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Figure 2-6. All five crosslinks that exceeded the distance restraint of the DSBU linker arm were
mapped to shortest distances in the open Il conformation of the CYP102A1 homodimer.

Monomers and cofactors are colored as in Figure 4. 27A scale bar indicates the accepted Co-Cq
distance restraint for the DSBU crosslinker.
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Chapter 3 Interprotein Interactions Within Calmodulin-Bound Neuronal Nitric

Oxide Synthase

Abstract

Neuronal nitric oxide synthase (nNOS) is a cytochrome P450 enzyme responsible for the
production of nitric oxide, an important neurotransmitter and signaling molecule, in the brain.
nNOS is tightly regulated through several mechanisms including the formation of a stable
homodimer and the association of calmodulin, which confers calcium dependence on nNOS
activity in vivo. Although crystal structures have been successfully resolved for calmodulin’s
interaction with its truncated binding helix of nNOS, interactions between calmodulin and full-
length functional nNOS are not known. Similarly, high-resolution structures have been resolved
of individual domains of nNOS, but it remains incompletely understood how these domains
interact within full-length nNOS in its native state. In this study, we utilized covalent
crosslinking and mass spectrometry (CXL-MS) to identify sites of interdomain and interprotein
interaction within the active nNOS:calmodulin multiprotein machinery. The nNOS:calmodulin
homodimeric complex was treated with an MS-cleavable crosslinker disuccinimidyl dibutyric
urea (DSBU) to produce a crosslinked complex containing both nNOS and calmodulin, which
was abolished in the absence of calcium. This crosslinked complex was isolated for analysis by
mass spectrometry, and thirteen unique crosslinks were identified between calmodulin and nNOS
and sixty-one were identified within nNOS. Crosslinks between CaM and nNOS dictate a close

proximity between CaM and the nNOS oxygenase domain as well as reductase domain. This
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high degree of interconnectivity suggests calmodulin interacts with both oxygenase and
reductase domains of nNOS in addition to its known binding helix between these domains.
Additional crosslinks between the nNOS oxygenase and reductase domains demonstrate that
both the FMN and FAD domains achieve a closer proximity to the oxygenase than previously
observed in structural studies. Intermolecular docking to satisfy crosslinks detected between
nNOS oxygenase and FMN domains positions the FMN domain adjacent to nNOS residue
W587, consistent with the previously proposed site of electron transfer to heme. These
experiments captured multiple interprotein interactions between domains of nNOS and between
nNOS and its regulator, calmodulin. These data enhance our understanding of the nNOS
holoenzyme’s structural arrangement in solution and provide evidence for novel target sites for

pharmacologic regulation of the nNOS:calmodulin multiprotein complex.

This section was written by D. Felker with significant intellectual contributions from Yoichi
Osawa. Technical assistance and methodological expertise were provided by Miranda Lau and
Yoshihiro Morishima. Intellectual contributions were provided by Haoming Zhang.
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Introduction

Nitric oxide (NO) is an important signaling molecule throughout the body, necessary for
regulation of vascular tone and neurotransmission [Meffert et al., 1994; Schmidt 1994; Ziche &
Mobidelli, 2000; Moncada & Higgs, 2006; Calabrese et al., 2007]. NO is a highly reactive
molecule that freely diffuses following its production. Because of this, NO is primarily regulated
through its production by nitric oxide synthase (NOS) enzymes. Three major isoforms of NOS
exist: neuronal, endothelial, and inducible. Each isoform is present in specific tissues and carries
out different physiologic functions through NO production. Development of isoform-specific
regulators of NOS enzymes is of great clinical interest; however, because of the strong structural
similarities across NOS isozymes the development of isoform-specific modulators has proved
challenging.

Neuronal nitric oxide synthase (nNOS) is expressed in neural and skeletal muscle tissues,
and is responsible for NO production in the brain. Dysregulation of NO production by nNOS is
implicated in aggressive behavior, migraine, stroke, and the development of neurodegenerative
diseases [Schmidt 1994; Zhang et al., 2006]. nNOS is an obligate homodimer composed of an N-
terminal heme-containing oxygenase domain and a C-terminal diflavin reductase domain
connected by a flexible linker. The association of the calcium-bound regulatory protein
calmodulin (CaM) with this linker region is necessary for enzyme function. Thus, CaM confers
calcium-dependence on nNOS activity in vivo.

For nNOS to complete enzymatic turnover, electrons are received from NADPH by the
FAD cofactor within the nNOS reductase domain. An intraprotein electron transfer then occurs
from FAD to FMN, and the FMN shuttles electrons to the active site heme of the opposing

nNOS monomer. CaM exerts regulatory control over several stages of this process. Previous
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studies have demonstrated that CaM plays a role in stabilizing FMN cofactor binding to its
domain on nNOS [Panda et al., 2013] and regulates intramolecular electron transfer from FAD to
FMN within the reductase domain [Matsuda & lyanagi, 1999; Guan & Iyanagi, 2003]. Most
notably, CaM is necessary for interprotein electron transfer to occur from FMN to heme [Panda
et al., 2001]. The interaction of CaM with NOS enzymes differs across isoforms, and is one of
the most isoform-specific mechanisms of NOS regulation. While the interaction between CaM
and its truncated binding helix on nNOS has been captured at high resolution by x-ray
crystallography, the interactions between CaM and other regions of the full-length nNOS remain
poorly understood.

Previous studies using negative stain- and cryoelectron microscopy (cryo-EM) have
shown that the nNOS:CaM homodimer samples a large conformational space that encompasses a
closed configuration with both oxygenase and reductase domains dimerized, and an extended
state with reductase domains hinged far apart [ Yokom 2014; Hanson 2018; Smith 2013]. With
numerous conformational states likely critical to biologic activity, studies examining the
interdomain dynamics of the full-length nNOS in multiple conformations are crucial in
understanding the mechanisms of electron shuttling through flavins to heme.

Covalent crosslinking and mass spectrometry (CXL-MS) is a highly sensitive method to
identify sites of protein-protein interaction. Recent advances in covalent crosslink design and
automated search algorithms allow high-confidence identification of crosslinked residues within
large multiprotein machineries [Gotze 2015; Arlt 2016; Iacobucci 2018; Iacobucci 2019]. CXL-
MS is optimal for the study of large and highly dynamic multiprotein complexes such as the
nNOS:CaM homodimer [Gong 2015], as this method samples the entire conformational suite of

proteins in their native state.
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We applied this versatile methodology to study protein-protein interactions within the
active nNOS:CaM complex. Our results show that CaM interacts with the oxygenase and
reductase domains of nNOS in addition to its well-known binding site between domains. We also
demonstrate that both components of the reductase come in closer proximity to the oxygenase
domain than previous structural models of the nNOS:CaM homodimer have captured. This
proximity brings both flavins closer to heme. These findings identify novel conformational states
of the nNOS:CaM complex and indicate that novel interdomain and interprotein interactions

occur within the nNOS:CaM conformational suite.
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Materials and Methods

Materials. Disuccinimidyl dibutyric urea (DSBU) (Lot UG281415) was purchased from
Thermo Scientific. Sodium chloride (Lot 16620) was from Fisher BioReagents. Anhydrous
DMSO (Lot SHBK9388), 2-mercaptoethanol (Lot SHBG9616V), HEPES (Lot SLBW4677),
ammonium bicarbonate (Lot 116K0130), and rabbit anti-nNOS antibody (N7155) were from
Sigma. The 10x Tris/Glycine/SDS (Lot 64343645), Bio-Safe Coomassie stain (Ctrl
BR03262020), 2x Laemmli (Lot 64315141), and 4-15% gradient SDS-PAGE gels (Lot
64362663) were purchased from Bio-Rad. Mouse anti-calmodulin antibody was from Millipore
(05-173, Lot 2829830). Goat anti-rabbit (926—32211) and goat anti-mouse (926—-68020) infrared
dye-conjugated antibodies were from Li-Cor.

Protein expression and purification. Full-length rat neuronal nitric oxide synthase
(nNOS) was expressed and purified as previously described [Clapp et al., 2010]. The purified
nNOS had a specific activity of 504 nmol NO/min/mg as assessed by the oxyhemoglobin method
described below. The expression vector for human calmodulin containing an N-terminal His6-
TEV tag was generously provided by John Tesmer (Purdue University, West Lafayette, IN).
Human calmodulin was overexpressed in E. coli, purified by nickel agarose chromatography,
and treated with TEV protease to remove the tag [Beyett et al., 2019].

nNOS activity measurement using oxyhemoglobin method. NO synthesis was
determined by measuring the NO-catalyzed conversion of oxyhemoglobin to methemoglobin
[Feelisch et al., 1996]. The nNOS (1.3 ug) was incubated with 100 uM CaCl,, 100 uM L-
arginine, 100 pM tetrahydrobiopterin, 100 units/ml catalase, 25 pM oxyhemoglobin, and an
NADPH-regenerating system consisting of 400 uM NADP+, 10 mM glucose 6-phosphate, and 1

unit/ml glucose-6-phosphate dehydrogenase, expressed as final concentrations, in a total volume
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of 180 pul of 50 mM Tris, pH 7.4. at 37°C. The rate of oxidation of oxyhemoglobin was
measured with a microtiter plate reader as described previously [Feelisch et al., 1996; Billecke et
al., 2004; Clapp et al., 2010].

Chemical crosslinking, SDS-PAGE, and western blotting. Purified nNOS (2 uM) was
mixed with calmodulin (1.3 mg/ml), 10 uM CaCl,, 10 uM tetrahydrobiopterin, and 0.1 mM
NaCl in total volume of 10 pl of HEPES, pH 7.35 for 5 minutes at 4°C. The mixture was treated
with the desired amount of DSBU, which was dissolved in anhydrous DMSO, at room
temperature with rotation. The DMSO concentration was 10% (v/v) of the total reaction mixture.
Reactions were quenched at the appropriate times with 2 pl of 0.5 M ammonium bicarbonate and
gently mixed for 5 minutes at 4°C before addition of an equal volume of 2x Laemmli Sample
Buffer containing 10% (v/v) 2-mercapotethanol. Samples were boiled for 5 minutes and aliquots
(15 pl) were submitted to SDS-PAGE on 4-15% gradient gels run for 45 minutes at 50
mAmps/gel. Gels were Coomassie 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 nNOS monomer and dimer were quantified by densitometric analysis with the
use of ImageStudio software (version 5.2).

Aliquots (7.5 pl) of the reaction mixtures were run on SDS-PAGE as above and further
analyzed by western blotting. Gels were transferred to Immobilon-FL PVDF membranes at 100V
for 2 hours in a Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). The membranes were
blocked for 30 minutes and then incubated with anti-nNOS (0.01% v/v) or anti-CaM (1.5 pg/ml)
at room temperature for 1 hour. The blots were washed and incubated with the appropriate IR-
tagged secondary antibody (0.4 pg/ml anti-rabbit and 0.2 pg/ml anti-mouse) for 1 hour. The IR

signal for nNOS and CAM were imaged with a LI-COR Odyssey Fc.
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Mass spectrometry and peptide assignment. Crosslinked protein samples were
separated by SDS-PAGE. Duplicate protein bands corresponding to CaM-bound dimeric nNOS
were submitted for in-gel trypsinolysis and subsequent analysis 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. MS datasets were analyzed with primary and secondary fragment mass deviations
of 10 and 50 ppm, respectively, with mass limits of 600-6000 Da and s/n ratio of 1.5. Score cut-
offs calculated for a False Discovery Rate (FDR) < 0.01% were applied as recommended in the
literature [lacobucci et al., 2017; Tacobucci & Sinz, 2019]. The MS/MS spectra were also
manually checked, as another layer of quality control, using MeroX.

Mapping of crosslinks onto three-dimensional models of nNOS. A cryo-EM based
structural model of the nNOS:CaM homodimer was used to guide in silico model construction
for crosslink analysis. Rigid-body fitting results of crystal structures of NOS heme, FMN, and
FAD domains [PDB 1RS9, 3HR4, 1TLL] into cryo-EM density of the nNOS homodimer
[EMDB 5940] were generously provided by Daniel Southworth at University of California San
Francisco [ Yokom et al., 2014]. Crystal structures of nNOS oxygenase and FMN domains [PDB
1ZVL, 1TLL750-051] were aligned with domains in this model using UCSF Chimera (Version
1.13.1) [Pettersen et al., 2014], and original iNOS domains were removed. Human calmodulin
[PDB 3HR4] was aligned to this structure using its included CaM-binding helix as a reference.
The CaM-binding helix of iNOS [PDB 3GOF] was oriented using the original NOS:CaM
structure as a reference and renumbered according to Blast alignments of iNOS and nNOS

sequences for the region, to allow visualization of the N-terminal portion of the alpha helix in the
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final model. Co-C, Euclidean distances were mapped to the resulting models and measured using
Chimera.

Crosslink-guided molecular docking of nNOS and CaM. Crystal structures of
dimerized nNOS oxygenase domains [PDB 1ZVL], reductase domain [PDB 1TLL], and full-
length calmodulin [PDB 3HR4] were obtained from the Protein Databank [Garcin et al., 2004;
Matter et al., 2005; Xia et al., 2009]. Truncated FMN domain residues 750-951 were isolated
from the reductase domain structure for docking. Water, heme, BHa, zinc, and Ca®* cofactors
were deleted from the structures. All structures were minimized using UCSF Chimera, then
uploaded as molecules in the HADDOCK online server (version 2.4-2021.05) [van Zundert et
al., 2015], with position of both chains of the oxygenase domain fixed at their original position
during initial docking to maintain the nNOS,xy dimerization interface. All interprotein (CaM-
nNOS) and interdomain crosslinks with residues present in these structures (Table 3-5 #3-5,8-10
and Table 3-6 #37,42,44) were input as ambiguous restraints to guide docking. In accordance
with the accepted 27 A C,-Co DSBU linker arm length [Piersimoni & Sinz, 2020], distances
between C, atoms were set with a range of 4-29 A. Number of partitions for random exclusion
was set to 2, causing random exclusion of 50% of the guiding crosslinks in each docking
iteration. Docking was performed with 1000 rigid body docking iterations, 200 semi-flexible

refinements, and 200 final refinements.
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Results

CaM addition to nNOS forms the active nNOS:CaM multiprotein complex. In this
study, we used purified nNOS that was shown by HPLC to be dimeric (data not shown). The
enzyme was activated by CaM in a concentration-dependent manner, as shown in Figure 3-1A.
We selected the lowest concentration of CaM that achieved maximal nNOS activation to use in
crosslinking experiments (red asterisk), to minimize nonspecific CaM association with nNOS
while ensuring our examination of the fully active CaM-bound nNOS. This nNOS:CaM complex
is dissociated by denaturing SDS-PAGE and western blotting (Figure 3-1B, Lane 1, M), giving
rise to a nNOS monomeric band migrating at 160 kDa without CaM. This indicates a
noncovalent association between proteins, as expected from the literature. Treatment of this
complex with DSBU results in the time-dependent crosslinking of CaM to nNOS. At early
reaction times (Lanes 2-3), CaM migrates at ~175 kDa, in accordance with formation of a 1:1
stoichiometric CaM:nNOS monomeric species. As crosslinking continues, the majority of CaM
is contained in a ~325 kDa species (Lanes 4-8) in accordance with inter-monomer crosslinking
within the nNOS dimer, with each monomer bound to CaM. While the weight of this species
appears low relative to the expected 354 kDa for the nNOS:CaM complex, analysis by a linear
sucrose gradient showed the crosslinked dimer elutes in the same fractions as the native CaM-
bound dimer (data not shown). Therefore, we denote this species as the crosslinked dimer (D).

The active nNOS:CaM complex is the dominant species formed by DSBU
crosslinking. As seen in Figure 3-2A, denaturing SDS-PAGE and Coomassie staining of this
complex results in a visible band migrating around 160 kDa, corresponding to the 160 kDa
nNOS monomeric species (Lane 1, M). Treatment of the complex with a 50-fold molar excess of

DSBU caused the time-dependent formation of a crosslinked product migrating around 325 kDa
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(Lanes 2-8, D), consistent with the crosslinked bands observed by western blot (Fig. 3-1B). As
seen in Figure 3-2B, densitometric analysis indicates formation of the crosslinked dimer (circles)
corresponding to a loss of the monomeric species (squares). The sum of monomer and dimer was
constant over the course of this shift, indicating that the monomer is converted stoichiometrically
to the crosslinked dimer product over time. The formation of crosslinked dimer is also dependent
on the concentration of DSBU, as shown in Fig. 3-2C (Lanes [-8). Similarly, dimer formation
appears to be stoichiometric (Fig. 3-2D).

To ensure the crosslinked product was not the result of nonspecific interactions in the
nNOS:CaM complex, crosslinking was carried out in the absence of nNOS, CaM, and calcium
(Figure 3-3). Crosslink of CaM alone did not give rise to crosslinked species within the
molecular weight range of the nNOS monomer or dimer bands (Lanes 1-2). In the absence of
CaM, crosslink of nNOS by DSBU formed a dimeric species at similar molecular weight to the
nNOS:CaM species identified in Figures 3-1B (Lanes 4-5) and 3-2A (Lanes 3-4). In the absence
of DSBU crosslinker, no nonspecific nNOS:CaM species formation was observed (Lane 5). The
crosslinked nNOS:CaM dimer was shown to contain both nNOS and CaM (Lanes 6-7, D), and
its formation was severely reduced in the presence of a calcium chelator EGTA (Lane 8, D). We
therefore conclude that the crosslinked species is the active nNOS:CaM complex.

High-resolution tandem mass spectrometric analysis of the nNOS:CaM homodimer.
We excised duplicate bands of the crosslinked nNOS:CaM dimer corresponding to the condition
represented in Fig. 3-3, Lane 7 (D) for analysis by mass spectrometry. Formation of this
crosslinked species has been shown to be time-, DSBU-, CaM-, and calcium-dependent (Figures

3-1 —3-3). Sites of crosslink formation within this species were identified as described in
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Methods and crosslinks bridging residues from CaM to nNOS within this sample are presented in
Table 3-1. Crosslinks bridging residues within nNOS are shown in Table 3-2.

As shown in Figure 3-4, when CaM-nNOS crosslinks are mapped to a linear
representation of the protein backbones (red lines), there is clear connectivity between
calmodulin and regions of nNOS outside the known CaM-binding helix (blue). In addition to
interactions with the CaM binding helix of nNOS, CaM formed one crosslink to the PDZ domain
(pink), five crosslinks to the nNOS oxygenase domain (red), one to the FMN domain (orange),
and two to the FAD domain (yellow).

Numerous crosslinks were also identified connecting domains within the nNOS (Fig. 3-4,
blue arcs). A large degree of connectivity was observed between the PDZ domain and oxygenase
domain, with 17 PDZ-oxygenase domain crosslinks detected. There was also one crosslink
between PDZ and the CaM-binding helix, and one from the PDZ to FAD domain. The
oxygenase domain showed the greatest level of connectivity with the CaM-binding helix and the
FMN domain. Interestingly, there were also two crosslinks from the oxygenase domain to the
FAD domain at the C-terminal portion of the protein. The FMN and FAD domains were
connected by two crosslinks.

Crosslinks between CaM and its binding helix on nNOS visualized using crystal
structures. Four crosslinks detected between CaM and its known binding helix were first
examined, as this protein-protein interaction has previously been well characterized. Three of the
four crosslinks involved nNOS residue K725, which has not previously been resolved in a crystal
structure. To address this, the corresponding portion of the CaM binding helix from iNOS [PDB
3GOF] was sequence-aligned and overlaid with the crystal structure of the human CaM-bound

iNOS [PDB 3HR4] as described in Methods. All crosslinks between CaM and the CaM binding
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helix are shown mapped to these combined crystal structures in Figure 3-5. Co-C, Euclidean
distances for each crosslink were measured using this structure; all mapped to distances that were
well within the accepted 27 A distance restraint for the DSBU linker arm.

PDZ domain crosslinks could not be interpreted using existing structural data.
While a crystal structure has been resolved of the truncated nNOS PDZ fold [Hillier et al., 1999],
none of the crosslinks detected within the nNOS PDZ domain bridged residues present in this
structure. Additionally, there are no structural data available regarding the 170-residue region
connecting the PDZ fold to the nNOS oxygenase domain. Thus, we could not map crosslinks
involving the PDZ domain (Table 3-2, #/-32) on existing structures. These crosslinks were
therefore omitted from structural analysis.

Crosslinks within the nNOS oxygenase domain interpreted using a crystal structure
of the dimerized oxygenase domains. Because the nNOS:CaM complex contains two nNOS
proteins and two CaM proteins, each crosslinked residue on nNOS or CaM is present in the
complex twice. In order to examine which configuration (within or across monomers in the
homodimer) was the appropriate orientation of each crosslink, we started by examining
crosslinks within the most well resolved dimer of the system: the nNOS oxygenase domain
dimer, for where there is a high-resolution crystal structure available [Matter et al., 2005]. We
arbitrarily assigned one nNOS monomer as o and the other as B for clarity. Given that the crystal
structure of the nNOS oxygenase domain dimer is asymmetric, all crosslinks within this domain
had four possible configurations within the structure: a-a, a-f, B-p, and p-a. The Cy-Co
Euclidean distance of each possible orientation of these crosslinks is presented in Table 3-3.
Values within the 27 A Cy-C,, distance cutoff for the DSBU linker arm are shown in bold within

this table; all crosslinks within the oxygenase domain mapped to distances within this cutoff in at
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least one configuration. Crosslinks mapped to the crystal structure in the configuration with the
shortest C,-C, distance for each monomer are presented in Figure 3-6A.

nNOS reductase domain crosslinks interpreted using crystal structures aligned to
cryo-EM density. To examine reductase domain crosslinks we applied a similar method, using a
cryo-EM based model of the nNOS:CaM homodimer. This model, generated as described in
Methods, contained individual nNOS domain crystal structures docked into a low-resolution EM
density map of the CaM-bound nNOS homodimer. The reductase domains from both monomers
were isolated from this model crosslinks were mapped as both intra- and inter-protein within the
reductase domain dimer, and results are reported in Table 3-4. Crosslinks mapped in the shortest
Cu-Cq configuration on this model are shown in Figure 3-6B. Two crosslinks involved residues
not present in the cryo-EM based model that were resolved in the crystal structure of the full-
length reductase domain in its shielded conformation [Garcin et al., 2004]. For these crosslinks
(#54-55), distance values could only be measured in an intra-monomer configuration within the
crystal structure and these are not mapped in Fig. 3-6B. Of all intra-reductase crosslinks
identified, only one (#57) mapped to a distance above the 27 A restraint for DSBU at 32.2 A
(Fig. 3-6B, red bars). This crosslinks bridges FMN and FAD domains, and is therefore affected
by reductase domain conformation. In the crystal structure of the reductase in its shielded
conformation this distance is shortened to 30.1 A.

CaM-nNOS crosslinks interpreted using the cryo-EM based structural model of the
CaM-bound nNOS homodimer. Crosslinks between CaM and the oxygenase and reductase
domains of nNOS could only be visualized using the cryo-EM based model of the full-length
nNOS:CaM homodimer. As with the intra-domain crosslinks discussed above, we measured the

Co-Cq Euclidean distance of each possible configuration of CaM-nNOS crosslinks in this larger
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structure in order to determine their appropriate configuration within or across monomers. These
distances are presented in Table 3-5. Crosslinks mapped from CaM, to nNOS at the shortest
possible distance are shown in Figure 3-7. All five crosslinks from CaM to nNOS oxygenase
domain were well above the 27 A restraint regardless of configuration (Fig. 3-7, red). One
crosslink to the FMN domain mapped to a distance that was compatible with the linker arm
length of DSBU (orange). The two remaining crosslinks between CaM and the nNOS FAD
domain are shown in yellow; both were above the restraint of the DSBU linker arm. Thus, all
CaM-oxygenase and CaM-FAD domain crosslinks were incompatible with the existing structural
model.

nNOS-nNOS interdomain crosslinks visualized using the cryo-EM based model of
the nNOS:CaM homodimer. The remaining subset of crosslinks, which bridged different
domains of nNOS, were also analyzed using the cryo-EM based holoenzyme structure. All
possible C,-C,, distances for these crosslinks are presented in Table 3-6. All nNOS-nNOS
crosslinks mapped to the homodimeric structure are presented in Figure 3-8, with intra-domain
crosslinks included in both monomers (b/ue) and inter-domain crosslinks shown once mapped to
the shortest possible distance (red). A large degree of connectivity between nNOS oxygenase
and reductase domains is represented by entirely trans-configured crosslinks.

Five crosslinks were observed between oxygenase and reductase domains of nNOS; three
of these five were between oxygenase and FMN domains, reflecting the increased interaction
between oxygenase and FMN domains relative to oxygenase-FAD. The large distances spanned
by all five oxygenase-reductase crosslinks on the current model of the homodimer demonstrate
the oxygenase domain achieves a closer proximity to the reductase than represented by the cryo-

EM model.
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Crosslink-guided intermolecular modeling of nNOS and CaM,. To determine
whether a different conformation of the nNOS:CaM would satisfy crosslinks that were not
compatible with the existing nNOS:CaM cryo-EM based model, crosslink-guided intermolecular
docking was performed using HADDOCK. Crystal structures of the nNOS oxygenase domain
dimer, FMN domain, and CaM were isolated from the cryo-EM model (Figure 3-9A) and
positioned using all crosslinks within these regions that were not compatible with the existing
structure (Figure 3-9B). The resulting configuration of CaM, and FMN, relative to the
oxygenase domain dimer is shown in Figure 3-9C. This configuration substantially shortened all
nNOS-CaM and nNOS oxygenase-reductase crosslinks relative to the existing model, and
satisfied all crosslinks between nNOS oxygenase and FMN domains. Only two of the crosslinks
between CaM and nNOS oxygenase domains were above the distance restraint in the resulting
model (#3 & #4), bridging 45.7 A and 31.8 A respectively. CaM interacted exclusively with
nNOS oxygenase, in the docking result, contacting nNOS along the proximal surface below the
opening to the substrate cleft.

The FMN cofactor (magenta) was oriented directly adjacent to the proposed site of
electron transfer suggested in the literature (Figure 3-9D, purple) [Tejero et al., 2010; Hanson et
al., 2018]. The distance between FMN and heme iron was shortened to 21.0 A in the docking
result, compared to 69.4 A in the cryo-EM model conformation. This is slightly above the
accepted distance for electron tunneling for this transfer [Moser et al., 2008; Stuchebrukhov,
2010; Tejero et al., 2010]. This configuration is therefore vastly more favorable for electron
transport than the configuration represented by cryo-EM density. It is likely that this FMN
configuration represents a conformational state close to that under which electron transfer from

FMN to the opposing heme occurs.
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Discussion

This study applied CXL-MS to investigate inter-domain and inter-protein interactions
within the nNOS:CaM multiprotein complex in its native state. By crosslinking with the MS-
cleavable reagent DSBU and carefully controlling reaction conditions, we were able to obtain a
dataset of high-confidence crosslinks capturing interactions within and across domains in nNOS,
along with crosslinks between nNOS and CaM. The crosslinks bridging residues within
previously resolved crystal structures of the nNOS oxygenase and reductase domains were
compatible with the conformations captured in those structures. Similarly, the crosslinks between
CaM and its binding helix within the nNOS linker mapped nicely to crystal structures of the
region.

Crosslinks between other domains of nNOS and CaM, as well as crosslinks between
oxygenase and reductase domains of nNOS, were examined using a low-resolution cryo-EM
based model of the homodimer, which is the only existing model of the full-length nNOS:CaM
complex. These crosslinks were incompatible with the spacing between the nNOS oxygenase
domains and both CaM and reductase as captured in the model. These crosslinks formed in a
conformational state with CaM in close proximity with the nNOS oxygenase domain, as well as
both flavin-containing reductase domains closer to the heme. Additional conformational states of
all three NOS isoforms observed by negative stain- and cryo-EM are consistent with the entire
reductase undergoing large conformational shifts relative to oxygenase domains [Zhou & Zhu,
2009; Feng et al., 2014; Campbell et al., 2014].

To model the conformation under which the crosslinks between nNOS oxygenase and
both FMN and CaM formed, intermolecular docking was used with crosslinks guiding protein

orientation. The predicted configuration of CaM and FMN domain in relation to the nNOS
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oxygenase domain from this docking model (Figure 3-9D) includes very limited direct contact
between the oxygenase domain and CaM. CaM localizes below the opening to the substrate cleft
in the oxygenase domain, burying nNOS surface residues R299-K302, Q500, E503, Q507, Q508,
and V715. A CaM-induced shielding of the R299-K302 segment was detected by HDX studies
of the iNOS oxygenase domain; however, no CaM-induced shielding or deshielding in any of
these residues was observed in the neuronal isoform [Smith et al., 2013; Hanson et al., 2018].
This may indicate a transient association of CaM with the nNOS oxygenase was captured by the
crosslinking, or perhaps the crosslinks reflect CaM occupying a close proximity with the nNOS
oxygenase without direct protein-protein contact.

The position of FMN domain and bound cofactor in the docking result is consistent with
the location of electron transfer from FMN to opposing heme surrounding W587, as proposed
previously in mutagenic and HDX studies [Tejero et al., 2010; Hanson et al., 2018]. The residues
buried within the FMN domain interaction interface in the docking model include segment
Q420-K423, which was heavily deshielded in response to CaM binding and which is the
proposed lower “lip” of the heme access point for electron transfer [Hanson et al., 2018]. While
we do not propose the docking configuration acquired here is the precise electron transfer
configuration of the oxygenase-FMN complex, it represents a transient conformation of the
nNOS with FMN vastly closer to heme (21.0 A) than in the conformation captured by cryo-EM
(69.4 A).

The connectivity observed in these experiments between nNOS oxygenase and reductase
domains is highly consistent with the proposed FMN domain configuration for electron transfer
to heme, and demonstrate that additional conformations of the nNOS:CaM complex occur in

solution with both flavins closer to heme than captured by current structural models. We also
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showed that CaM is in close proximity to the nNOS oxygenase domain in addition to its well-
documented interaction with the CaM-binding helix in the nNOS linker region. These
experiments improve our understanding of the interdomain and interprotein interactions that
occur within the nNOS:CaM complex in its native state, and identify potential sites of
interprotein interaction to serve as targets for pharmacologic control of the enzyme. More study
is needed to determine whether these sites of interprotein interaction serve a regulatory function,

and whether there are isoform-specific characteristics of these sites across NOS isozymes.
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Tables

Table 3-1. Crosslinks identified between CaM and nNOS following treatment with DSBU.

CaM Residue  nNOS Residue  Peptide 1 Peptide 2 m/z
K22 K725 EAFSLFDKDGDGTITTK GTNGTPTKR 743.869
T30 K733 EAFSLFDKDGDGTITTK KLAEAVK 700.371
T35 K613 DGDGTITTKELGTVMR KMDLDMR 943.779
K95 Y604 EAFRVFDKDGNGYISAAELR YNILEEVAK 883.697
K95 K771 VFDKDGDGYISAAELR SQAYAKTLCEIFK 878.193
K95 S1077 VFDKDGDGYISAAELR NTALGVISNWKDESR 910.712
Y100 K1080 VFDKDGDGYISAAELR NTALGVISNWKDESR 911.207
T111 K302 HVMTNLGEKLTDEEVDEMIR FLKVK 797.916
T111 K469 HVMTNLGEKLTDEEVDEMIR TDGKHDFR 706.943
K116 K469 HVMTNLGEKLTDEEVDEMIR TDGKHDFR 883.176
K116 K725 HVMTNLGEKLTDEEVDEMIR GTNGTPTKR 872.68
T118 K38 LTDEEVDEMIR ERVSKPPVIISDLIR 1089.578
T118 K725 HVMTDLGEKLTDEEVDEMIR GTNGTPTKR 872.68
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Table 3-2. Crosslinks identified within nNOS following DSBU treatment.

# Residue 1 Residue 2 Peptide 1 Peptide 2 m/z

1 *Ml K38 *MEENTFGVQQIQPNVISVR VSKPPVIISDLIR 956.023

2 K24 K229 KVGGLGFLVK AEMKDTGIQVDR 644.606

3 K24 K242 KVGGLGFLVK DLDGKSHK 528.803

4 K24 S368 KVGGLGFLVK EFLDQYYSSIKR 691.381

5 K33 S140 VGGLGFLVKER AVDLSHQPSASKDQSLAVDR 699.577

6 K33 K188 VGGLGFLVKER STKANLQDIGEHDELLK 657.159

7 K33 K225 VGGLGFLVKER GGPAKAEMK 565.316

8 K33 5243 VGGLGFLVKER SHKAPPLGGDNDR 684.118

9 K33 K302 VGGLGFLVKER FLKVK 501.808
10 K33 K452 VGGLGFLVKER YATNKGNLR 602.339
11 K33 K732 VGGLGFLVKER AIGFKK 509.055
12 S215 K229 EIEPVLSILNSGSKATNR AEMKDTGIQVDR 872.208
13 K225 K302 GGPAKAEMK FLKVK 430.249
14 K225 K469 GGPAKAEMK TDGKHDFR 515.509
15 K229 5243 AEMKDTGIQVDR SHKAPPLGGDNDR 585.091
16 K229 K406 AEMKDTGIQVDR DTELIYGAKHAWR 780.144
17 K229 K1320 AEMKDTGIQVDR EPDRPKK 607.565
18 K242 S367 DLDGKSHK EFLDQYYSSIKR 661.586
19 S243 K245 SHKAPPLGGDNDR DLDGKSHKAPPLGGDNDR 690.942
20 K245 K245 SHKAPPLGGDNDR SHKAPPLGGDNDR 731.364
21 K245 K302 SHKAPPLGGDNDR FLKVK 439.443
22 K245 K344 SHKAPPLGGDNDR KPEDVR 576.294
23 K245 K370 SHKAPPLGGDNDR EFLDQYYSSIKR 622.511
24 K245 K620 SHKAPPLGGDNDR KTSSLWK 602.817
25 S280 K302 EQSPTSGK FLKVK 416.484
26 T282 K302 EQSPTSGK FLKVK 554.976
27 K285 T289 EQSPTSGKQSPTK EQSPTSGKQSPTK 736.870
28 8287 K302 EQSPTSGKQSPTK FLKVK 735.406
29  T289 K302 EQSPTSGKQSPTK FLKVK 441.647
30 T289 K370 EQSPTSGKQSPTK EFLDQYYSSIKR 780.393
31 K290 K302 QSPTKNGSPSR FLKVK 497.781
32 8295 K302 NGSPSR FLKVK 483.270
33 K302 K344 FLKVK KPEDVR 393.986
34 K302 T724 FLKVK GTNGTPTKR 588.003
35 K302 K725 FLKVK GTNGTPTKR 441.253
36 K302 K733 FLKVK KLAEAVK 530.002
37 K302 K932 FLKVK TWAKK 488.300
38 K344 K469 KPEDVR TDGKHDFR 479.244
39 K351 Y394 TKDQLFPLAK LEEVNKEIESTSTYQLK 842.701
40 K351 K469 TKDQLFPLAK TDGKHDFR 467.050
41 K370 K406 EFLDQYYSSIKR DTELIYGAKHAWR 826.670
42 K406 K842 DTELIYGAKHAWR SYKVR 602.573
43 K406 S1410 DTELIYGAKHAWR LRSESIAFIEESK 816.675
44 K452 K842 YATNKGNLR SYKVR 471.759
45 K452 K1302 YATNKGNLR NKGVFR 488.770
46 K469 K725 TDGKHDFR GTNGTPTKR 701.682
47 K550 K620 HPKFDWFK KTSSLWK 538.037
48 K555 K613 FDWFKDLGLK KMDLDMR 593.802
49 K612 K620 YNILEEVAKK KTSSLWK 563.565
50 K620 K660 KTSSLWK VTIVDHHSATESFIKHMENEYR 738.373
51 T724 K732 GTNGTPTKR AIGFKK 597.667
52 K725 K733 GTNGTPTKR KLAEAVK 629.352
53 K778 K932 TLCEIFKHAFDAK TWAKK 602.818
54 S833 K856 HPNSVQEER KSSGDGPDLR 581.284
55 K842 S857 SYKVR SSGDGPDLR 584.299
56 K856 K1320 KSSGDGPDLR EPDRPKK 524.775
57 K932 S1083 TWAKK NTALGVISNWKDESR 840.112
58 K932 Y1135 TWAKK LLVLSKGLQEYEEWK 666.869
59 K989 S1077 LTYVAEAPDLTQGLSNVHKK NTALGVISNWKDESR 814.830
60 K989 S1083 LTYVAEAPDLTQGLSNVHKK NTALGVISNWKDESR 814.629
61 Y1292 K1321 IDHIYREETLQAK KYVQDVLQEQLAESVYR 1293.658

*Crosslink formed to N-terminal amine of residue M1.
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Table 3-3. C,-C, Euclidean distances of crosslinks detected within the nNOS oxygenase domain
mapped in each possible configuration to the crystal structure of the nNOS oxygenase domain
homodimer.

Crosslink Identity Crosslink Configuration
a-a o-p B-p p-x
# Residue 1 Residue 2 Ca-Ca Distance (A)

33 K302 K344 35.1 19.8 33.7 18.2
38 K344 K469 16.8 60.5 17.4 58.9
39 K351 Y394 10.0 62.5 10.5 62.2
40 K351 K469 16.0 67.1 17.9 65.5
41 K370 K406 17.6 60.1 17.4 60.0
47 K550 K620 25.7 16.2 25.6 16.2
48 K555 K613 11.5 28.4 11.7 28.5
49 K612 K620 13.8 28.0 13.4 28.1
50 K620 K660 40.8 194 40.6 194

Crosslinks that satisfied the DSBU distance restraint are shown in bold.
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Table 3-4. Cy-C, Euclidean distances of crosslinks detected within the nNOS reductase domain
mapped in each possible configuration to the cryo-EM based model of the reductase domain
homodimer.

Crosslink Identity Crosslink Configuration
a-o a-p B-p p-a
# Residue 1 Residue 2 Ca-Ca Distance (A)

53 K778 K932 13.3 57.1 13.3 57.1
54 S833 K856 *19.3 NS *19.3 NS
55 K842 S857 *25.6 NS *25.6 NS
56 K856 K1320 NS NS NS NS
57 K932 S1083 32.2 44.7 32.2 44.7
58 K932 Y1135 12 66.6 12 66.6
59 K989 S1077 28.1 16.2 28.1 16.2
60 K989 S1083 12 25.5 12 25.5
61 Y1292 K1321 19.3 111.4 19.3 111.4

Crosslinks that satisfied the DSBU distance restraint are shown in bold.
*Structural information only available in crystal structure 1 TLL, not resolved in cryo-EM based reductase dimer.
NS = No structural information available for one or both residues.
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Table 3-5. Cyo-C, Euclidean distances of CaM-nNOS crosslinks mapped in each possible
configuration to the cryo-EM based model of the nNOS:CaM homodimer.

Crosslink Identity CaM-nNOS Crosslink Configuration

Ca-Na Coa-Np Cp-Np Cp-Na

# CaM Residue CaM Lobe nNOS Residue nNOS Domain Ca-Ca Distance (A)
1 K22 N-Lobe K725 CaM Helix 14.7 34.0 14.7 34.0
2 T30 N-Lobe K733 CaM Helix 21.3 45.6 21.3 45.6
3 T35 N-Lobe K613 Oxygenase 100.1 97.9 100.2 97.5
4 K95 C-Lobe Y604 Oxygenase 72.9 67.7 73.1 67.2
5 K95 C-Lobe K771 FMN 16.1 38.7 16.1 38.7
6 K95 C-Lobe S1077 FAD 34.0 33.7 34.0 33.7
7 Y100 C-Lobe K1080 FAD 46.2 47.1 46.2 47.1
8 TI11 C-Lobe K302 Oxygenase 53.2 54.5 52.5 55.3
9 TI11 C-Lobe K469 Oxygenase 56.4 61.2 58.0 59.7
10 K116 C-Lobe K469 Oxygenase 54.9 63.7 56.5 62.2
11 K116 C-Lobe K725 CaM Helix 11.8 23.0 11.8 23.0
12 T118 C-Lobe K38 PDZ NS NS NS NS
13 T118 C-Lobe K725 CaM Helix 134 25.3 13.4 25.3

Crosslink configurations mapped in Figure 5 have underlined distance values above.
Crosslinks that satisfied the DSBU distance restraint are shown in bold.
NS = No structural information available for one or both residues.
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Table 3-6. Cy-C, Euclidean distances of nNOS-nNOS crosslinks mapped in each possible
configuration to the cryo-EM derived model of the nNOS: CaM homodimer.

Crosslink Identity Crosslink Configuration
- a-p B-p p-a
# Residue 1 Residue 2 Ca-Ca Distance (A)

34 K302 T724 NS NS NS NS
35 K302 K725 61.9 58.1 61.4 59.1
36 K302 K733 46.1 49.6 45.6 50.5
37 K302 K932 61.2 74.3 60.4 73.8
42 K406 K842 83.4 73.1 82.7 72.4
43 K406 S1410 88.8 85.8 88.1 85.0
44 K452 K842 104.2 85.7 103.3 85.6
45 K452 K1302 153.8 132.0 153.0 131.6
46 K469 K725 52.5 72.7 54.1 74.2
47 K550 K620 25.7 16.2 25.6 16.2
48 K555 K613 11.5 28.4 11.7 28.5
49 K612 K620 13.8 28.0 13.4 28.1
50 K620 K660 40.8 19.4 40.6 19.4
51 T724 K732 NS NS NS NS
52 K725 K733 18.6 35.5 18.6 35.5

Crosslinks that satisfied the DSBU distance restraint are shown in bold.
NS = No structural information available for one or both residues.
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Figure 3-1. Calmodulin activates and crosslinks to nNOS.

(A), nNOS (2 uM) was incubated for 5 minutes at 4°C with increasing concentrations of CaM in
the presence of CaCl, (10 uM) and BH4 (10 uM). Aliquots (1.28 pg) of the nNOS:CaM mixtures
were removed and nNOS activity was measured as described in Methods. Red asterisk indicates
the condition selected for maximal nNOS:CaM assembly without excess CaM. Mean + SD for
n=3 replicates is presented. (B), nNOS (2 uM) was mixed for 5 minutes at 4°C as described in
(A) with 1.34 ng/uL CaM (red asterisk, panel A), then treated with 0.1 mM DSBU at room
temperature for the described time. Samples were quenched using ammonium bicarbonate and
aliquots were examined by SDS-PAGE. The presence of nNOS (red) and CaM (green) were
determined by protein-specific western blot. D, crosslinked dimeric nNOS:CaM; M, monomer of
nNOS.
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Figure 3-2. Formation of crosslinked nNOS:CaM dimer after treatment with DSBU.

(A), Time-dependent formation of crosslinked nNOS:CaM dimeric species after treatment with
DSBU. Dimeric nNOS (2 pM) was preincubated for 5 minutes at 4°C with CaM (1.34 pg/pl) in
the presence of CaCl, (10 uM) and BH4 (10 pM) before treatment with 0.1 mM DSBU for the
indicated duration. Aliquots (3 pg) of the reaction mixtures were submitted to SDS-PAGE and
stained with Coomassie Blue as described in Methods. D, crosslinked nNOS:CaM dimer; M,
monomer of nNOS. (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 nNOS:CaM dimer is dependent on the concentration of DSBU. nNOS (2 uM) was
preincubated as in (A), treated with the indicated concentrations of DSBU for 10 min, and the
reaction mixtures were analyzed as in (A). (D), Quantification of bands seen in (C). The amount
of dimeric nNOS:CaM (closed circles), monomeric nNOS (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.

&9



nNOS  C - + 4

CaM + + - -
EGTA - - - - - - -+
DSBUmM) 0 0.1 0 0.1 0 0.05 0.1 0.1
MW
(kDa)

}o
I m

250 -

150 -

Lane 1 2 3 4 5 6 7 8

Figure 3-3. Formation of crosslinked nNOS:CaM dimer is CaM- and calcium-dependent.

nNOS (2 uM) was preincubated as described in Figure 3-2 in the presence or absence of 1.34
pg/pul CaM and 50 uM EGTA. Samples were then treated for 10 minutes with indicated
concentrations of DSBU, quenched using ammonium bicarbonate, and aliquots were examined
by SDS-PAGE. The presence of nNOS (red) and CaM (green) were determined by protein-
specific western blot as described in Methods. D, crosslinked dimeric nNOS:CaM; M, monomer
of nNOS.
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149 1

Figure 3-4. Crosslinks identified in the nNOS:CaM complex are shown in relation to the
sequence of each protein.

Crosslinks that bridged two residues within the nNOS protein are displayed as blue arcs, and
crosslinks between residues on both nNOS and CaM are shown in red. Domains are indicated

along the nNOS backbone. CaM is colored light and medium green corresponding to its C- and
N-lobes.
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Figure 3-5. CaM-nNOS crosslinks mapped to crystal structures of CaM bound to the nNOS
CaM-binding helix.

Crosslinks between calmodulin and its binding helix on nNOS mapped to overlaid existing
crystal structures of the region [3HR4, 3GOF] renumbered corresponding to nNOS sequence as
described in Methods. CaM in shown in green, nNOS in grey, calcium in purple, and crosslinks
as blue bars. nNOS residues involved in crosslinks are indicated.
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Figure 3-6. nNOS-nNOS crosslinks mapped to structures of the nNOS oxygenase and reductase
domain dimers.

(A), Crosslinks bridging residues within the nNOS oxygenase domain are mapped to the crystal
structure of the oxygenase domain dimer [PDB 1ZVL]. nNOS monomers arbitrarily assigned as
a and B are colored in light and dark grey respectively. Prosthetic heme is shown in red,
tetrahydrobiopterin in green, and zinc in magenta. Crosslinks all mapped to distances within the
27 A linker restraint and are shown as blue bars. Crosslinks that mapped to the shortest distance
in the inter-protein configuration are marked with a red asterisk (*). Residues involved in
crosslinks are labeled. (B), Crosslinks detected within the nNOS reductase domain are shown
mapped to the cryo-EM based model of the reductase domain dimer. Monomers are colored as in
(A). Crosslinks that mapped to distances within the 27 A linker restraint are shown as blue bars;
crosslinks bridging longer distances are shown as red bars. FMN cofactor is shown in orange,
FAD in yellow, and NADP+ in blue.
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Figure 3-7. CaM-nNOS crosslinks mapped to cryo-EM based structural model of the
nNOS:CaM homodimeric complex.

A cryo-EM derived model of the nNOS homodimer was generated as described in Methods.
nNOS monomers arbitrarily assigned as a and p are colored in light and dark grey respectively
within the EM density (shadowed outline). CaM is shown in green. All crosslinks between
CaMa and nNOS are shown mapped to their shortest possible distance on the model. Crosslinks
between CaM and the nNOS oxygenase domain are shown in red, CaM and its binding helix in
blue, CaM-FMN in orange, and CaM-FAD in yellow. Cofactors are colored as in Figure 3-6, and
calcium ions are shown in purple.
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Figure 3-8. nNOS-nNOS crosslinks mapped to the cryo-EM based model of the nNOS
homodimer.

Crosslinks identified between nNOS residues are shown mapped to the cryo-EM based model of
the nNOS homodimer. Crosslinks that bridged Co-C« Euclidean distances of 27 A or less are
shown as blue bars on both monomers within the dimer. Crosslinks that mapped to distances
greater than 27 A are shown as red bars, mapped only in one monomer to the shortest possible
distance. nNOS monomers and cofactors are colored as in Figure 3-6.
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Figure 3-9. Crosslink-guided intermolecular docking of CaM and nNOS.

(A), Crystal structures of the nNOS oxygenase domain dimer, nNOS FMN,, and CaM were
isolated from the cryo-EM based model of the homodimer. (B), All crosslinks between
oxygenase domains, FMN, and CaM were used as restraints to guide docking. These nine total
crosslinks are shown mapped as red lines to the structures configured according to the cryo-EM
based model of the nNOS:CaM homodimer. HADDOCK was used to perform docking as
described in Methods. (C), The result of crosslink-guided docking of CaMq and FMN¢ to the
nNOS oxygenase domain dimer. Oxygenase domains for monomers o and 3 are shown in light
and dark grey, respectively. CaM is shown in green and FMN domain in yellow. The nNOS
CaM binding helix corresponding to CaMg is shown in blue, aligned within the CaM docking
result according to crystal structure PDB 3HR4. Prosthetic heme is shown in red, calcium in
purple, FMN in magenta, and BH4 in green. All crosslinks used to guide the docking experiment
are shown mapped to the docking result as blue bars (27 A or less) or red bars (> 27 A). (D),
Close-up view of the FMN and hemeg from the rotated angle portrayed in (E). Residues that
were previously proposed to make up the lower lip of the heme access point [Hanson et al.,
2018] are shown in purple.
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Chapter 4 Discussion

Contributions

This dissertation research captured transient conformations during structural fluctuations
of self-sufficient P450 enzymes in their native states. This work addressed the knowledge gap
left by structural analysis of enzymes captured in single conformations, such as x-ray
crystallography or cryoelectron microscopy. Novel interactions were identified in this work
between reductase and oxygenase domains of both CYP102A1 and nNOS, which likely capture
the transient conformational states required for enzyme function. The self-sufficient P450
systems used in this research have proven to be excellent model systems for understanding
human P450 function. Strong structural and sequence similarities have been established between
the oxygenase domains of CYP102A1, nNOS, and human microsomal P450 systems; similarly,
similarities between the reductase domains of these self-sufficient systems and their human
cytochrome P450 reductase (CPR) counterpart has been noted in the literature. These studies can
therefore serve as models for understanding how human P450 enzyme components interact

during conformational shifts necessary for electron transfer and subsequent catalysis.

Methodological advances

In the course of this dissertation research, I discovered several areas in the CXL-MS
workflow where quality could be improved and sources of error minimized. I have optimized
these major steps in the process from the reaction of proteins with a covalent crosslinker, to

selecting samples for MS analysis, and interpretation of crosslink configuration across protein
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monomers. These improvements increase both the fidelity of structural data and the applicability

of CXL-MS findings.

Effective crosslinking reaction quenching is critical. In a large portion of the literature
applying MS-cleavable crosslinks to protein systems, crosslinkers are quenched by methods I
discovered to be inadequate. For example, DSBU quenching with Tris is widely cited in the
literature [Jacobsen et al., 2006; Tacobucci et al., 2018; Klykov et al., 2018; Pan et al., 2018;
Schiéfer et al., 2018; Zhou et al., 2018; Zimmermann et al., 2020]. However, in early studies
performed in this dissertation research, a Tris quench was demonstrated via SDS-PAGE to be
insufficient to prevent DSBU-induced formation of dimeric species via SDS-PAGE. As shown in
Figure 4-1, addition of DSBU in the presence of pre-mixed Tris quench still caused the
formation of covalently linked CYP102A1 dimers. This is of concern as numerous studies
following the original method put forward by Iacobucci et al. (2018) have utilized Tris quench
with MS-cleavable amine-reactive crosslinkers such as DSBU without a control condition
demonstrating that an effective quenching of the crosslinking reaction had occurred. Some
studies skip the quench entirely, simply adding sample buffer to protein systems while
crosslinking reagent is present [Schéfer et al., 2018; Bellia et al., 2019]. In these scenarios as
proteins denature, nonspecific crosslinks may form as residues that are not solvent-accessible in
the protein’s native state. This then causes previously protected residues to be become available
for reaction with the un-quenched crosslinker and alters the protein’s conformation. These
methods allow crosslinking reactions to proceed in an uncontrolled window during protein
unfolding. Consequently such procedures have a higher probability of containing inter-residue
connectivity that would not be possible in the protein’s native conformation, effectively

misrepresenting the protein’s native state.
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Controlling crosslinking reactions improves data quality. Decades of the crosslinking
literature contain instances whereby crosslinking reactions have been allowed to proceed to near-
total crosslinked product formation as determined by SDS-PAGE. These conditions would be
best exemplified by the saturating conditions shown in Figure 4-2A, Lane 8 (red asterisk), where
over 75% of the original CYP102A1 in the reaction was contained in the crosslinked dimer band
(Fig. 4-2B). In my research, it became clear that while this process does generate the maximum
amount of crosslinked protein in samples, it also leads to numerous spurious crosslinks formed
either nonspecifically across protein complexes due to random collisions in solution or through
initial crosslinking “trapping” proteins in conformations not representative of their native
conformational state. Once trapped, subsequent crosslink formation within this non-native
conformation increases the artificial interconnectivity. An example of this can be seen in Figure
4-2C, which illustrates a number of biologically improbable crosslinks formed in CYP102A1
(red bars) from dimeric sample acquired following 30-minute reaction with DSBU (Fig. 4-2A,
black box). This condition was far from the near-complete conversion to dimer typically
employed in the crosslinking field, and yet 1/3 of the total crosslinks detected were incompatible
with all preexisting structural data on CYP102A1. It is possible the crosslinks seen in red are
representative of a never-before-captured conformational state of the CYP102A1 homodimer.
However, it is probable that the large numbers of parallel crosslinks between the oxygenase and
FAD domains in this sample are due to the homodimer being trapped with these domains in
tighter proximity due to crosslinking reactions proceeding unchecked. This contention is
reinforced by the fact that these crosslinks did not repeat in samples quenched 15 minutes earlier,
even by manually searching at levels below the signal/noise cutoff required for a “hit” within MS

data.

99



The high percentage of spurious crosslinks present in sample with only ~60% of protein
crosslinked to dimeric product indicates that a concerning number of non-representative
crosslinks in samples analyzed from more saturating reaction conditions (similar to Fig. 2-1A
Lane 8) are likely to be commonly presented in the literature. In our studies, limiting the
crosslinking reaction to within the linear range of crosslinked product band formation (Figure 2-
1A, Lane 4) effectively abolished this issue, resulting in a dataset of highly specific and
reproducible crosslinks that were in agreement with orthogonal structural information. As the
application of CXL-MS shifts from questions of whether proteins interact to where proteins
interact, the fine-tuning of reactions to capture proteins in their native state becomes more
relevant. Carefully controlling the crosslink reaction conditions is key to capturing proteins in
their endogenous state, and it is essential to validate this conjecture with other structural

information when available.

Crosslink interpretation within homodimeric protein complexes requires
complementary structural data. The second chapter of this dissertation work included a detailed
evaluation of the subtractive method of crosslink assignment when evaluating homodimeric
protein complexes. In it, we show that separation by SDS-PAGE before MS analysis was
insufficient to separate inter-monomer from intra-monomer crosslinks. A surprising finding in
this research was that crosslinks identified in the monomeric band were not consistently
reproduced within the dimeric species; this may be due to conformational trapping by the
crosslinker, leading to differential crosslink patterns in complexes once inter-monomer
crosslinks were formed. Similarly surprising, some intra-monomer crosslinks within the dimer
were not detected in the monomeric band. Whether due to biologically relevant conformational

differences between these species or artefactual conformations induced by crosslinking, this
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phenomenon reinforces our finding that subtracting monomeric from dimeric sample alone is
insufficient to appropriately assign crosslinks as intra- versus inter-monomeric in configuration.
Instead, integration of structural data from complementary methodologies such as cryo-EM and
crystallography are necessary for appropriate assignment of crosslinks in these datasets. The
CXL-MS methodology is therefore most effectively applied as a complementary technique to
achieve high-fidelity structural information regarding the movement of homomeric protein

systems that have been structurally resolved by other methods.

Commonalities found in dissimilar self-sufficient III P450 systems

Crosslinks in CYP102A1 and nNOS are consistent with the proposed FMN shuttling
model of electron transfer. The crosslinking studies in this dissertation research validate the
proposed model of self-sufficient P450 interdomain interactions: i.e., that FMN domains shuttle
electrons from the intra-protein FAD domain to the active site heme of the opposing monomer.
This is indicated in both CYP102A1 and nNOS by the high degree of connectivity observed
between the FMN domain and both oxygenase and reductase domains of each system. In order to
satisfy all crosslinks detected in these systems, the FMN domain would need to directly contact
both oxygenase and reductase domains within its conformational suite; however contacting both
at once is unlikely according to existing structural data. Thus, the accepted model of FMN
mobility between adjacent domains is supported strongly in this research. With only two
crosslinks between FMN and oxygenase domains detected in CYP102A1 that were incompatible
with existing structures, triangulating the site of interprotein contact between these domains
using crosslinks is likely to be inaccurate [Bullock et al., 2018]. We therefore cannot identify a
precise site of interaction between these domains of CYP102A1 from this research. With more

intermolecular crosslinks to guide docking, studies examining the nNOS:CaM complex can go
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further. Crosslink-guided docking of the FMN and oxygenase in this complex is consistent with
FMN domain contacting the oxygenase around oxygenase residue W587 behind the substrate
cleft. Although the point of electron transfer cannot be compared across the two self-sufficient
P450s examined here, the trajectory of FMN domain appears to be conserved en route to electron

transfer.

Oxygenase-FAD domain crosslink formation in CYP102A1 and nNOS. In addition to
the expected oxygenase-FMN interconnectivity observed in both enzyme systems, both nNOS
and CYP102A1 also underwent oxygenase-FAD domain crosslink formation. This suggests that
FAD domain movement toward oxygenase domains occurs during the conformational cycle of
both enzymes along with the expected shuttling movement of the FMN domain. The proximity
captured by these crosslinks between the oxygenase domain and both reductase domain
components of CYP102A1 and nNOS is a surprising finding: although we cannot determine
from these studies alone whether this interconnectivity is indicative of direct interdomain
contact, it is clearly evident that the FAD domains of self-sufficient P450s experience more
orientations relative to oxygenase than previously thought. Direct surface interaction between
FAD and oxygenase domains, if confirmed by orthogonal structural methods, would be a novel

site of interprotein contact within these complexes.

Crosslink-guided modeling of both enzymes brings flavins closer to heme. In order to
examine what conformations were indicated by the oxygenase-reductase domain crosslinks
captured in both studies, crosslink-guided intermolecular docking was used [van Zundert et al.,
2015]. In these experiments, crosslink distance restraints were used to guide the configuration of
domains relative to each other during molecular docking. This method is described in detail in

the Chapter 3 Methods. The crosslink-guided docking result of CYP102A1 reductase domain
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relative to the oxygenase domain is shown in Figure 4-3A. As seen in panel B, in order to satisfy
oxygenase-FAD domain crosslinks the FAD moiety (b/ue) is shifted upward and toward the
proximal side of the oxygenase domain away from the opposing reductase. This shift, shown in
high resolution in Figure 4-3C, brings the FMN domain into close proximity with the opposing
oxygenase. The position of the FMN cofactor in the open II conformation relative to this
crosslink-guided model is presented in panel D. The FMN cofactor in the modeled structure
(orange) is positioned at the edge of the FMN domain, rotated toward the opposing oxygenase
(grey) and active heme (red). This places the FMN 13.3 A from the iron center of the prosthetic
heme, in contrast with the FMN position in the open II structure’s 16.8 A distance. This
modeling result orients the FMN in a more favorable position for electron transfer from FMN to
heme, and brings both flavins closer to heme than in cryo-EM based structures of the

homodimer.

Similar modeling of the nNOS interdomain configuration that best satisfied crosslinks
acquired in the nNOS:CaM complex was performed in Chapter 3. The result is shown in Figure
3-9D. The modeling result placed CaM in direct contact with the base of the nNOS oxygenase
domain, identifying a novel interprotein interaction within the nNOS:CaM complex. This result
also shortened the FMN-heme Euclidean distance to within one third of the 69.4 A value from
the cryo-EM based model. This conformation is much closer to being capable of facilitating
electron transfer than the existing cryo-EM based model of the homodimer. While it should not
be interpreted as the model for interdomain interaction during electron transfer, it serves as a
useful intermediate in understanding the trajectory of the nNOS FMN domain between
intraprotein FAD-FMN electron transfer and interprotein FMN-heme transfer. As seen with

CYP102A1, having models of multiple conformations of highly flexible proteins greatly
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enhances our understanding of the interdomain mechanics necessary for enzyme function. My
application of the CXL-MS method helps to build models of additional conformational states,

thus enhancing our understanding of domain trajectories during conformational flux.

Summary & Future Directions

This thesis examined the conformational dynamics of self-sufficient P450 enzymes. In
chapter one, a brief context was provided outlining the immense importance of P450 enzymes to
human health. As they are involved in the metabolism of a large portion of foreign and
endogenous compounds, P450 enzymes are a pillar of biotransformation and detoxification in the
body. Within the P450 superfamily, class III enzymes play an important role as model systems
for detailed study; insights gained regarding their biomechanics enhance our understanding of
the function of membrane-bound systems involved in human metabolism. Covalent crosslinking
and mass spectrometry (CXL-MS) utilizing MS-cleavable reagents was presented as an optimal
methodology to probe the poorly understood transient conformations of class III systems, and an
approach was identified to overcome the unique challenges of applying CXL-MS to
homodimeric multiprotein systems such as CYP102A1 and nNOS.

In chapter two, a CXL-MS workflow was developed using the well-studied CYP102A1
homodimer. The subtractive method of crosslink interpretation within homodimeric complexes
was examined in detail for efficacy using this system. Crosslinking data were interpreted
utilizing recent cryo-EM based models of the homodimer in three different conformational
states. Of the 31 total crosslinks detected in CYP102A1, 26 were satisfied by existing
conformational models. The remaining five crosslinks do not fit with any existing structural
models of the protein and likely captured a conformational state of the protein where the FAD

domain is in much closer proximity to the oxygenase domain. Such a conformation would bring
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the flavin cofactors much closer to the heme than previously recognized and is thought to enable
facile electron transfer from FMN to heme. The subtractive method was found to be inadequate
in appropriately assigning crosslinks within vs. across monomers in this system: in addition to
the subtractive step, assigning interdomain crosslinks using orthogonal structural and
biochemical data was necessary to determine appropriate interdomain crosslink assignment.

In chapter three, the CXL-MS workflow was applied to study the more complex
nNOS:CaM multiprotein machinery. nNOS is a critical enzyme responsible for the production of
nitric oxide in the brain, and its activity is tightly regulated by the calcium-binding protein CaM.
Crystal structures have resolved CaM bound to a truncated helix within the nNOS linker region
to which it binds. However, the contacts between CaM and other domains of the full-length
nNOS had not been determined. Similarly, individual domains of the nNOS were well resolved
by crystallography; however, their interactions during enzymatic turnover were not understood in
detail. To address this, the active CaM-bound nNOS dimer was examined by CXL-MS and 74
unique crosslinks were identified within the complex. Thirteen crosslinks between CaM and
nNOS were detected, with only four contained within the CaM binding helix of nNOS. Another
five crosslinks bridged CaM to the nNOS oxygenase domain, one to the FMN domain, and two
to the FAD domain. This large degree of interconnectivity suggests that CaM interacts with both
the nNOS oxygenase domain and both components of the nNOS reductase domain. This finding
is of particular interest, as CaM association with NOS isozymes is one of the areas of greatest
isoform variability. Future research disrupting these interactions could allow the first isoform-
specific regulation of nNOS. Within the nNOS homodimer, 11 crosslinks connected the
previously unresolved PDZ domain to the nNOS oxygenase domain. This was the first evidence

of PDZ domain localization within the active nNOS:CaM complex, indicating it at least
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transiently occupies space in close proximity to nNOS oxygenase domains. Three crosslinks
between oxygenase and FMN domains allowed the triangulation of FMN domain configuration
relative to nNOS oxygenase using crosslink-guided intermolecular docking. This experiment
placed the FMN directly adjacent to the previously proposed site of FMN to heme electron
transfer. Two crosslinks between oxygenase and FAD domains demonstrated that both
components of the nNOS reductase domain come in closer proximity to the oxygenase than
previously captured by structural models of the holoenzyme. These studies demonstrated novel
interprotein and interdomain connectivity within the nNOS:CaM complex, and provided new
insights on nNOS domain trajectories in the complex’s transient conformational states.

Several sites of interdomain and interprotein interaction in these vastly different class III
P450 protein systems had not been identified previously. While crosslinking studies cannot
confirm direct interdomain or interprotein contact at these sites, future research is well positioned
to investigate these areas of interaction in closer detail. In particular, determination of whether
the oxygenase-FAD domain interaction observed in both P450 systems was representative of
direct interdomain contact would change our understanding of how soluble P450 enzymes move
during electron shuttling to the active site heme. In addition, the oxygenase-FMN interface must
be studied in greater detail. Introduction of bulky side chains within the oxygenase-FMN domain
interfaces indicated by these studies would be an expedient way to confirm whether these
interactions are critical in catalytic turnover of CYP102A1 and nNOS, and provide target sites
for disruption of nNOS electron transport. Similar disruption of the CaM:nNOS oxygenase
domain interface by introduction of bulky sidechain could confirm or deny the necessity of this
interface in enzyme function, and potentially identify an isoform-specific target site for

pharmacologic control of this important multiprotein complex. Application of CXL-MS using
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amine-reactive chemical crosslinkers with increasingly short linker arm lengths would be an
additional approach to provide insight on the closeness of each multi-domain interaction
captured here: as increasingly short linkers lengths are applied to systems, only increasingly
close interdomain proximities would be captured by crosslink formation.

Interprotein and interdomain interfaces are effective target sites for pharmacological
control of large multiprotein machineries. The research in this dissertation established a sound
methodology to explore interprotein interactions in P450 systems of increasing complexity and
applicability to human health using the most well-studied, self-sufficient cytochrome P450
systems. Furthermore, this research developed a robust method that could be extended to future
investigation of similar homomeric multiprotein systems. The novel interactions identified here
in both self-sufficient P450 systems may be conserved across different classes of P450s such as
human microsomal systems. Future research applying this CXL-MS method to study less well-
characterized systems, such as the human CYP2B4 complexed with CPR, would determine
whether the interprotein interactions observed in this research are conserved across different
classes of P450 systems sharing similar functional units.

The mechanics of P450 systems are of immense importance in human health. This
protein superfamily is responsible for the metabolic processing of foreign compounds in humans,
and dictates chemical half-life in the body. Understanding P450 function is therefore vital in
understanding the physiologic consequences of environmental exposures. This dissertation work
used two model systems to better understand how functional units of P450s interact during
transient configurations critical for enzyme function. Through this dissertation work, we gained
better insights on how oxygenase and reductase components of P450s orient relative to each

other during electron turnover, and identified novel target regions for pharmacologic regulation
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of these metabolic protein systems. These findings expand our ability to predict mechanics of
P450 systems, which play a vital role in toxicant metabolism, drug development, and

bioremediation applications.
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Figure 4-1. Ineffective quench of DSBU crosslinking of the CYP102A41 homodimer.

CYP102A1 (10 uM) was quenched with 50 mM Tris (T) or ammonium bicarbonate (AB) for 5
minutes at 4°C with mixing, then treated with 0.5 mM DSBU for five minutes at room
temperature before addition of sample buffer containing 10% (v/v) B-mercaptoethanol. Aliquots
of the reaction mixture corresponding to 3 pg/lane were submitted to SDS-PAGE analysis and
stained with Coomassie Blue. Band —D corresponds to the crosslinked dimeric CYP102A1 and —
M- the monomeric. Formation of covalently linked CYP102A1 dimer occurred in the presence
of Tris quench (red box) but not ammonium bicarbonate.
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Figure 4-2. Formation of spurious crosslinks in the CYP102A1 dimeric sample.

CYP102A1 (10 uM) was treated with 0.5 mM DSBU for the indicated time and quenched as
described in Chapter 2 Methods. (A), Aliquots of the reaction mixture corresponding to 3
pg/lane were submitted to SDS-PAGE analysis and stained with Coomassie Blue. Band —-D
corresponds to the crosslinked dimeric CYP102A1 and —M- the monomeric. (B), The intensity
of the dimeric and monomeric BM3 bands were quantified as described in Chapter 2 Methods.
The amount of dimer is expressed as percent of combined monomer and dimer signal for each
condition. Signal for all bands was within the linear range of detection for the stain. Results from
n=3 gels were quantified and displayed as mean + SD. (C), Crosslinks identified in the dimeric
band following 30-minute reaction with DSBU are shown mapped to the cryo-EM based model
of CYP102A1 in its Open I conformation. Crosslinks that mapped to C-C Euclidean distances
within the 27A DSBU linker arm restraint are shown as blue bars, and crosslinks bridging
distances greater than 27A are shown as red bars. The oxygenase, FMN, and FAD domains of
monomers arbitrarily assigned as o and B are labeled.
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Figure 4-3. Crosslink-guided docking of CYP102A1 reductase domain in open conformation to
opposing oxygenase domain.

All crosslinks identified in dimeric samples between oxygenase and reductase domains of
CYP102A1 were used as distance restraints to guide docking, and interaction of the reductase
domain in its open II conformation with its opposing oxygenase domain was predicted using
Haddock as described in Chapter 3 Methods. The resulting model of interdomain interaction is
shown in (A), with oxygenase domain shown in grey and reductase in blue. Prosthetic heme is
shown in red, FMN in magenta, and FAD in green. (B), A schematic depicting the right half of
the homodimer in Open II conformation compared to the Haddock output. (C), the Haddock-
generated model from Panel A is shown with overlay of reductase domain from the cryo-EM
model of the CYP102A1 homodimer in its Open II conformation in dark grey. Both reductase
domains are positioned in relation to the same oxygenase domain to highlight the shift reflected
from the EM model to the crosslink-guided model. Open II FMN is in orange and FAD in
yellow. (D), The FMN domain and cofactor position in the docking result, viewed from bottom
right of (A).
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