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Abstract

Carbon monoxide (CO), despite its reputation as a toxic gas, is an essential molecule to
biological systems. For a group of microbes, CO serves as the sole source of energy and carbon.
The genes that control this interesting biological strategy, the metabolism of CO, require strict
transcriptional regulation by two biochemically characterized, nonhomologous proteins CooA
(CO Oxidation Activator) and RcoM (Regulator of CO Metabolism). The first chapter of this
work will highlight our current understanding of these two proteins, both of which use an iron-
containing cofactor, heme, to sense and respond to environmental CO. Both CooA and RcoM
undergo similar redox cycling at heme to bind CO, and both proteins rely on allostery to
propagate the signal of CO-binding to distant parts of the protein controlling DNA binding. The
rest of this dissertation will focus on gaining a more complete understanding of the CO-
dependent mechanisms of regulation used by CooA and RcoM. The second chapter describes a
biochemical characterization of RcoM-1 from Paraburkholderia xenovorans, defines the RcoM
DNA binding site as a triplet set of direct repeats, and speculates as to the binding mode between
RcoM and DNA given the unusual stoichiometry of an interaction between a dimeric protein and

triplet direct repeat promoter. The third chapter provides further support for the hypothesized



RcoM:DNA complex using low-resolution small-angle X-ray scattering structural models,
presenting the first experimentally-supported model of the RcoM dimer and the RcoM:DNA
complex. Finally, the fourth chapter seeks to broaden our understanding of the CooA allosteric
mechanism by including how protein dynamics are modulated upon effector binding and by
binding DNA. These chapters all seek to connect how CO binding at heme leads to functional
change in CO-sensing transcription factors, CooA and RcoM. The last chapter of this dissertation
highlights work done outside the laboratory in preparation for a career in policy. This chapter
discusses the potential for implementation of natural climate solutions in Wisconsin agriculture
as well as the global cycling of nitrogen and carbon that controls the fundamentals of carbon

storage.
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Chapter 1

Carbon Monoxide-Sensing Transcription Factors: Regulators of Microbial Carbon

Monoxide Oxidation Pathway Gene Expression

A version of this chapter was published as:

Dent, M. R.; Weaver, B. R.; Roberts, M. G.; Burstyn, J. N. Carbon Monoxide-Sensing
Transcription Factors: Regulators of Microbial Carbon Monoxide Oxidation Pathway Gene
Expression. Journal of Bacteriology 2023, 61 (8), 678-688. https://doi.org/10.1128/jb.00332-22

M.R.D. and B.R.W. wrote the initial draft of this manuscript. M.G.R. rewrote a significant
portion of the section concerning RcoM. M.R.D., B.R.W., M.G.R. and J.N.B. heavily edited and
incorporated reviewer comments into the manuscript.



1.1 Introduction

Microbes that use carbon monoxide (CO) as an energy and/or carbon source play important roles
in a variety of biological contexts. Computational models estimate that CO-oxidizing bacteria in
soils remove between 145 and 163 Tg of CO from the atmosphere each year.’* Recent
metagenomic, proteomic, and transcriptomic analyses have revealed that CO oxidation is
widespread and aids survival in aerobic heterotrophic bacteria under conditions of carbon
starvation.>® Microbes that metabolize dissolved CO, largely derived from photodegradation of
photochromic dissolved organic matter,”® are also found in freshwater and marine environments
under both anoxic and oxygen-replete conditions.>!® Important symbiotic relationships are
believed to exist between plants and CO metabolizers in the rhizosphere,**2 and CO-metabolizing
bacteria likely provide nutrients to a gutless marine worm, Olavius algarvensis, in nutrient-poor
coastal sediments.*>** Numerous organisms that populate the microbiomes of humans and other
higher organisms also support CO metabolism, and there is some evidence that CO metabolizers
in the gut may help maintain CO balance.'® The natural diversity of CO metabolizing organisms
underscores the importance of CO as a biological resource, despite its toxicity in most organisms

at high concentrations.

To metabolize CO, microbes use the enzyme CO dehydrogenase (CODH), which catalyzes

the reversible oxidation of CO to CO; via Equation 1.
CO+H,0 2C0,+2H*+2e" (D
CODH enzymes belong to one of two broad classes, Ni,Fe-CODHs or Cu,Mo-CODHs. Enzymes

in each of these classes employ unique metallocofactors, exhibit distinct structural features, and

operate under different oxygen tensions and CO concentrations.!®1%1° Both enzyme classes



require myriad accessory proteins to assemble active site metallocofactors, and as a result,

production of CO oxidation systems incurs a high energetic cost.?%

Herein, we examine two nonhomologous, CO-dependent transcriptional activators known
to regulate oxidative CO metabolism in microbes, CO oxidation activator (CooA) and regulator of
CO metabolism (RcoM). We compare the biochemical sensory mechanisms employed by these
proteins to regulate CODH expression and connect functional sensing properties to the distinct
physiological contexts in which these proteins operate. In light of recent studies uncovering
tremendous breadth and diversity of CO metabolizers present in the environment,>® we highlight

evidence for the existence of additional uncharacterized regulators of microbial CO metabolism.

1.2 Overview of microbial CO oxidation

A variety of bacteria and archaea, found in both anoxic and oxygen-replete environments, utilize
CO as a source of carbon and/or energy. Anaerobic CO metabolism represents one of the most
ancient metabolic pathways and has been conserved in microorganisms for more than 3.5 billion
years.?® Many microorganisms that utilize anaerobic CO metabolism have been identified and
characterized, including carboxydotrophic extremophiles found near undersea hydrothermal vents
or volcanic hot springs, 3! as well as photosynthetic, acetogenic, and methanogenic
microorganisms found in a variety of anoxic environments.? Aerobic CO metabolizers occupy an
equally diverse range of niches and are found in soils, sediments, and aquatic environments.>%0
Many of these aerobic organisms are carboxydovores, meaning CO oxidation supports the

organism’s metabolic needs, but CO cannot act as its sole energy source. Aerobic carboxydovores



utilize CO at ambient concentrations (0.1-25 nM),* which are much lower than those typically

found in anoxic environments.>3334

Both anaerobic and aerobic microorganisms harness energy from oxidative conversion of
CO to CO, as shown in Equation 1.° In CO oxidation, CODH generates electrons that drive a
variety of reductive processes. In anaerobic CO-oxidizing organisms, these electrons may be used
in sulfate reduction to sulfide (desulfurication), proton reduction to molecular hydrogen
(hydrogenogenesis), and carbon dioxide reduction to acetate (acetogenesis) or methane
(methanogenesis).!” In aerobic CO-oxidizing bacteria, the terminal oxidant is most commonly
molecular oxygen (aerobic respiration), although CO oxidation may also drive dissimilatory nitrate

reduction or denitrification.1? 3°

Anaerobic and aerobic microorganisms employ divergent pathways to fix carbon derived
from CO. In anaerobic bacteria and archaea, the CO> produced by CO oxidation is converted to
acetyl-coenzyme A (acetyl-CoA) via the Wood-Ljungdahl pathway.**3" In this pathway, CODH
operates in reverse and catalyzes the reduction of CO> to produce CO (the reverse reaction as
shown in Equation 1). The CO is subsequently shuttled to acetyl-CoA synthase (ACS), which
condenses CO, CoA, and a methyl group (delivered by a corrinoid iron-sulfur protein) to produce
acetyl-CoA. The methyl group on the corrinoid iron-sulfur protein is regenerated through the six-
electron reduction of COz in a tetrahydrofolate-dependent process.®3 Alternatively, in aerobic
and purple nonsulfur bacteria, CO> produced by the oxidation of CO is fixed via the Calvin-

Benson-Bassham cycle.*’ It is important to note that CODH has distinct roles in CO oxidation and

'Range of CO concentrations in aerobic environments estimated from CO mixing levels quantified in the
atmosphere and soils.®3*34 To approximate aqueous CO concentrations, CO mixing levels were converted
to molar solubility using Henry’s Law (Kn = 0.00099 M/bar for CO in water at 25 °C).14



CO fixation; the nature of the specific CODH employed and the relative concentrations of CO and

CO. determine whether CO is used as an energy and/or carbon source.
Anaerobic CO metabolism

Ni,Fe-CODHes, found in anaerobic carboxydotrophs, are oxygen sensitive enzymes that catalyze
the interconversion of CO and CO;, as shown in Equation 1, using a [Ni-4Fe-4S] cofactor,1641-43
Ni,Fe-CODHs are encoded in genes found on acs, cdh, and coo operons depending on their
functional context (Figure 1.1). Proteins encoded by acs and cdh operons are associated with CO-
fixation via the Wood-Ljungdahl pathway.**3” Conversely, genes found on coo operons encode
CODH along with accessory proteins needed to liberate energy from CO oxidation when coupled
with proton reduction (hydrogen formation) or another reductive process described above.*+#
These operons exhibit broad genetic diversity and may bear genes that encode accessory proteins
associated with CODH [Ni-4Fe-4S] assembly (CooC, CooT, and CooJ),2%21:24-26 glectron transport

(CooF),% and hydrogen production (CooMKLXUH).2227

CO-dependent transcriptional regulation is primarily observed for coo operons, but not cdh
or acs operons. Acetogens and methanogens require an operative Wood-Ljungdahl pathway under
all growth conditions. As a result, expression of cdh and acs operons is not affected by the presence
or absence of CO in these organisms.*® In direct contrast, CO-dependent transcriptional activation
of coo operons is well established and was first identified by Bonam et al. in Rhodospirillum
rubrum, a purple, nonsulfur bacterium capable of facultative CO oxidation.* Follow-up
experiments demonstrated that this regulation was dependent on the CO-sensing transcription
factor, CooA.% In Carboxydothermus hydrogenoformans, a thermophilic carboxydotroph, it has
been proposed that two CooA paralogs coordinately control CO metabolism under different CO

concentration regimes by differential regulation of coo- and acs-like operons.*



Ni,Fe-CODH encoding operons

Rhodospirillum rubrum ATCC 11170 (coo regulon) ,—T-|

Moorella thermoacetica ATCC 39073 (acs operon)

c00C “ B C orf7 F, D 3

Methanosarcina barkeri str. Fusaro (cdh operon)

A B I ey

[] Ni,Fe-CODH [l Ni,Fe-CODH & ACS cofactor assembly
[ Transcription factor [l Wood-Ljungdahl pathway enzymes
[ Electron transport [l [NiFe]-hydrogenase

Cu,Mo-CODH encoding operons

Afipia carboxidovorans OM5 (cox operon)

v o) e ) ) ) (o

Paraburkholderia xenovorans LB400 (cox operon)

1 kb

(reom]— I ) [ D, E ,F I CuMo-CODH
Bl CoxL cofactor assembly
Mycobacterium smegmatis MC?155 (cox operon) ] Membrane anchor

D Transcription factor
@ l M S L F. D 3 E ] Unknown

Figure 1.1. Exemplary operons encoding Ni,Fe-CODH and Cu,Mo-CODH. UniProt accession
codes for Ni,Fe-CODH genes depicted are as follows: Rhodospirillium rubrum, Q2RUGT7;
Moorella thermoacetica, P27988; Methanosarcina barkeri, Q46G04. UniProt accession codes for
Cu,Mo-CODH genes depicted are as follows: Afipia carboxidovorans, P19919; Paraburkholderia
xenovorans, Q13R29; Mycobacterium smegmatis, 17F6J6.



Aerobic CO metabolism

CO oxidation in aerobic bacteria is catalyzed by O-tolerant Cu,Mo-CODHs.>?** These enzymes
are heterotrimeric complexes of CoxS, CoxM, and CoxL.!® The large subunit (CoxL) harbors a
unique molybdenum- and copper-containing active site that catalyzes CO oxidation, and resulting
electrons are shuttled by [2Fe-2S] clusters and a flavin adenine dinucleotide (FAD) cofactor, found
in the CoxS and CoxM subunits, respectively. Genes encoding Cu,Mo-CODH are found within
carbon monoxide oxidase, or cox, operons. These operons contain coxS, coxM, and coxL in
addition to a variable set of accessory genes (Figure 1.1).10 From studies of the Afipia
carboxidovorans (formerly Oligotropha carboxidovorans) CODH, coxDEF and coxl accessory
genes were determined to facilitate posttranslational assembly of the CoxL bimetallic active site,

and coxG anchors the Cu,Mo-CODH complex to the cytoplasmic membrane.>8

Transcription of cox operons is regulated by both CO and organic carbon availability.
Addition of CO to cell cultures has been shown to increase the abundance or apparent activity of
CODH in several bacteria species.>®®! In select microbes, this behavior is mediated by activity of
the CO-sensing transcription factor, RcoM.5? The mechanism of CO-dependent activation in other
systems may be mediated by putative CO-sensing transcription factors discussed at the end of this
review (see below). In addition to CO-dependent transcriptional activation, Cu,Mo-CODH activity
was enhanced when aerobic soil bacteria were challenged by carbon limitation and diminished
when cultures were supplemented with an organic carbon source.>>°%2 The mechanism behind this
regulatory behavior is poorly understood, but likely involves regulators associated with carbon

catabolite repression, organic carbon-sensing, and CO sensing.

Given the energy input required to generate CO-oxidizing machinery, microorganisms

using these proteins must tightly regulate expression of genes involved in CO oxidation. In these



microorganisms, rapid response to environmental stimuli is often accomplished through
transcriptional regulation, and many CO-metabolizing microorganisms employ CO-sensing
transcription factors to regulate expression of proteins associated with CO oxidation. Despite the
genetic diversity exhibited by CO-metabolizing machinery in microorganisms, only two CO-

sensing transcription factors have been characterized: CooA and RcoM.

1.3 Co0A, the archetypical CO-sensing transcription factor

CooA is a member of the cyclic AMP receptor protein/fumarate and nitrate reductase (CRP/FNR)
structural superfamily (COG0664), a well-studied and diverse group of bacterial transcription
factors.*# CRP/FNR proteins have an N-terminal regulatory domain that facilitates
homodimerization via a leucine zipper motif and a C-terminal, DNA-binding domain bearing a
winged helix-turn-helix motif.®> In CooA, each regulatory domain in the homodimeric structure
binds a single molecule of heme. CO binding to Fe(ll) heme in the regulatory domain allosterically
activates CooA to bind promoter sites upstream of the coo operon and recruit RNA polymerase
(RNAP) for transcription of downstream genes.%¢¢” CooA binds to a palindromic sequence of
DNA composed of a set of 5 base pair (bp) inverted repeats spaced 6 bp apart, an archetypical
motif of CRP/FNR-targeted promoters.>°%8% Random mutagenesis approaches have identified
Coo0A variants that exhibit CO-dependent DNA binding with little to no transcriptional activation
activity in vivo.®5 These results led to the identification of “activating regions” in the effector
binding and DNA binding domains which directly bind and recruit RNAP to facilitate

transcription.

CO binding to heme was first characterized in CooA from R. rubrum (RrCooA, UniProt
ID Q2RUGS3). This homolog bears a six-coordinate, ferric heme axially coordinated by protein-

derived cysteine-thiolate (Cys75) and N-terminal proline (Pro2).”%"?> The negatively charged



thiolate stabilizes the ferric oxidation state, and as a result, RrCooA exhibits a low reduction
midpoint potential (average -290 mV vs. Normal Hydrogen Electrode [NHE]),”® which
corresponds to the midpoint potential for RrCODH activation (-316 mV vs Standard Hydrogen
Electrode [SHE]).” Given that R. rubrum is a facultative anaerobe, it is crucial that RrCooA does
not activate expression of oxygen-sensitive Ni,Fe-CODH under aerobic conditions. Thus, the low
reduction potential of the RrCooA heme enables this protein to act as a redox (and by proxy,
oxygen) sensor as well as a CO sensor. Upon heme iron reduction to the ferrous oxidation state,
the axial Cys94 is replaced by a neutral histidine (His77) ligand (Figure 1.2A). CO subsequently
binds to the Fe(ll) heme, replacing the weakly-bound Pro2 ligand and enhancing protein affinity
for its target promoter upstream of the coo operon.’>>"° Importantly, these in vitro observations
corroborate early in vivo data, which showed loss of CODH protein synthesis within 5 min of
oxygen exposure.*® At present, the source of electrons for RrCooA reduction is not known, but

reduction could be achieved by soluble, low-potential ferredoxins.

Interestingly, the redox-mediated ligand switch observed in RrCooA does not occur in
another well-studied CooA homolog from the thermophilic carboxydotroph C. hydrogenoformans
(ChCooA, UniProt ID Q3AB29). Although this homolog bears a cysteine residue at a position
analogous to that observed in RrCooA, spectroscopic data are not consistent with the presence of
a thiolate-bound ferric heme.® Instead, a histidine ligand (His85) remains bound to the ChCooA
heme in the ferric, ferrous, and ferrous-CO-bound states. As in RrCooA, the heme in ChCooA is
constitutively six-coordinate with the N-terminal amine group likely bound to heme in the ferric
and ferrous states, but replaced by CO. Importantly, the lack of an axial cysteine(thiolate) ligand
increases the heme reduction midpoint potential (average +190 mV vs. NHE) and thereby

abrogates a redox/oxygen sensing function.?’ The lack of redox sensing in ChCooA is consistent
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Figure 1.2. Structures and coordination states of CooA. A) Coordination structures of RrCooA in
the Fe'', Fe', and Fe'-CO states. The Fe' and Fe'-CO images are accompanied with the
corresponding structure from 1FT9 and 2HKX, respectively. B) Structure of inactive, Fe!' CooA
from R. rubrum, PDB 1FT9. C) Structure of partially active CooA from C. hydrogenoformans
where only one monomer has retained its heme, PDB 2HKX. The question mark denotes that no
high resolution structure of CooA exists in the Fe'!' oxidation state. For each structure, the effector
binding domain is shown in pale green, DNA binding domain in pale blue, and heme cofactors as
dark grey. The F-helices, which make close contacts with DNA, are dark blue. The C-helices,
which form the dimer interface, are yellow-green. CooA UniProt accession codes are: RrCooA,
Q2RUG3 and ChCooA, Q3AB29.
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with the biological niche of C. hydrogenoformans, which is an obligate anaerobe and only survives

under anoxic conditions.

Despite differing heme environments, RrCooA and ChCooA may share an allosteric
activation model that invokes a structural change upon CO binding to Fe(ll) heme (Figure 1.2).
Unique conformations are associated with inactive Fe(ll) RrCooA (Figure 2A) and a
constitutively active N127L/S128L ChCooA (Figure 2B).®>8 The active structure of
N127L/S128L ChCooA closely matches that of cAMP-bound CRP.8 These structural data, in
conjunction with small-angle X-ray scattering (SAXS) data for RrCooA, led to the development
of a “swinging hinge” model in which the DNA-binding domains undergo a propeller-like
rotation to expose the DNA-binding F-helices upon CO binding.2® This rigid body rotation may
be facilitated by CO binding through loss of the Pro2 heme ligand and subsequent rotation of the
C-helices at the dimer interface.®48 Citing constitutive activity of a Q4C/M77C ChCooA variant
containing a disulfide linkage, Tripathi and Poulos suggested that a structural transition to the
active conformation may be facilitated by stabilizing interactions between the N-terminal loop

and DNA-binding domain.®°

While a well-enumerated structural model for CO-dependent allosteric activation in CooA
exists, CO-induced changes in protein dynamics represent a heretofore unrecognized factor in
CooA allosteric activation. Biophysical investigations of a growing number of bacterial
transcriptional regulators, including CRP, show that effector-induced changes in protein dynamics
play a key role in allosteric activation.®® Specifically, effector binding can lead to changes in
fast (ps-ns timescale) protein motions, giving rise to changes in conformational entropy. CooA
exhibits conformational heterogeneity that is modulated upon ligand binding, suggesting that

dynamics could play an important role in CooA allosteric regulation. CO recombination following
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flash photolysis exhibited nonexponential behavior when probed by sub-picosecond mid-IR
spectroscopy.®* Additionally, biphasic kinetics for CO association and dissociation were observed
using a combination of rapid mixing electronic absorption, flash photolysis, and time-resolved
resonance Raman spectroscopy.’” These data provide spectroscopic evidence that Fe(l1)-CO
CooA samples multiple conformational states on the fast (ns-ps) timescales. Recent experiments
using site-directed spin label electron paramagnetic resonance spectroscopy demonstrated that
Fe(ll1l) RrCooA exhibits conformational heterogeneity, and this technique is currently being

applied to probe changes in protein dynamics as a function of heme redox/ligation state.%

The CO affinity of CooA is relatively weak; however, CO binding to heme is cooperative,
and active CO-bound CooA exhibits a high affinity for its target promoter DNA. Using the Hill
equation to fit CO titration data, a Py value of 2.2 uM with a Hill coefficient (n) of 1.4 was
observed for RrCooA, indicative of relatively weak, yet cooperative CO binding.”” These data
suggest that high («M) concentrations of CO are required to activate CooA, but full activation
occurs rapidly once the appropriate CO levels are reached due to positive cooperativity. CO
binding affinity in RrCooA appears to be tuned to that of the RrNi,Fe-CODH, which exhibits Km
for CO of 32 uM and a Kg for CO of 4.2 uM.%® Furthermore, Fe(11)-CO CooA exhibits a high
affinity (Kg = 6-26 nM) for its target promoter site,>" implying that upregulation of coo
expression occurs promptly upon activation of CooA. While the kinetics of CO-dependent gene
activation have not been studied in vitro, expression of CODH was observed within 5 min of CO

exposure in vivo in R. rubrum.*®

Taken together, these observations present a model for physiological response to CO in
anaerobic CO metabolizers bearing monofunctional CODHs. When these microorganisms

experience a spike in local CO concentration, CooA is quickly activated and binds upstream of the
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coo operon. Transcriptional activation leads to rapid expression of CODH and other accessory
proteins needed to capitalize on an abundant, but potentially fleeting source of energy. In
facultative anaerobes, the presence of CO must also coincide with the absence of oxygen to prevent
immediate inactivation of CODH. This dual sensing is accomplished by CooA homologs bearing
heme with a low reduction midpoint potential, which is readily oxidized, and thereby inactivated,

in the presence of oxygen.

Inspired by recent studies interrogating the structural and genomic diversity of Ni,Fe-
CODHs,17128:384198 \ve assessed the diversity of genomic contexts of CooA using genome
neighborhood network analysis.*® We assembled a curated list of 519 CooA homologs using
BLAST with RrCooA and ChCooA as query sequences, ensuring that all identified sequences
conserved both the heme-coordinating histidine residue and residues within the DNA recognition
helix (see Appendix 1). Using these CooA sequences, we developed a sequence similarity network
(SSN) using the Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST).X® We then
investigated the neighboring genes surrounding cooA and classified the genomic contexts into five
categories: cooS, cooMKLXUH (Ni,Fe-hydrogenase), cooS + cooMKLXUH, cowN, and unknown
(Table 1.1). Genes associated with aerobic CO oxidation were not observed in the genomic context

of CooA homologs identified in our network.

According to our analysis, CooA is strongly associated with Ni,Fe-CODH, Ni,Fe-
hydrogenase and CowN, a small nitrogenase accessory protein that has been shown to alleviate
CO-dependent inhibition of Mo-nitrogenase.'%! Previous reports demonstrated that CowN is also
associated with RcoM and that cowN is upregulated in response to CO in a CooA- or RcoM-
dependent manner.1°*1% While the precise mechanism of CowN-dependent protection against CO

is unknown, a recent report from Medina et al. showed that CowN directly interacts with Mo-
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nitrogenase during turnover and reduces the kinetic inhibition constant (K)) by five- to ten-fold

without significantly altering substrate Kwm.'%?

Mapping the genomic context of each CooA homolog onto its corresponding node in the
SSN reveals a connection between CooA regulatory targets and protein sequence (Figure 1.3). At
an alignment score cutoff of 35 (37% sequence identity), a supercluster of CooA nodes emerges
with distinct sub-clustering based on genomic context, as well as one additional cluster associated
with cooMKLXUH. This organization becomes clearer when the clustering stringency is increased
by increasing the cutoff score. The cowN-associated proteins assemble into two large subclusters
as they diverge from homologs associated with cooS and cooMKLXUH. At the high alignment
score, most CooA proteins that are associated with anaerobic CO oxidation remain clustered
together, including ChCooA, with few outlying clusters. One of these smaller clusters includes
RrCooA, and further inspection of this cluster indicates that these proteins conserve the redox
switching ligand, Cys75 in RrCooA. This observation suggests that this cluster represents CooA
proteins with high redox potentials, as has been shown with RrCooA.” These homologs are unique
because they act as dual redox and CO sensors that ensure CO metabolizing operons are only

upregulated under both anaerobic and CO-replete conditions.

1.4 RcoM, a high affinity CO sensor that regulates aerobic CO oxidation

Genes encoding the heme-dependent transcription factor RcoM (UniProt ID: Q13YL3,
PxRcoM-1; Q131Y4, PxRcoM-2) were originally identified upstream of coxMSL genes in the soil
bacterium Paraburkholderia xenovorans in 2008, more than ten years after the discovery of
C00A.%2 We note that the two RcoM paralogs identified in P. xenovorans are 88% identical, and
no significant different in functional or biophysical characteristics have been identified between

these two proteins. RcoM exhibits a unique domain architecture that includes an N-terminal, heme-
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Table 1.1. Distribution of genomic contexts for CooA- and RcoM-encoding genes.?

CooA
genomic context number of genes
c00S 194
c00S + cooMKLXUH 69
cooMKUXLS 23
cowN 199
unknown 34
total 519
RcoM
genomic context number of genes
coxMSL 156
cowN 99
co0S 31
unknown 25
total 311

@The genomic contexts of cooA and rcoM were classified based on the presence of genes
associated with CO oxidation (cooS, coxMSL), hydrogen production (cooMKLXUH), and CO
protection of nitrogenase (cowN). CooA and RcoM homologs encoded by genes that do not
appear nearby any of these genes were classified with unknown genomic context. Further details
are provided in the supplemental material.
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Figure 1.3. The CooA protein sequence similarity network colored according to genomic
context. The network is displayed at alignment score cutoffs of 35 (left) and 50 (right). These
cutoffs correspond to 37% and 44% average sequence identity, respectively. Node colors
correspond to cO0A genomic contexts consisting of genes within 10 genes upstream or
downstream. Nodes corresponding to ChCooA and RrCooA are enlarged for context.
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binding, regulatory domain with a PAS (Per-Arnt-Sim) fold and a C-terminal, DNA binding
domain with a LytTR fold (Figure 1.4A).1%4197 We are beginning to understand the biophysical
properties of RcoM. Size exclusion chromatography and analytical ultracentrifugation
sedimentation equilibrium experiments indicate that PxRcoM-1 is primarily homodimeric, that
dimerization occurs via the heme-binding PAS domain, and that dimerization does not require
heme (Figure 1.4B).1% These observations are consistent with the behavior of other prokaryotic
PAS domain-containing proteins, which tend to form homooligomers in solution.’®* These
observations represent an important first step in characterizing the structure of RcoM, which is the

only known fusion of a PAS sensory domain and a LytTR DNA-binding domain.

In a manner similar to CooA, RcoM uses heme to sense CO. Reduction of Fe(l11) heme
results in a redox-mediated ligand switch in which a charged cysteine(thiolate) ligand (Cys94) is
replaced by a neutral methionine ligand (Met104, Figure 1.4C).1%%!10 |n PxRcoM-1, one of two
RcoM paralogs in P. xenovorans, Met104 is replaced by CO, resulting in activation of the
protein to bind to its promoter upstream of coxM.1*111? The redox-mediated ligand switch
observed in RcoM is analogous to that seen in RrCooA. While this Cys residue is completely
conserved amongst RcoM homologs found upstream of coxM,*% we note that in our hands,
PxRcoM-1 bearing Fe(ll) heme does not undergo rapid oxidation in the presence of oxygen. This
empirical observation suggests that the RcoM heme may exhibit a relatively high redox potential
(akin to that observed in ChCooA), despite bearing an axial Cys ligand in the Fe(l1l) oxidation
state (like RrCooA). Currently, there is no reported redox potential measurement for any RcoM
homolog, and the functional implications of redox-mediated ligand switching remains

unresolved.
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Figure 1.4. Domain organization and coordination states of RcoM. A) Domain architecture of
RcoM. Amino acid numbering depicts the start and end of the PAS and LytTR domains as
defined by InterPro (PAS: IPR035965, LytTR: IPR046947). B) Cartoon model of RcoM shown
with the heme-binding, PAS domain in red along with the DNA-binding LytTR domain shown
in blue. C) Coordination structures of PxRcoM-1 in the Fe'', Fe!!, and Fe''-CO states. D) Logo
plot derived from alignment of coxM promoters associated with RcoM revealing a triplet direct
repeat sequence motif. The native promoter sequence recognized by PXRcoM-1, Pcoxmz1, IS shown
below the plot. RcoM UniProt accession codes are: PxRcoM-1, Q13YL3 and PxRcoM-2,
Q13IY4.
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Unlike CooA, RcoM exhibits very high affinity for CO. Several independent research
groups have observed Fe(11)-CO heme in recombinantly expressed RcoM, hinting at the high CO
binding affinity of this protein.5212113 Consistent with this empirical observation, spectroscopic
analysis of CO binding and dissociation kinetics revealed a nanomolar binding affinity (Kq = 4
nM) for the PxRcoM-2 paralog.** This remarkably high CO binding affinity was largely attributed
to a very slow CO dissociation rate constant (Kot = 6.4¢10° s). Using ultrafast pump-probe
spectroscopy, the authors observe fast and complete geminate recombination and suggest that a
very small escape probability for RcoM (0.5% on the nanosecond timescale) contributes to the
slow CO dissociation rate, although we caution that thermal and photolytic ligand dissociation
mechanisms may differ.!* At present, there is no high-resolution structure available for any RcoM
homolog, and the heme pocket residues that may contribute to this protein’s remarkably high CO

binding affinity have not been identified experimentally.

The six-coordinate ferrous heme of RcoM enables CO binding selectivity in aerobic
environments where oxygen, another potential heme ligand, is abundant. A distinctive feature of
these CO sensing transcription factors is the presence of a sixth, lower affinity protein-derived
ligand. In RrCooA, this functionally important, lower affinity ligand is Pro2.8”1*> By analogy,
Met104 fulfills this role in RcoM.*® Exogenous ligand binding is attenuated by this sixth, protein-
derived ligand, which must first dissociate from heme for another molecule to bind.””*3 Due to
differences in electronic structure, CO exhibits significantly slower off rates and higher affinities
for ferrous heme than oxygen. As a result, only CO, but not oxygen, replaces the endogenous sixth

ligand and binds to ferrous heme.

The RcoM promoter binding site differs significantly from those of other LytTR-

containing transcription factors. The RcoM DNA binding motif was originally identified
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upstream of coxM; adjacent to a putative o’® RNA polymerase -35/-10 binding sequence.!!!

Based on sequence alignment of putative coxM promoters, this region has since been refined to
consist of three 8-bp imperfect direct repeats of the sequence “TTnnnGCA”, with 12- to13-bp
spacing regions (Figure 1.4D).1% The repeat sequence and spacing are consistent with other
LytTR-containing transcription factors; however, LytTR-containing proteins typically bind a pair
of repeat sites.!*®12! Despite a report that claimed to observe tight RcoM binding to a single
repeat site,*'* later experiments demonstrate that all three binding sites are necessary for modest

affinity, cooperative RcoM binding ([P]v2 = 250 + 10 nM).1%8

Experiments exploring the activity of coxM1 promoter variants in vivo demonstrated that
the three direct repeat DNA sequences are nonequivalent. By screening promoter variants that
randomized all but the “TT” motif of the central repeat, Kerby et al. identified several sequences
with higher CO-dependent activity, indicating that this repeat motif could be readily improved.!!
Substituting the second repeat with an “improved” motif resulted in 2- to 5-fold higher B-
galactosidase activity in E. coli reporter strains compared to a strain bearing the native promoter.
Interestingly, replacement of either the first or third repeat with the improved motif resulted in

diminished activity, suggesting that the three sites are nonequivalent in promoting transcription.

Like CooA, RcoM protein sequences cluster according to genomic context (Figure 1.5).
The genomic contexts of RcoM were recently explored using the same methodology applied to
Co0A, described above.'® As with CooA, RcoM associates with anaerobic CO oxidation genes
and CowN; however, rcoM genes are also found in the context of aerobic CO oxidation, leading
to classification into three separate genomic contexts: coxMSL, cooS, and cowN (Table 1.1). At
lower alignment cutoff scores, all RcoM proteins fall into the same cluster with clear organization

based on genomic context; however, cooS-associated RcoM proteins clearly diverge from those
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Figure 1.5. Genomic contexts of rcoM genes mapped onto the RcoM protein sequence similarity
network. The same 95% identity representative node network is displayed at alignment score
cutoffs of 28 and 43. These cutoffs correspond to 32% and 37% average sequence identity,
respectively. Node colors correspond to rcoM genomic contexts, which are labeled according to
the identity of genes neighboring rcoM, as identified through genome neighborhood analysis. The
node corresponding to the experimentally characterized protein, PxRcoM-1, is enlarged for
context. This network is adapted from Ref 108, and the color scheme is altered to match Figure
1.3.
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associated with cox and cowN. At a higher alignment cutoff score, most coo-associated proteins
separate into two clusters, and divergence between cox- and cowN-associated RcoM proteins

becomes more apparent.

As with CooA, clustering among coo-, cox-, and cowN-associated RcoM homologs
suggests that these RcoM proteins and/or promoters are tuned to activate transcription of
downstream genes in disparate CO concentration regimes. Upon closer examination of separate
sequence alignments of the cox-, cowN-, and cooS-associated RcoM proteins, we observed that the
His heme ligand is conserved across all three genomic contexts, but the redox switching ligands
are not. The cysteine(thiolate) ligand is highly conserved among cox-associated RcoMs, while it
is not found in cowN- and cooS-associated RcoM sequences (see Appendix 1). The methionine
ligand is highly conserved in cox-associated RcoMs, but less well conserved among cowN- and
cooS-associated proteins. The functional significance of the conservation of the redox switching
ligands is still unknown. In the DNA binding domain, variable conservation of the presumed
residues that specifically contact DNA is observed. His218 and Arg254 of PxRcoM-1 are predicted
to make specific contacts with DNA based on analogy to the structure of a DNA-bound LytTR
domain of AgrA.*%” These DNA-contacting residues are highly conserved among cox- and cowN-
associated RcoMs but are less well-conserved among cooS-associated proteins. Further
biochemical investigation of RcoM homologs from other organisms and genomic contexts is
warranted to understand how nature has adjusted the properties of this protein to regulate three

distinct CO-related processes.

1.5 Functional Contexts of CooA and RcoM
While CooA and RcoM both use heme to sense CO, these proteins possess remarkably

different biochemical properties. CooA exhibits a relatively low affinity for CO and a high affinity
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for its corresponding promoter when bound to CO. In contrast, RcoM exhibits a very high affinity
for CO and a relatively low affinity for its triplet repeat promoter when bound to CO. The disparate

biochemical properties of CooA and RcoM coincide with distinct physiological roles.

On one hand, a majority of cooA genes are positioned upstream of coo operons, which
encompass O»-sensitive Ni,Fe-CODHs (Table 1.1). Studies of RrCooA discussed here suggest that
CooA homologs enable fast transcriptional activation of coo genes in response to micromolar
levels of CO. While some Ni,Fe-CODH homologs exhibit catalytic efficiencies that approach the
diffusion limit (kea/Km = 1.710° Ms? for CODH Il from C. hydrogenoformans, UniProt
QO9F8A8),*" the catalytic properties of Ni,Fe-CODH homologs are highly variable. Reported Km®©
values for various Ni,Fe-CODH range from 20 nM to 30 uM.%6122-125 \We recognize that Km®®
values are not equivalent to equilibrium binding constants (Kq©), and Km®® only provides a
theoretical upper limit for this value. The identification of high affinity Ni,Fe-CODH proteins

suggests that CooA homologs with higher CO affinity might exist in nature.

On the other hand, a majority of rcoM genes are positioned upstream of cox operons, which
encompass O»-tolerant Cu,Mo0-CODHSs (Table 1.1 and Figure 1.1). Kinetics studies of Cu,Mo-
CODH from A. carboxidovorans reveal a ke for fully active enzyme is between 90-100 s, and
Kwm values for CO range from 0.52 uM to 10.7 xM.1%12 Taken together, these observations suggest
that although Cu,Mo-CODHs may be slower enzymes, they exhibit comparable catalytic
efficiencies as high as 1.9¢108 Ms™l, Recent experiments monitoring aerobic CO oxidation in
liquid cultures of Mycobacterium smegmatis have measured an apparent Ky©C of 350 nM and an
apparent threshold of CO oxidation of 43 pM.> These data indicate that aerobic carboxydovores
can oxidize ambient CO from the atmosphere, which is present at very low concentrations (0.1-2

ppm).53334 Characterized RcoM homologs exhibit low nanomolar binding affinity for CO and are
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readily activated at these low concentrations.** In vitro, several studies have shown that RcoM
exhibits a relatively weak affinity for its promoter.’%®1! This weak binding interaction would
necessitate the buildup of a larger fraction of CO-bound RcoM before initiation of transcription,
leading to speculation that aerobic CO oxidizing microbes have specifically evolved this protein
to sense persistently low CO concentrations.*'! However, we recognize that in vitro assessment of
RcoM promoter affinity does not account for potential interaction with other proteins or molecules
in vivo that could strengthen RcoM DNA binding. Given that expression of coxMSL is also subject
to carbon catabolite repression by unknown mechanisms, further studies of RcoM activity in vivo

are required to further enumerate the regulatory behavior of this protein.

Interestingly, RcoM and CooA both regulate expression of CowN, a small accessory
protein that mitigates CO-dependent inhibition of bacterial Mo-containing nitrogenase (Mo-
nitrogenase) enzymes.’ 1% A recent study indicates that the Mo-nitrogenase from
Gluconacetobacter diazotrophicus exhibits 50-60% activity in the presence of CO at 0.001 atm
(roughly 1 uM in aqueous solution) relative to that observed in the absence of CO; however, this
inhibition was completely abolished in the presence of exogenous CowN.%2 This low micromolar
CO concentration threshold for Mo-nitrogenase inhibition is compatible with CO binding affinities
of CooA and RcoM, although we note that neither CooA nor RcoM homologs associated with
cowN genes have been investigated to date. Sequence similarity networks of CooA and RcoM
proteins reveal significant sequence divergence between cowN-associated homologs and
homologs that regulate CO metabolism (Figures 1.3 and 1.5). A comparative functional analysis
of cowN-associated CooA and RcoM homologs is needed to reveal how these proteins optimally
regulate CowN expression. Further, maximal CowN expression is observed under conditions of

nitrogen starvation in the presence of CO, but even nitrogen starvation alone increased CowN
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expression.1%? Detailed analysis of the regulatory networks that influence cowN transcription may
reveal how expression of this accessory protein may be linked to CO concentrations and nitrogen

availability.

1.6 Putative Novel Regulators of CO Oxidation

Putative Regulators of Anaerobic CO Oxidation

Given the abundance of CO-responsive operons in microbes, it is highly likely that other
CO-dependent regulatory proteins exist. In a recent genomic analysis of Ni,Fe-CODHs, Inoue et
al. identified several classes of transcriptional regulators associated with anaerobic CO oxidation.%
These classes include proteins in the IscR/NsrR, MarR, AraC, and TetR/AcrR families. IscR and
NsrR are members of the Rrf2 structural superfamily that use [2Fe-2S] or [4Fe-4S] clusters to
regulate Fe-S cluster assembly*2"1?8 or sense nitric oxide,*?%*3 respectively. Several members of
the multiple antibiotic resistance regulator (MarR) family also bind Fe-S clusters,*3! including
ChIR, which uses a [4Fe-4S] cluster to regulate pigment biosynthesis in response to oxygen.'%
Several AraC-like transcriptional regulators are heme sensor proteins that control expression of
heme iron utilization pathways in bacteria.'*334 Proteins within the AcrR/TetR family regulate
lipid transport and antibiotic efflux in response to lipophilic ligands, although no characterized
members of the AcrR/TetR family bind metallocofactors.'*>!3¢ Given the diverse nature of Ni,Fe-
CODH and CO metabolism, we emphasize that transcription factors associated with Ni,Fe-CODH
may sense a variety of different molecules or cellular states (e.g., redox). Identification of putative
transcription factors via genomic analysis serves as a foothold for further biochemical

investigation of the regulators and the associated proteins.
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Two-component transcriptional regulators also have been identified in the genomic context
of anaerobic CO oxidation.®® These regulators include EnzV/OmpR-like proteins, which are
involved in bacterial osmoregulation,'® and FixJ/NarR-like proteins, which are involved in heme-
dependent oxygen sensing.’*® Two proteins which comprise a CO-responsive two-component
transcriptional regulatory system, CorQ (UniProt AOAOA7DZ72) and CorR (UniProt B6YWP1)
were recently shown to regulate expression of a coo operon in the carboxydotrophic
hydrogenogenic archaeon Thermococcus onnurineus.**® The sensory component, CorQ, contains
a 4-vinyl reductase domain with several conserved Cys residues that may bind an Fe-S cluster.'4°
Neither CorQ nor CorR have been biochemically characterized, and it has not been shown whether

these proteins bind CO directly.

As summarized above, many of the putative transcriptional regulators associated with
anaerobic CO oxidation are members of structural families with known metallocofactor-binding
motifs. Given that CO exhibits a high affinity for biological transition metals, these
uncharacterized metallocofactor-binding proteins could represent new CO-sensing transcription
factors. While RcoM and CooA demonstrate that heme is a well-suited cofactor for CO sensing,
many Fe-S cluster proteins have been identified that regulate transcription in response to small
gaseous molecules, including NsrR and FNR, which sense NO and O, respectively.'?>!4! Use of
Fe-S clusters to directly sense CO would present a novel functional strategy. Alternatively given
that Ni,Fe-CODH is oxygen sensitive, these putative Fe-S cluster-dependent regulators may
modulate CO metabolism in response to O tension. The potential to discover novel regulatory
processes governing anaerobic CO oxidation underscores the need for thorough functional

characterization of these putative sensors.

Putative Regulators of Aerobic CO Oxidation
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Two putative CO-sensing transcription factors, CoxC (UniProt: Q9KX27) and CoxH
(UniProt: F8C101), were identified in the cox operon of carboxidotrophic bacterium A.
carboxidovorans.®®!*? Both CoxC and CoxH possess an N-terminal MHYT domain, an integral
membrane domain with putative roles in signal transduction,**® linked to a C-terminal, DNA-
binding LytTR domain similar to that found in RcoM. It has been proposed that the MHYT domain
binds metal ions, based on the conservation of potential metal-coordinating methionine and
histidine residues.'*® To date, no biochemical investigation of CoxC or CoxH has been carried out,

and no evidence has been reported demonstrating that the MHYT domain binds metals.

In Mycobacterium sp. str. JC1, Oh et al. showed that CutR (UniProt: D5G1X9), a LysR-
type transcriptional regulator, was critical for transcriptional activation of genes encoding Cu,Mo-
CODH in the presence of CO.®°° The authors demonstrated that CutR is conserved among
mycobacteria, is generally encoded directly adjacent to the cox operon (Figure 1.1), and they
identified a potential CutR binding site (TTAAG-N6-CTTAA) adjacent to a putative -35 region
upstream of coxM. To date, CutR binding to this site has not been conclusively shown. Presently,
it is unclear whether CutR senses CO directly or if CutR functions in coordination with another
sensor protein. No characterized LysR-type regulator is known to bind or sense a transition metal

ion.144

1.7 Concluding Remarks

Microorganisms have evolved elaborate biochemical systems that use CO as a source of
carbon and/or energy. Large energy inputs are needed to assemble these CO-metabolizing systems,
which require specialized cofactors and accessory proteins. To ensure that these metabolic
pathways are only active when CO is a suitable energy source, microorganisms have developed

CO-responsive transcriptional regulators. Two such regulators, CooA and RcoM, are non-
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homologous transcription factors that each employ unique, heme-dependent allosteric mechanisms
to sense and respond to the presence of CO at varied oxygen tensions and CO concentration
regimes. While CooA serves as the paradigm CO sensor, we are only just beginning to uncover
the mechanistic details of CO-dependent transcriptional regulation in RcoM. Based on genomic
context analysis, it appears that CooA and RcoM each primarily regulate anaerobic and aerobic
CODH expression, respectively. However, both transcription factors are found in the genomic
context of CowN, an accessory protein that mitigates CO-dependent inhibition of Mo-
nitrogenases. Future biochemical and biophysical analysis of CooA and RcoM homologues will
connect differences in protein sequence and functional properties (ligand and promoter binding
affinities) with overlapping and complementary biological contexts. Moreover, the biological,
genetic, and biochemical approaches developed to study these CO-sensing archetypes will serve

as guiding frameworks to explore novel regulators of microbial CO metabolism.
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1.8 Appendix
Generation and analysis of CooA Sequence Similarity Network

To curate a list of CooA homologs, we performed two BLAST searches with RrCooA
(UniProt ID: Q2RUG3) and ChCooA (UniProt ID: Q3AB29) as query sequences and obtained the
1,000 most related proteins for each. The resulting 1,598 sequences were aligned using
MUSCLES5.1.246 All sequences that did not contain both the iron-coordinating histidine residue
(H77 in RrCooA) and residues within the DNA recognition helix (Argl77, GIn178 in RrCooA)
were removed. The remaining 519 CooA sequences were used to generate an SSN using the
Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST).% The 10 nearest genes upstream
and downstream of cooA were accessed manually via the GenBank or via the EFI-Genome
Neighborhood Tool (EFI-GNT).%*4" Each genome neighborhood was classified based on the
presence of anaerobic CODH (cooS), components of the CO-driven hydrogenase (cooMKLXUH),
or cowN. These classifications were mapped onto the SSN in Cytoscape 3.8,**¢ and network edges
were filtered based on alignment score to demonstrate relationships between proteins within the
SSN.
Generation and analysis of RcoM Sequence Alignments

We generated sequence alignments of RcoM homologs in each genomic context with the
goal of comparing protein features between contexts. Starting from the list of RcoM homologs
Accession IDs containing 31 coo-associated RcoMs, 99 cowN-associated RcoMs, 156 cox-
associated RcoMs, and 25 RcoMs with unknown contexts, we generated sequence alignments of

each genomic context separately and one alignment of all RcoM sequences using MUSCLE 5.1.146
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Chapter 2

Quaternary Structure and DNA Binding Properties of the Heme-Dependent, CO-

Sensing Transcriptional Regulator PxRcoM
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2.1 Introduction

A diverse array of microorganisms found in oceans, soils, and freshwater environments
utilize carbon monoxide (CO) as a source of energy and/or carbon.'? To regulate expression of the
complex molecular machinery required for CO metabolism, these organisms employ heme-
dependent, CO-sensing transcription factors.®>* Only two such prokaryotic transcription factors
have been identified and characterized to date: CooA (CO oxidation activator) and RcoM
(regulator of CO metabolism).>® CooA, a member of the well-studied CRP/FNR structural
superfamily, is the paradigm in transcriptional regulation via heme-based CO-sensing.>”® CO
binding to Fe(ll) heme in the beta-rich effector binding domain allosterically activates CooA to
bind DNA via a C-terminal helix-turn-helix (HTH) DNA-binding domain.>*! Active CooA binds
to its consensus site upstream of the coo operon and enhances the transcription of genes linked to
anaerobic, oxidative CO metabolism.>'>* RcoM, like CooA, is a single-component
transcriptional activator that utilizes heme to sense CO;%*>*" however, RcoM exhibits a much
higher affinity for CO and bears no homology to CooA.*®2° Given its unique structural topology
as the only known single-component fusion of a sensory PAS (Per-Arnt-Sim) domain and a DNA-
binding LytTR domain, RcoM is predicted to exhibit unigue DNA binding properties and CO-
driven allosteric regulation. By developing a more complete understanding of the DNA binding
properties of RcoM, we aim to understand CO sensing and CO metabolism regulation in bacteria.

Originally identified in thirteen prokaryotic organisms by Kerby et al.,® the rcoM genes
were found in three distinct genomic contexts. Homologs were identified through genetic analysis
based on the sequence of PxRcoM-1, one of two RcoM paralogs from P. xenovorans.® As is the
case for cooA, rcoM genes were found adjacent to cooS genes, which encode oxygen-sensitive,

Fe-Ni CO dehydrogenase (CODH) enzymes.>*® All cooS-adjacent rcoM genes were identified in
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anaerobes that do not contain a cooA gene, an observation that is consistent with RcoM functioning
as a transcriptional regulator of oxygen-sensitive coo operons. Unlike cooA, rcoM genes were also
identified adjacent to cox operons, which encode oxygen-tolerant, molybdo-iron-sulfur-
flavoprotein CODHSs.%%122 Thus far, RcoM is the only experimentally characterized transcriptional
regulator of cox genes. Two other putative CO-sensing transcriptional regulators, CoxC and CoxH,
were identified in O. carboxidovorans and may regulate the cox operon; however, unlike RcoM,
CoxC and CoxH appear to be transmembrane proteins based on the presence of an N-terminal
MHYT domain.?*?3, Both rcoM and cooA genes were also identified directly upstream of cowN, a
gene that encodes a small (100 amino acid) accessory protein.?* CowN protects Mo-containing
nitrogenases against inhibition by CO binding; however, the molecular mechanism underlying this
protection is unknown.?®

Based on sequence homology, RcoM is predicted to have a unique domain architecture
comprised of an N-terminal sensory domain that adopts a PAS fold and a C-terminal DNA-binding
domain that adopts a LytTR fold. The PAS fold is a sensory domain that is found in eukaryotes
and prokaryotes. In bacteria, proteins with an N-terminal PAS domain and a C-terminal histidine
kinase or phosphodiesterase domain are often utilized as the first component of two-component
signal transduction systems.?® Several such bacterial oxygen sensors possess a heme-containing
PAS domain, including structurally-characterized FixL and EcDOS.*?"?8 In each of these proteins,
oxygen binding to ferrous heme modulates activity of the C-terminal catalytic domain.?®3° The
LytTR fold exhibits a DNA binding mode distinct from that of the well-studied HTH motif, and
LytTR domains are found in a number of virulence-associated transcriptional regulators in
pathogenic bacteria, including AlgR from P. aeruginosa, VirR from C. perfringens, and AgrA

from S. aureus.31 34 A crystal structure of a single LytTR domain of AgrA bound to a 15 base pair



53

(bp) DNA oligomer revealed interactions between loops of the B-B-p fold and specific nucleobases,
in addition to enforcement of significant bending of the oligonucleotide.®® While RcoM is
composed of two well-characterized domains, this CO-sensing transcription factor is unique
among PAS- and LytTR-containing proteins as it is the only known single-component fusion of
these two domains.

CO binds with high affinity to Fe(Il) heme in the C-terminal PAS domain of RcoM via a
ligand replacement mechanism. Previous spectroscopic investigations established that the RcoM
heme is coordinatively saturated in the Fe(l11) and Fe(I1) oxidation states.®*>-%" In the Fe(I11) state,
two protein-derived amino acid residues, His’* and Cys® serve as axial heme ligands.5>618 Heme
reduction is accompanied by a ligand switch in which Met'® replaces Cys®* as the sixth axial
ligand. In Fe(ll) RcoM, His’* remains bound to heme, while Met'%* serves as a weak axial ligand
that may be replaced by CO.*"*® Fe(11) RcoM binds CO with a very high affinity, estimated to be
10 M for PxRcoM-2, 1° and the CO binding rate constant is limited by dissociation of the Met'%*
ligand. Extremely fast and complete geminate recombination gives rise to very slow CO
dissociation kinetics and subsequently large CO binding affinity, processes that are allosterically
coupled to the DNA binding domain.2° While the details of CO binding to RcoM are established,
little is known about how RcoM interacts with DNA or how CO binding to heme modulates DNA
binding activity.

A consensus DNA binding sequence has been identified for bacterial, two-component
transcription factors that contain LytTR domains. The canonical DNA binding site for such
proteins is a pair of direct repeats upstream of the -35 region of the relevant operon.3*%-2° These
repeats are typically imperfect, 9 bp in length, and spaced 10-13 bp apart; importantly, the spacing

between repeats is critical in determining transcription factor binding strength.*>4 One notable
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exception is the transcription factor AlgR, which regulates expression of algD, a gene involved in
the production of the virulence factor alginate in P. aeruginosa.*? This transcription factor binds
two high affinity direct repeats spaced 66 bp apart and located far (~400 bp) upstream of algD, in
addition to binding a third, low affinity site located 40 bp upstream of algD.***® For all other
characterized LytTR DNA binding proteins, the data are consistent with a model in which a
dimeric protein, bearing a single LytTR domain per monomer, binds to the pair of repeats.

The proposed DNA-binding motif for PxRcoM-1 differs significantly from all previously
identified binding sites for LytTR-containing proteins. A combination of DNA footprinting, in
vivo reporter, and in vitro fluorescence anisotropy data led to the identification of two PxRcoM-1
binding regions spaced between rcoM: and coxM: on the first chromosome of the P. xenovorans
genome.® One of these two binding regions is located directly upstream of the -10/-35 extension
preceding coxM1, while the second binding region is ~100 bp further upstream (Figure 2.1). These
two putative PxRcoM-1 binding sites contain three direct repeats of the sequence pattern
TTNNNG, whose sequence modestly resembles the repeat motifs identified for other LytTR-
containing transcription factors.334%46 Not only does the proposed number of direct repeats
differ, but the spacing between direct repeats is nearly doubled for RcoM sites (21 bp) compared
to other LytTR sites (10-13 bp).

In light of the discrepancies between the consensus binding site proposed for PxRcoM-1
and those known for other LytTR-containing transcription factors, we sought to better characterize
the quaternary structure of PxRcoM-1 and re-examine the proposed DNA binding site for this CO-
sensing transcription factor. In this study, we demonstrate that PxRcoM-1 exists primarily as a
homodimer through size-exclusion chromatography and analytical ultracentrifugation

sedimentation equilibrium. Using bioinformatics, we establish a relationship between RcoM
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370 bp
100 bp ——
rcoM, b b c coxM,
a b c
TTCGCGCAAATTTCCGGGTCGTTCACGCAGGTARACCCGCCGTTCGGGAA. . .
d e fooN

Figure 2.1. Organization of the rcoM1/coxM; intergenic region in P. xenovorans as described in
Kerby et al.'® Putative PxRcoM-1 binding sites that comprise the coxM1 promoter are highlighted.
The sequences of two proposed triplet repeats “a + b + ¢” and “d + e + ” are shown with the
“TTNNNG” motif underlined.
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protein sequences and genomic context. For cox-associated RcoM proteins, we identify a
consensus DNA binding sequence that encompasses one of the two originally proposed PxRcoM-
1 binding regions directly upstream of the -10/-35 extension. In vitro DNA binding experiments
corroborate bioinformatics analysis, demonstrating conclusively that a triplet repeat is required to
achieve CO-dependent DNA binding activity in PxRcoM-1. Together these data highlight unique
features of RcoM and its mechanism of DNA recognition: binding of a pair of dimers to a direct

triplet repeat sequence.

2.2 Materials and Methods
Materials

All chemicals used in buffer and media preparation (99% purity or greater, Research
Products International Corporation), sodium dithionite (85% purity, Fluka), and CO gas (99.5%
purity, Air Gas) were used as received. All other chemical reagents were purchased from Sigma-
Aldrich and used as received. Oligonucleotides for site-directed mutagenesis were synthesized by
the Biotechnology Center (University of Wisconsin-Madison). Cell stocks of E. coli containing
wild type (WT), C94S, and heme-binding domain (HBD) truncate PxRcoM were originally
provided by Dr. Robert Kerby (University of Wisconsin-Madison, Department of Bacteriology).®
Texas-Red-X labeled oligonucleotides for fluorescence anisotropy DNA binding assays were
synthesized by Integrated DNA Technologies (IDT). Unlabeled complementary strands (IDT)
underwent a standard desalting purification, whereas HPLC or PAGE purification was performed
on labeled strands shorter or longer than 50 nucleotides, respectively.
Site-directed mutagenesis

The PxRcoM-1 variant H74A was generated by mutagenesis of the cloned H74Y PxRcoM-

1 variant using the QuickChange Il Protocol (Agilent/Stratagene). Primers for the H74A mutations
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were created using Agilent’s online tool (forward: 5'-cggcttttctccggggccagttgcaccacgt-3'; reverse:
5'-acgtggtgcaactggccccggagaaaagecg-3'). After 16 cycles of polymerase chain reaction, the
resulting products were treated with Dpnl to remove methylated template DNA and transformed
by heat shock into VJS67374" E. coli expression cells. Sanger sequencing of all resulting mutant
PxRcoM-1 genes was carried out by Functional Biosciences (Madison, WI) to verify the presence
of the appropriate mutations.
Protein expression and purification

PxRcoM-1, -2 and variants were isolated and purified in a manner similar to that previously
described.®'518 E. coli VJS6737 containing the pEXT20 expression vector®# for each PxRcoM
variant was grown in Lennox-LB medium with nutrient broth (3 g/L) or in Terrific Broth. All
growth media were supplemented with ferric citrate (20 mg/L). Dense overnight starter cultures
were diluted 1:10 into fresh media and grown to an ODsso greater than 4 at 30 °C and 220 rpm.
These cultures were diluted to an ODsso of 0.06 in fresh media containing 50 uM isopropyl 3-D-
thiogalactopyranoside (IPTG) to induce expression for 19-20 h at 28 °C with shaking. Cells were
harvested by centrifugation, resuspended in lysis buffer [50 mM 3-(N-morpholino)propanesulfonic
acid (MOPS), pH 7.4, 500 mM NacCl, 1 mM dithiothreitol (DTT) or 1 mM TCEP], and lysed by
sonication. A HisTrap FF column (GE Lifesciences, 2x5 mL column volume) was pre-equilibrated
on an AKTA Prime FPLC with binding buffer (50 mM MOPS, 150 mM NaCl, 10 mM imidazole,
pH 7.5). The cell supernatant was applied to the column and washed with binding buffer until the
280 nm absorbance reached baseline. Additional washing of bound PxRcoM-1 was achieved by
adding four column volumes of 15:85, 25:75, and 35:65 (% v:v) mixtures of elution buffer (50
mM MOPS, 150 mM NaCl, 220 mM imidazole, pH 7.5) and binding buffer to the column. Elution

of bound PxRcoM-1 was achieved by washing with four column volumes of elution buffer. The
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red-colored fractions were pooled and incubated in 45%-saturated ammonium sulfate (v/v) on ice
for 15 min. Aggregated protein was harvested by centrifugation, and the resulting protein pellet
resuspended in storage buffer (50 mM MOPS, pH 7.4, 150 mM NaCl, 1 mM DTT or TCEP). To
ensure complete desalting, resuspended protein was passed through a Sephadex G-25 gravity
column pre-equilibrated with storage buffer. Desalted protein was concentrated using Amicon spin
concentrators (Millipore, 10 kDa MWCO, 500 uL volume) and stored at -80 °C.

Total protein concentrations were determined using the bicinchoninic acid micro-assay or
Pierce 660nm assay (Pierce-Thermo Fisher) using bovine serum albumin as a calibration standard,;
the protein purity was greater than 90% as verified by SDS-PAGE (Figure 2.S1). Heme content
was determined using the pyridine hemochromagen assay.*° Protein concentration was confirmed
by measuring absorbance at 280 nm using molar absorptivity values calculated using ExXPASy (ewr
= 14,440 Mlem™ ; engp = 6,990 M1cmt),5051
Electronic absorption spectroscopy

Electronic absorption spectra were recorded at room temperature with a double-beam
Varian Cary 4 Bio spectrophotometer set to a spectral bandwidth of 0.5 nm. Protein samples were
prepared in 50 mM MOPS pH 7.4, 150 mM NaCl, 1 mM DTT or TCEP. The spectrophotometer
was blanked with this same buffer to remove absorbance due to oxidized DTT. After purging the
cuvette headspace with Ar), heme reduction was achieved by adding a few granules of solid
sodium dithionite to the cuvette. Following heme reduction, 100-300 uL CO(q) were added to the
headspace, followed by gentle mixing to form the Fe(I1)-CO heme adduct. When indicated in the
main text and figure legend, we reconstituted the protein to ensure complete heme loading

according to Method A in the Supplemental Information.
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Size exclusion chromatography

Size exclusion chromatography (SEC) was performed on an AKTA Purifier FPLC
equipped with a Superdex 200 Increase 10/300 column (GE Lifesciences) at a flow rate of 0.6
mL/min. Eluted protein was detected by absorbance at 280 nm. For each experiment, the column
was pre-equilibrated with the running buffer stated in the figure legends. Each 100 pL sample (41-
280 uM protein) was injected using a 1 mL sample loop. Molecular weight standards (Sigma-
Aldrich, catalog no. MWGF200) were prepared according to the manufacturer’s instructions in
running buffer. A calibration curve was created by plotting Kav vs. log (M) for the standards and
fitting a linear function to the data. When indicated, data were normalized to the most intense peak
for ease of plotting. When indicated in the main text, we reconstituted the protein to ensure
complete heme loading according to Method A in the Supplemental Information.
Analytical ultracentrifugation sedimentation equilibrium

The analytical ultracentrifugation sedimentation equilibrium (AUC-SE) experiment and
data analysis was performed at the Biophysical Instrumentation Facility (University of Wisconsin-
Madison) using a Beckman Coulter XL-A analytical ultracentrifuge. Heme absorption at 418 nm
without a cut-off filter was used to monitor the absorbance of the samples as a function of radial
position. Two samples were prepared in 50 mM MOPS, pH 7.4, 150 mM NaCl, 1 mM DTT. Initial
absorbances as measured in the centrifuge were 0.88 and 0.50. The samples were spun at 12.0k,
15.0k, 19.0k, and 26.0k rpm. Gradients were recorded every 3-4 hours until the consecutive
gradients super-imposed, indicating that the samples had reached equilibrium. After data was
collected at 26.0k rpm, the speed was reduced to 15.0k rpm to look for irreversible material loss.
High-speed depletion of protein material showed a small non-sedimentable absorbance and those

values were subtracted as a known fixed baseline during global fitting. A sequence molecular
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weight (Ms) of 31,503 Da and a partial specific volume of 0.743 mL/g were computed based on
the UniProt sequence (Q13YL3). The density, as calculated by an increment table for NaCl and
adjusted to 4 °C, was 1.01 g/mL.

Bioinformatics analyses

A sequence similarity network (SSN) containing putative RcoM proteins was generated
using the Enzyme Function Initiative Enzyme Similarity Tool (EFI-EST) using the “FASTA”
input option.>® Potential RcoM protein sequences were gathered from three protein-protein
BLAST searches using previously identified RcoM proteins from each of the three genomic
contexts (Rhodospirillum rubrum RcoM: Q2RNI6, Paraburkholderia xenovorans RcoM-1:
Q13YL3, Geobacter sulfurreducens RcoM: Q74BE?2).6 BLAST hits were included in the network
if they contained a query cover of greater than 72%, included both a LytTR domain and a PAS
domain, and conserved the heme-coordinating histidine residue. The RcoM SSN contained 361
protein sequences in total. All SSNs analyzed in this work are 100% representative node networks
and were visualized using Cytoscape 3.8.2 using the organic layout.*

Inspection of genome neighborhoods allowed us to classify each RcoM based on its
association with nearby cox, cowN, or cooS genes. EFI Genome Neighborhood Tool (EFI-GNT)
was used to retrieve neighborhood diagrams (a 40 gene window centered on the gene of interest)
for RcoM proteins associated with a UniProt ID in the SSN.*** For proteins with RefSeq and
INSDC accession IDs, genome neighborhoods were accessed and inspected manually for the
presence of cox, cowN, or cooS genes using the associated nucleotide accession ID through the
NCBI website. These three genomic contexts were based on the presence of genes showing
significant homology to experimentally verified homologs of the aerobic CODH subunits (CoxL.:

P19919, CoxM: P19920, CoxS: P19921), CowN (Q2RNI5), or the anerobic CODH (CooS:
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Q9F8A8). RcoM proteins that did not contain cox, cowN, or cooS genes within their genome
neighborhood were classified as unknown or “unk”. All protein accession IDs and genomic context
classifications can be found in the supplementary “RcoM genomic context” spreadsheet file.

The nucleotide archive 1Ds, provided by the EFI-GNT, were used to procure the nucleotide
sequence of 44 putative cox-associated RcoM promoter regions, identified as either the rcoM/coxM
intergenic region or 200 base pairs (bp) upstream of coxM. These putative promoter regions, which
varied in length from 147 to 547 nucleotides, were aligned using Pro-Coffee via the T-Coffee
online web server and visualized using WebLogo.>¢-% An initial alignment revealed two conserved
repeats upstream of the -10/-35 sequence in each putative promoter region; however, the
disparately-sized promoter regions also gave rise to a large number of gaps in the sequence
alignment. To eliminate these gaps, an additional alignment was carried out in which the size of
the promoter region was restricted to 100 bp, centered on the second conserved repeat. To improve
the clarity of the final alignment, four sequences containing inserts in the conserved direct repeat
region were eliminated from the alignment. The final sequence alignment was visualized using
BOXSHADE 7.0 through the EXPASYy server.

Fluorescence polarization DNA binding assay

For each fluorescence polarization assay, oxidized (ferric) and reconstituted PxRcoM
(Supplemental Information, Method B) was mixed with double-stranded DNA (dsDNA)
oligonucleotide containing a 5’ Texas Red-X fluorescent label and a putative PxRcoM binding site
(Table 2.1). Final protein concentrations varied from 0.1-3 uM, and assay conditions in each 500
uL sample were as follows: 40 mM Tris-HCI pH 8.0, 20 mM KCl, 5% (v/v) glycerol, 5.0 mM DTT
or TCEP, 48 ng sheared salmon sperm DNA, and 3.2 nM Texas Red-X-labeled dsDNA.

Anisotropy values were recorded using an 1SS PC1 fluorimeter. Each Fe(ll11) PxRcoM sample was



62

Table 2.1. Oligonucleotide sequences employed in fluorescence polarization DNA binding assays.
The 5° — 3’ sense strand is displayed, and the complementary strand is omitted for clarity.

Oligonucleotide  Length

Name (bp) Sequence (5° = 3°)?
d+e 42 TR¥/CGGGETTTCATGTACGTTTTCCGCTAGTTGGCGLGCGTGRACT
e+ T 41 TRY/GCTAGTTGGCGCECGTERARACCCGCCGTITCGEEARATTGCGT
d+e+f 62 TRX/CGGGTTTCATGTACGTTTTCCGC TAGTTGGCGCECETGRACCCGCCGTTCGEEARATTGCGET
d 18 TRX/TCGGGTTTCATGTACGTT
a 18 TRX/TCGATTTTCGCGCARATT

4TRX = Texas Red-X, underlined residues highlight 8 bp imperfect repeat binding motifs
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loaded into a septum-sealed glass culture tube (6x50 mm dimensions, VWR). The headspace of
each tube was purged with Arg for 10 minutes, and protein samples were reduced through
anaerobic addition of 10 uL of a 100 mM sodium dithionite solution, prepared in 40 mM Tris*HCI
pH 8.0, 20 mM KCI, 5% (v/v) glycerol). Fe(I1)-CO adducts were generated by introducing 100 pL
CO(g) to the headspace of each tube using a gas-tight syringe and gently vortexing. Anisotropy
values were recorded immediately after introduction of CO and after a 40 min incubation period
at room temperature to ensure complete conversion to the Fe(I1)-CO species and equilibration of
DNA binding. Each data point represents an average of three technical repeat measurements of
anisotropy.

The Hill equation was used to fit a cooperative binding model to fluorescence anisotropy

data taken of the Fe(11)-CO species after the 40 minute incubation period:

(Ap—Af)

1+(%)n

A:Af+

where A is the observed fluorescence anisotropy, As is the baseline fluorescence anisotropy in the
absence of binding, As is the maximum fluorescence anisotropy (i.e. when all protein is bound to
DNA), [P]w2 is the protein concentration at half saturation, [P] is the total protein concentration,

and n is the Hill coefficient.

2.3 Results
PxRcoM-1 is homodimeric and dimerization is mediated by the heme-binding domain

Size exclusion chromatography (SEC) data demonstrate that WT PxRcoM-1 exists as a
homodimer in solution. Based on the PxRcoM-1 amino acid sequence (UniProt ID: Q13YL3), the
protein as studied should exhibit a monomeric molecular weight of 30.8 kDa, including the C-
terminal 6-His tag and a single heme b molecule, and a dimeric molecular weight of 61.6 kDa. The

majority PxRcoM-1 species observed in solution by SEC has an apparent mass of 70 kDa (Figure
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Figure 2.2. Size exclusion chromatograms of full-length WT and heme-binding domain (HBD)
truncate PxRcoM-1. Calculated monomeric MW values are 30.8 kDa for the full-length PxRcoM-
1 and 17.7 kDa for the HBD. Protein samples (5.58 mg/mL WT, 3.90 mg/mL HBD) in 50 mM
MOPS pH 7.4, 150 mM NaCl, 1 mM DTT (100 pL) were injected via a 1 mL sample loop at a
flow rate of 0.6 mL/min. Eluted protein was detected by absorbance at 280 nm.
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2.2), which is 8.4 kDa greater than expected for a homodimeric species. Analysis by SEC assumes
that the shape and other properties of a protein are similar to those of the globular calibration
standards; thus, an apparent molecular weight larger than predicted suggests that the dimer is non-
spherical. Several small peaks were observed with larger molecular weights than the dimeric
fraction, suggesting that at least a portion of the protein exists as higher order oligomers in solution
(e.g., tetrameric PxRcoM-1 likely gave rise to the distinct peak observed at an apparent molecular
weight of 160 kDa). The observation of PxRcoM-1 oligomeric species is unsurprising given the
tendency of prokaryotic PAS domains to form homo-oligomers.*®

Analytical ultracentrifugation sedimentation equilibrium (AUC-SE), which is
thermodynamically rigorous and does not require calibration standards, confirmed that PxRcoM-
1 exists as a dimer (Figure 2.S2). At holoprotein concentrations yielding As1s of 0 to 1.75, samples
behaved as a single species with minimal loss of material due to aggregation. Global fits of the
absorbance gradients to single species models gave an average molecular weight (M) of 66,282
+ 160 Da. Comparing My, to Ms (the sequence molecular weight) gave a Mw/Ms of 2.10 + 0.01,
confirming that heme-bound PxRcoM-1 is dimeric. In contrast to SEC, no higher-order species
were observed in AUC-SE experiments. Higher order oligomers are likely to form in a
concentration-dependent manner, and protein concentrations were significantly lower in AUC-SE
(0.1 mg/mL) experiments than in SEC (5 mg/mL) experiments. Furthermore, oligomers would
likely be depleted at the AUC-SE speeds used for monomeric and dimeric species.

A truncate of PxRcoM-1 encompassing the heme-binding domain (HBD, residues 1-153)
largely exists as a non-spherical homodimer in solution. The calculated monomeric molecular
weight for the PxRcoM-1 HBD truncate is 17.7 kDa, while the majority truncate species runs with

an apparent molecular weight of 44 kDa by SEC (Figure 2.2). The apparent molecular weight of
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the homodimeric truncate is somewhat (8.6 kDa) larger than that predicted by sequence alone,
suggesting that, like full-length PxRcoM-1, the truncated HBD homodimer is not spherical.
Importantly, these data demonstrate that dimerization in PxRcoM-1 occurs via the heme-binding
domain. As with full-length PxRcoM-1, several small peaks were observed at higher apparent
molecular weights for the HBD truncate, including a peak at an apparent molecular weight of 94
kDa that may be attributable to a HBD tetramer. These minority species suggest that a fraction of
the protein exists as higher order oligomers in solution.

PxRcoM-1 binds heme with a 1:1 heme-to-monomer ratio. While as-isolated WT PxRcoM-
1 exhibited heme loading around 50% (assuming a 1:1 ratio of heme to monomer), heme loading
improved maximally to just above 100% after reconstitution with excess hemin chloride (Table
2.51). A small amount of adventitiously bound heme, detected by EPR spectroscopy, likely
accounts for the slightly greater than 100% heme loading (Figure 2.S3). Consistent with an
increase in heme loading relative to as-isolated protein, reconstituted RcoM-1 exhibited greater
intensity of the Soret band at 423 nm relative to that of the protein peak at 280 nm (Figure 2.S4).
Similarly, heme loading in the PxRcoM-1 HBD truncate approached 100% (assuming a 1:1 heme-
to-monomer ratio) after reconstitution with excess hemin chloride (Table 2.S1 and Figure 2.S5).
Taken together, these observations demonstrate that one heme molecule binds to each PxRcoM-1
monomer within the N-terminal PAS domain.

PxRcoM-1 homodimerization does not require the presence of heme. Two full-length
PxRcoM-1 variants with perturbed heme environments, C94S and H74A, were characterized by
electronic absorption spectroscopy and SEC. Previous studies of Fe(Il1l) PxRcoM-2 demonstrated
that the variant C94S binds heme in a five-coordinate, high-spin state, retaining the native His™

ligand in the absence of the sixth Cys94 ligand.® C94S PxRcoM-1 binds ferric heme in an
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Figure 2.3 (A) Electronic absorption spectra of WT, C94S, and H74A PxRcoM-1 in 50 mM
MOPS pH 7.4, 150 mM NaCl, 1 mM DTT. Absorption maxima for C94S are: Soret, 423 nm and
o/B 569 nm and 540 nm. Traces are normalized to absorbance at 280 nm. (B) Size exclusion
chromatograms of full-length WT, C94S, and H74A PxRcoM-1. Protein samples of 100 pL (5.58
mg/mL for WT, 1.46 mg/mL for C94S, and 1.19 mg/mL for H74A PxRcoM-1) were injected via
a 1 mL sample loop at a flow rate of 0.6 mL/min. WT and C94S PxRcoM-1 were run in 50 mM
MOPS pH 7.4, 150 mM NaCl, and H74A PxRcoM-1 was run in 20 mM Tris pH 8.0, 400 mM
NaCl, 1 mM DTT. Traces are normalized to the highest intensity 280-nm absorbance peak.
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analogous fashion, as indicated by the visible spectral features (Figure 2.3A). It was previously
shown that H74A PxRcoM-1 does not bind heme,® and the absence of heme was corroborated by
the lack of heme-derived peaks in the visible spectrum (Figure 2.3A). By SEC, the majority
fractions of C94S (68.9 kDa) and H74A (66.8 kDa) were dimeric, revealing that the heme-free
protein is still a dimer. The dimeric variants C94S and H74A exhibited slightly smaller apparent
molecular weights compared to WT (70 kDa), indicating that these proteins adopt a shape that is
slightly more spherical or compact than that of the WT protein (Figure 2.3B). The difference in
apparent molecular weight was larger for heme-free H74A PxRcoM-1, compared to the C94S
variant bearing a high-spin heme, suggesting that loss of heme may result in a slight collapse of
the PAS domain heme-binding pocket. This H74A variant also exhibited a larger relative fraction
of tetrameric RcoM, suggesting that loss of heme may increase the propensity to form higher-order
oligomers.
RcoM sequence similarity network reflects genomic context

Through generation of an RcoM sequence similarity network (SSN) and classification of
the genomic context of these homologs, we observed protein clustering based on the identity of
the adjacent, RcoM-regulated genes. We assembled a bank of 361 RcoM protein sequences using
protein-protein BLAST searches and generated a RcoM SSN using the EFI Sequence Similarity
Tool (EFI-EST). We successfully classified 311 of these RcoM proteins based on their genomic
proximity to cox, cowN, or cooS genes. In total, we identified 156 proteins adjacent to a cox operon,
99 proteins adjacent to a cowN gene, and 31 proteins adjacent to a cooS gene. The observation of
rcoM genes adjacent to cox, cowN, and coo operons is consistent with previous studies.®*® Upon
increasing the stringency of the alignment cutoff score, we observed sub-clustering in the SSN that

correlates with the RcoM genomic context (Figure 2.S6). Nodes associated with cooS separate



69

Genomic
Context:
@ = cox
O = cowN
@ = cooS
® = unk

Figure 2.4. RcoM sequence similarity network images at an alignment score cutoff of (A) 33
and (B) 45. Nodes are colored based on their genomic context classification.
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from the central cluster earlier, suggesting these RcoM proteins are more distantly related to the
cox- and cowN-associated proteins (Figure 2.4A). At an alignment cutoff score of 45, we observe
separation between cox-, cowN-, and cooS-associated nodes (Figure 2.4B). At this cutoff score,
the cowN-associated proteins organize into a bimodal subcluster, the cooS-associated proteins
organize into three subclusters, while the cox-associated protein cluster remains intact. The
observation of sub-clustering based on genomic context in the RcoM SSN, which is constructed
based on protein sequences alone, suggests a connection between the amino acid sequence of
RcoM and its regulatory target.
Re-examining DNA binding in RcoM

Through alignment of 40 putative cox promoters, we identified a well-conserved pair of
DNA repeats that may reflect an RcoM consensus binding sequence consistent with binding sites
for other LytTR-containing transcription factors, with a third less well-conserved repeat site
downstream. Importantly, the far upstream “a + b + ¢” triplet repeat identified by Kerby et al. was
not conserved among these cox promoters.'® As a result, we narrowed the region defined as the
putative coxM promoter to encompass a 100 bp window centered on a conserved repeat identified
just upstream of the -10/-35 region of coxM (Figure 2.S7). This window encompassed the “d + e
+ f triplet motif site originally identified as a PxRcoM-1 binding site.?® Sequence alignment
revealed a highly conserved 8 bp motif, TTC[AG][TC]JGCA, which encompasses the 6 bp
“TTnnnG” sequence originally proposed as a recognition sequence for PxRcoM-1 (Figure 2.5).
This motif is strongly conserved at the “d” and “e” sites and modestly conserved at the “f” site,
and each site is separated by a 12-13 bp linker. Sequence alignment of 27 cowN-associated

promoters revealed the same 8 bp triplet repeat motif, as did a combined sequence alignment of
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Figure 2.5. Logo plot generated from multiple sequence alignment of 40 putative cox-associated
RcoM promoter regions. The three 8 bp repeats, identified through sequence alignment, are
annotated below the logo plot, with the newly refined 8-bp “d”, “e”, and “f” sites labeled.
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cox- and cowN-associated promoters (Figures 2.S8 and 2.S9). No strong trend emerged when
aligning coo-associated promoters (data not shown).

The above bioinformatics results, which suggest a doublet repeat PxRcoM-1 promoter, are
consistent with the dimeric nature of RcoM and previously described promoters of LytTR
transcription factors; however, PxRcoM-1 does not bind to oligonucleotides containing the repeat
pairs “d + ¢” or “e + f”. We used fluorescence anisotropy to measure PXRcoM-1 binding in vitro
to two-site 8 bp direct repeats (“d + e¢” and “e + ) by incubating active Fe(II)-CO PxRcoM-1 with
the two-site dSDNA oligonucleotides. No binding was observed; there was minimal CO-dependent
increase in fluorescence anisotropy (Figure 2.6). Active PxRcoM-1 exhibited a slight increase in
fluorescence anisotropy at protein dimer concentrations greater than 200 uM in the presence of the
“d + e” oligo; however, the binding affinity was too weak for measurement of a binding curve or
for biological relevance.

PxRcoM-1 does not bind single 8-bp site promoters, “a” or “d”, as has been suggested in a
recent report focusing primarily on PxRcoM-2 CO binding kinetics. After the surprising result that
PxRcoM-1 does not bind a doublet promoter, we moved to test single site promoters, as it was
described in Salman et al. that PXRcoM-2 binds an 18 bp oligonucleotide encompassing the “a”
site with high-affinity (K¢ < 2 nM).?° Upon incubation of PxRcoM-1 with single-site dsSDNA
oligonucleotide (“d”), we did not observe a CO-dependent increase in fluorescence anisotropy
(Figure 2.6). We have repeated this experiment with PxRcoM-1 and PxRcoM-2 under
experimental conditions matching those of the previous study using the identical 18-mer
encompassing the “a” site but have been unable to reproduce their results (Figures 2.512, 2.513).

Differences in experimental design, ill-suited for measuring specific DNA binding, may have led



73

0284 A Fe(lll) d+e
{4 A Fe(ll)-CO
& 0.244
e
§ -
A AAAAAAAAAT A AN

0.16
L L} L] llIIII' L L lllllll

0.1 1
Dimer concentration (UM)

0284 o Fe(lll) e+f

{4 ® Fe(ll)-CO

& 0.24 4

]

§ i

-E 0.20
IR R LR

0.16
L Ll LS lll'l'l Ll Ll l'll'll

0.1 1
Dimer concentration (UM)
0.284 O Fe(lll) d
{4 m Fe(l)-CO
& 0.24 4
o
§ -
= 0.204
< -

0.16
.!!!!!!.!Elliiiilil.iq
-|_|-|'m T lllllm T lllllm L |

0.01 0.1 1

Dimer concentration (UM)

Figure 2.6 Fluorescence polarization data for inactive Fe(lll) and active Fe(l1)-CO PxRcoM-1
incubated with two-site 8 bp direct repeats, “d + ¢” (top), “e + f” (middle), and a single 8 bp site
“d” (bottom) Texas-Red labeled dsDNA. Replicate experiments with “d + ¢’ and “e + 7
oligonucleotides are shown in Figures 2.510 and 2.S11, respectively.
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the authors to conclude that the slight increase in anisotropy seen with CO-bound RcoM-2 was a
specific, strong interaction.

PxRcoM-1 exhibited a substantial CO-dependent increase in DNA binding affinity in the
presence of the three-site “d + e + f” dsSDNA oligonucleotide (Figure 2.7). This observation
demonstrates that the PxRcoM-1 promoter site encompasses all three conserved repeats observed
in the sequence alignment of putative cox promoter regions. These DNA binding experiments
were repeated with the paralog RcoM-2 (88% sequence similarity). RcoM-2, which did not bind
single repeat sites in our hands, binds to the triplet direct repeat sequence (“d + e + ) with a
similar affinity as RcoM-1, demonstrating that both proteins significantly interact with the triplet
repeat promoter and not to single site sequences (“a” or “d”) (Figure 2.513). These observations

confirm that the triplet repeat is the requisite sequence for DNA binding.

PxRcoM-1 exhibits moderate affinity for the “d + e + ” sequence and binds cooperatively,
suggesting that more than one RcoM dimer is required to bind the promoter. Using the Hill
equation, and assuming that PxRcoM-1 binds as a homodimer, we observed an average [P].2 value
of 250 + 10 nM and an average Hill coefficient, n, of 1.7 £ 0.1. Comparison of a simple bimolecular
interaction model and the Hill model, which accounts for cooperativity and molecularity,
demonstrates that the Hill equation provides a better fit of the experimental data (x*= 1.0 x 103
for simple bimolecular versus %> = 3.8 x 10 for cooperative, Figure 2.515). An average n value
of 1.7 suggests that PxRcoM-1 binding to “d + e + f” is cooperative, involving more than one
(plausibly two) PxRcoM-1 homodimers. This result is unsurprising given that each PxRcoM-1
homodimer contains two LytTR domains, which most likely bind two of the three repeat sites
present in the “d + ¢ + f” sequence. A second PxRcoM-1 homodimer would be necessary to bind

the third available repeat site.
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Figure 2.7. Fluorescence polarization data for active Fe(I1)-CO PxRcoM-1 and triplet direct repeat
site dsDNA oligonucleotide. All three data sets for the “d + e + f” oligonucleotide are shown with
circles. The solid line represents the best fit of all “d + e + £ data to the Hill equation (x*= 3.8 X
10, as determined by nonlinear least squares analysis. The average [P]i2 and n values of the
three trials are displayed with standard errors. Independent plots and fits for the three data sets are

shown in Figure 2.S14.
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2.4 Discussion

In this study, we provide insight into the quaternary structure and DNA-binding properties
of the heme-dependent, single-component transcriptional regulator PxRcoM-1. Based on sequence
homology, RcoM proteins are predicted to exhibit a unique domain architecture consisting of an
N-terminal PAS domain, which binds heme, and a C-terminal LytTR DNA binding domain. We
have unequivocally demonstrated that PxRcoM-1 is homodimeric and dimerizes via the PAS
domain, an observation consistent with other PAS domain-containing proteins.’® Heme is not
required for dimerization, and the 1:1 heme:monomer stoichiometry is consistent with that of other
heme-dependent gas sensors.”®! Bioinformatics analysis of cox-associated promoter sequences
implies that RcoM interacts with two or three conserved direct repeat DNA binding sites upstream
of the coxM: core promoter region. In vitro DNA binding assays showed that RcoM binds only to
the triplet repeat sequence and does not bind singlet or doublet repeats. DNA binding to a triplet
direct repeat sequence is different than has been observed for other LytTR-type transcription
factors, which bind a doublet pair of direct repeat sites.3! Additionally, RcoM DNA binding
requires more than one dimer to fully saturate the three-site promoter, and this binding process is
cooperative.

Divergence among RcoM protein sequences is dependent upon genomic context. Genes
encoding RcoM appear upstream of three types of operons: cox, coo, and cowN (Figure 2.4). These
operons are associated with distinct physiological processes: aerobic CO metabolism, anaerobic
CO metabolism, and protection of nitrogenase enzymes from inactivation by CO,
respectively.1-612142425 The CO binding affinities of CODH enzymes that carry out aerobic (Km =
0.52 pM)%2 and anaerobic (Km = 18 uM)® CO metabolism differ, suggesting that these pathways

are operative and need to be regulated at different CO concentrations.'® The differences in RcoM
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protein sequences that correlate with genomic context may reflect differences in CO binding
affinity, DNA binding affinity or both, and may in turn give rise to differential gene expression as
a function of CO concentration. Further study of RcoM proteins encoded in the context of cooS
and cowN genes is required to substantiate this hypothesis.

Using bioinformatics and in vitro DNA binding studies, we refined the identity of the
cognate PxRcoM-1 binding site upstream of coxMi. The binding sites originally proposed for
PxRcoM-1 consisted of two sets of triplet repeats spaced ~100 bp apart.'® A sequence alignment
of 40 putative cox-associated promoters revealed no conservation of the far upstream triplet repeat;
however, a triplet repeat consensus motif (3 x 8 bp, “d + e + ) emerged directly upstream of the
-10/-35 coxMz core promoter region. Using fluorescence polarization to probe DNA binding in
vitro, we demonstrated that all three 8 bp repeats are required to observe specific, CO-dependent
PxRcoM-1 binding. Taken together, these data allow us to present a refined cognate DNA binding
motif for PxRcoM-1 that consists of 8 bp repeats with the sequence TTC[AG][TC]GCA separated
by 13 bp spacers (Figure 2.5). The paralog PxRcoM-2 binds equally well to this same site (Figure
2.513). The repeat sequence, repeat length, and spacer length of this newly identified repeat motif
are consistent with other LytTR promoters®; however, the presence of three repeat sites instead of
two is unusual, especially given the dimeric nature of the transcription factor.

Our observations are inconsistent with an earlier report of high affinity binding to a single
8 bp site. Salman et al.?° claimed high affinity binding (Kq less than 2 nM) of PxRcoM-2 to a Texas
Red-labelled dsDNA encapsulating the previously identified “a” site alone. In our hands, neither
PxRcoM-1 nor PxRcoM-2 bind to dsDNA containing a single “a” or “d” motif (Figures 2.6, 2.512,
and S13). Our data are inconsistent with RcoM binding to a single 8 bp site; instead, we observe

that all three 8 bp direct repeats are necessary for high affinity, CO-dependent binding.
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Analysis of the RcoM:DNA interaction suggests a uniqgue DNA binding mode for this
transcription factor. RcoM differs from many well-known transcription factors, which dimerize
with C, symmetry to interact with a pair of palindromic repeat binding sites. Instead, the triplet
direct repeat consensus site and the dimeric nature of RcoM requires three LytTR domains, from
at least two RcoM dimers, to bind to the promoter. This model is supported by the cooperativity
observed in our in vitro DNA binding data, suggesting that RcoM is unique among LytTR-
containing proteins. Such proteins typically bind to a pair of direct repeats with tandem-oriented
LytTR domains from one dimer.31%4-¢ A single reported exception to this model is AlgR, which
binds to a promoter site consisting of a pair of perfect direct repeats far upstream from a third
imperfect, inverted repeat.***> This unexpected binding mode was explained by invoking DNA
looping.

The RcoM:DNA binding interaction may resemble that of CarH, an adenosylcobalamin-
dependent, HTH-containing transcription factor whose DNA binding site is composed of a triplet
of 11 bp direct repeats.’” CarH tetramerizes through its C-terminal adenosylcobalamin-binding
sensory domain upon activation by red light, and subsequently binds to DNA using only three of
the four available DNA binding domains. The three domains exhibit translational symmetry upon
binding to the promoter, with each oriented in the same direction along the DNA.%8 A long
unstructured region, ranging from 6-120 residues in length, connects the DNA binding domain to
the C-terminal sensory domain of CarH proteins, allowing each individual DNA binding domain
to adopt the different orientations necessary for interaction with direct repeats in the promoter.
Similar to CarH, the RcoM DNA binding domain connects to the sensory domain through a long
(~40 residues), unstructured linker that could be key to the activity of RcoM. Thus, CarH provides

precedent and a potential recognition strategy for the binding stoichiometry observed for RcoM.
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A proposed model for the RcoM:DNA complex consistent with our observation that two RcoM
dimers are required to bind the trimeric promoter, based on the Drennan lab structural model of
CarH DNA binding, is presented in Figure 2.8. Further structural investigation into the
RcoM:DNA complex will allow us to uncover the unique mode of interaction with DNA and
enhance our understanding of how LytTR-containing transcription factors regulate critical

biological processes.
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Figure 2.8. A proposed model of RcoM DNA binding based on the structural model of CarH
tetrameric DNA binding. (Top) Two RcoM monomers form an elongated homodimer through the
heme binding domains. DNA binding domains are connected to the sensory domains through a

long flexible linker. (Bottom) Upon activation by CO binding at the heme, two RcoM dimers come
together to interact with the full trimeric promoter.
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2.5 Supplementary Information

Heme Reconstitution

When indicated in the main text, one of the following heme reconstitution protocols was performed

to ensure full heme loading prior to experimentation.

Method A: A stock solution of hemin chloride (100 uM in 1 mM NaOH) was added to protein in
50 mM MOPS pH 7.4, 150 mM NaCl, 1 mM DTT such that the final concentration of NaOH was
less than or equal to 100 uM. Equimolar amounts of hemin chloride and protein monomer (as
determined using the Pierce 660 assay) were mixed, resulting in an immediate color change from
light pink to dark red. After incubating on ice for 5 min, excess hemin chloride was removed by
three successive rounds of spin dialysis using a 600 uL. 30K MWCO spin concentrator and dilution

into 50 mM MOPS pH 7.4, 150 mM NaCl, 1 mM DTT.

Method B: A combined heme reconstitution and re-oxidation procedure was performed by diluting
concentrated protein stocks to 2.5 mL using buffer containing 50 mM MOPS, pH 7.4, 150 mM
NaCl, 1 mM DTT, 3 mM potassium ferricyanide, and hemin chloride (from a 20 mM stock in
DMSO) equimolar to the amount of protein monomer present in solution. DMSO never exceeded
0.2% (v:v). After incubating on ice for 30 min, DMSO, ferricyanide, and excess hemin chloride
were removed by passing the protein through a PD-10 desalting column (GE Healthcare), followed
by three successive rounds of spin dialysis using a 600 uL 30K MWCO spin concentrator and

dilution into 50 mM MOPS pH 7.4, 150 mM NaCl, 1 mM DTT.
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Table 2.S1. Heme quantitation of WT and HBD PxRcoM-1. Total protein concentration values
were determined using the Pierce 660 assay, and heme concentration values were determined using
the pyridine hemochromogen assay. Percentage heme loading assumes a 1:1 ratio of protein
monomer to heme, and errors represent £+ one standard deviation.

: . [protein] | [heme] Average
Protein a1 =y | M)y | % Heme Loading
as-isolated 1 2103 1145
WT 53.2+12
2 252.8 1315
: 1 138.4 146
recopstiuted 1133+7.8
2 57.1 69.2
as-isolated 1 1119 26.3
HED 27641
2 119.2 37.8
reconstituted 1 138.7 130
HBD 99.0+5.3
2 94.3 98.3
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Figure 2.S1. Representative SDS-PAGE for a typical preparation of full-length, WT PxRcoM-1
(expected molecular weight of 31.5 kDa).
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Figure 2.52. Sedimentation equilibrium data plotted as In(absorbance) vs. radial position squared.
In this format, a single species presents as a line with slope proportional to My, speed, and
temperature (4 °C). Data from samples with two different initial absorbances at 418 nm are shown
as filled and open circles. Data from three of the four speeds included in the analysis are shown
(15k rpm not shown). For each speed, the data from the different samples appear parallel,
consistent with a single species. The solid lines are from a global fit to all the data as a single
species. The analysis demonstrated the data to be well described by a single species with an Mw/Ms
ratio of 2.10, a dimeric species. The data sets include absorbances at 418 nm ranging from zero to
~2.1.
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Figure 2.S3. X-band EPR spectra of WT PxRcoM-1 as isolated after purification and reconstituted
with hemin chloride. The asterisk denotes the EPR cavity signal, while the triangle denotes the
axial, high-spin Fe(l11) signal indicative of a small amount of adventitiously-bound heme.
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Figure 2.54. A comparison of electronic absorption spectra (upper panel) and size exclusion
chromatography profiles (lower panel) for as-isolated and reconstituted full-length WT PxRcoM-
1. Electronic absorption spectra are normalized to unity at 280 nm, and the most intense peaks in
the SEC traces (monitored at 280 nm) are normalized to unity.
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Figure 2.S5. A comparison of electronic absorption spectra (upper panel) and size exclusion
chromatography profiles (lower panel) for the as-isolated and reconstituted PxRcoM-1 heme
binding domain truncate. Electronic absorption spectra are normalized to unity at 280 nm, and
SEC traces (monitored at 280 nm) are normalized to unity for the most intense peak.
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Figure 2.56. RcoM sequence similarity network shown as a function of alignment score cutoff.
Network images are labeled with alignment score cutoff in upper left corner of each image. Nodes
are colored according to their genomic context classification.
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PxRcoM-1 TTCGGGTTTCATGTACGTTTTCCGCTAGTTGECGCGCGTGAACECGCCGTTCGGGAAATTGC
PxRcoM-2 CCCECGTMESA TETINCGTITT C[MGC TAGIMYGA ClESFAC GT GEVAC - TA[MSURICE GlEX- AR NG Gl&
Aehrlich GCCGCCATTCCCGCAGCGTGACCGCC-GTTCATGCACCGCATT.CACCETTGGTGAATTGGC
BMOLAS814 CCCATTGUENSG TG TGIGGCGGT[E - ANNMETETGCGCCG - TGGTGG[MeledlyGCA TT GC AyA Gled
Bb-HGW-3 TAAGCGTTTCGTGCAACGCAGCGTGCGGTTCGTGCGGAAAACAAGTCATTTTGT CCGAT
Cbhact-al TCAGCAGTTCGTGCAGACAAAAATGCGCCTCATGCAGAAAAATECACATTTGAT CTCGTC.
Cb-PBBC1 AATGCATTTCATGCCCTCEAAAGTGCATTTCGTGCAATAAATCGACCAACGAAT CGARAA -
2_64_110 ATGCACGWNECTHEGCGTCGG - [@Tele CANNoE TEOIA GCCGGASGAISGHNWIGATTGCANGG G
CsPAE-UM CTGATCGHMESEG T(C&IAA TCCAG - CTGCCGTTCGTGCGATGTGAACGGCGGTTGATTGTTI
Hcrassos AAT.CGTTTCGTGCGGGTCAAGCACCGTTTCGTGCACAGGAGGCCACGTTTGECGCCAGTT
Lsp--15K AATACATTTCGTGCTCTAEAAAGTGCACTTCGTGCAATAAATGA CleA[edyA A A ClEFNCGAAA -
Lsp-B9-3 TCGGGATTTCCCTAATTGCAAAAAGCAATT—TTGEAA—AAT TTTTCGTTTCETGCATTAAA
Meurypsay GCGGTGGTTCGTGCAAGCCGG—GCGCCGTTGGTGCGAGGCAGGECACCGTTGATTGATTGGE
Psp-35-6 ACACCAGINNGG T \CTACTGAG T[Je A TN Tl GG CATINTCTAC[HeAAATA T[EFNCCAAT -
Tsp-16-6 TGAGCATTTCGTGEAACCAGATGCGCATTECGTGCAAAAAAAGECATATTTAATGCAGAAAE
Vsp-HWeO0 GTTECATIMEATEGINCGTGGAC - GCleJe A Tigdee TIOFAT GC - LACCGCCA[GCINICIE TIECGGCCAA
Vsp-YR21 GACECATIMRSA TESNACGCGGAG - GO A TiNESE T C GC -LFA\CCGCGA[GCINICIE TIHCGGCAAAR
Ssp-E85

Aasiatic
Bbacteri
Lplankto
Asp-21-6
Asp-20-5
Bbacteri
Csp-8K-3
Pmontico
Bsp-Chl-
Bsp-H160
Bsp-IDO3
Bep-TNe-
Pphenazi
Paromati
Besp-yr28
Obacteri
Bbacteri
Pcaballe
Psp-PDCHO
Peburnea
Psilvatl
Pfungoru
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GCTECCAIRNECG(eleGGCAATA -[sTicde CAigeA CleledAC CG -EA\TA A CG[eeleigiyGle TFRATCCC G
—————— CPpREACEHSFNCCCAGA - CTGCCGTTCATGTCGCCAGGGCCGCCETTGGTG.AGGGGC
CCCETCGTTCACGTGCCGTTG Cl&G CLVAT T CiNeG C Afefelaly 7 N CGACCGTTGGCGAAC.CGC
AATTCATTTCATGCTCAATAAAGTGCATTTCGTGCAATAA TCGACATARRAEAIFNCGATT -
GCGECAGUWCEAGETRT CARTACG Glds CGplele T[le GG GC CTAG T CG[oA Tl Cle Alel CRATIN G G[8
TGCEGTCHAGGTETGG - AATC -AGEGCAINNSE TIHONGGCTTTG T GGG TPNNCAACCENTINGG T
CCCETCEENEACETGCCCHTE - MoBAAbigen GleledAG GC - A TE G A[lhidiycE CleFRACIy C G[E
CCTeCATRNEG T(JeFAA G - 3T T ClelGA[6 G C CiGel CleledAC GC ALIAA (GG GleleledgiyCle GleX:SAR U CA R
GCClEGGTiRNEATETINC G TN T T ClEGET GAIMIGA CIEIFACAT - GAG[ECAlslaleigiyCle Gler:vAR i CGle
GCCEGGTINNEATETINC G TINT T ClEGET GGUNNGE CIEeFNC GC - GAA[S TA [SlaleyniyCle GleXWANINC Gle
TTCEGCCTRNEA TETINC GTISTT ClEGIE T AGIRNGE CIESGCGT - GAA[SCG[elaledRiyCle CleXEAA T Gle
TCCTTCTpgeA CleledA G T T T CleGleJe G ChvC GA Clele¥AG CC - ﬁGGCCGCCGTTCGGGAAAACCC

TCCCT TTPRNEG Cleled\N G TUYT T ClECA[6 CGNC A A ClEle¥AA CC - [AGG[E T GleledeyiyCle Gl PRI CAlel
CTCCGCTNNEATETINCGTINTTCEGC TAGINNGA GIEISGCGT - G TGO CGlelaledniyCle GlerwANINC Gle
CGTCCGCTTAACGTACGGTTGCCGA GAPRNEE TIHOSACGT - AT T[® GA (Sl iCle AlerEANINC G A
CCCiTCGTTCACGTGCCGTTGCC- LT T CENe G C Alcfelely !ATCGACCGTTGGCGAACTCG.

TCCGCCGTTCGTGCAAGCTTTCC—CGATACTCGG.AGCCGCTTCTACCGTTCGGGAATTGCT
CCCETCCNNEA CETGCCCINTG - [6C] Hee G CAleleaA RUNCIEACCGT TIRGleGAA ST ee C)
TCCCGCTPRNEG Clefsl\A G Ty T T Cl8G] GTGCCG CledadAA CC - INGCle CGlaladel RN Cle CleF VAR A CAled
TCCCCTTA Cleled A G TIWTTClGdE GC CC GlelCleladlc cC - E\Cele CGldeiidiycle Aley:8AR G C Clel

GCCETATREA CelelCG G THAGClEGIET CG CledsdAC CT - ENT T[S C Glefeled NG 2 AleF WA CHY T Glo)
TTCCTCTGATACEMGEGCGECG- CGTCGCE CGCGTGAACC——GGGCGAATGTGGTGEATTCGT
CGTCCGC.AACTCGG.TGC.GA.GA TESIACGT - TT.GACAACGA

Figure 2.S7. Logo plot (top) and sequence alignment (bottom) for putative promoter regions of
cox-associated RcoM proteins. Black boxes denote positions where sequence is identical to the

consensus.
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Acauli
Rrubru
Xautot
Sstibi
Pfulvu
Pmolis
Aoryza
Alipof
Asp-B5
Asp-M2
Asp-TS
Asp-TS
Asp-T8
Rsphag
Asp-I1
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Asp-B2

8 bp

HRRPRRRPRRRERRRPRRPRRRERRBRRERRPRHERRRRRRRRAR

12-13 bp

d
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[FRyGUCINT T CAT GCRIG Clelebife NG C CG T TC GG Ch\G G CHIGldeledelsl Chifelel T G1{e/G ClolelelelelC|

TGGC[EATChY [HeCCCCAGARCAMeChMNENCEEAAAR - CCCCGEacE Tiddeljenr AT GECle
(WG CCGTTCET GCHIG ClefeleleENNG C CG T TCRYNG Ch -CCCCTETGEGHY GEGCCTTGGC
CCTGﬁCGT CAEGClec Clelder:¥Xeic C CC TTC GG C[erNE CRGINdlec CleGU T (G TiFNele¥\G e C
CTGETEeCClEGINeRelaT T CGA T[clefeleMNeR TIE®ACA T - ATCAAA[SGE TN HeEGCCAAG
CAGA[del [scideleinlefe T T CCAT[He TlehdideiA TeldAA T - AT CGAASGE Tuy HeCCAAG
(el ACCGTTCETGCE GATCgGGCCGTTCGCGCA —CGGATGCGCTTGGTGCAGGECC
(e CCCGTTCATGCEG CayeleelaifGCCG T TC GG Cle -EBTGCGE e GE Tageledgela G CGC G
GCCGCCATTCETGCG GATCEClgelasigidele Clels G -GGGATGCCGTTGGTGCAGGECC
GTTCHenisNeFIC[dendecA T TeCAderigijdeCeleCee T - @G ACTldeCle Cidded e G CATG
[SeleCCCIATT CAT GCRIG CleEUNe oG CCIT TC GleG Cle - EGACTiege Cle Chgeleyela R G TIECG
[eede CC CINTT CAT GCRG ClerSNe Cle G CCI T TC GleG Cle - [EGACTiefe Cle Cugeledela A G TIeCG
[dede: C CLATT CAT GCRG ClerWNe CleiG C CET TC G@G Cle - EGACTele Cle Cageledfela R G TIE C G
CTTGCCGTTEATECG GCAAA[MGA[elelchigiyele/ T cleiA A | G-GCGCCGCCGGTEGQGTGTTGGC
TCTGﬁCGTTCﬂTGCA GAATGGTGﬂCGTTCATGCAA A—AACCTGCCGTTGETGCAGCGGC
CTCeIeR iR TRAG[eG ClelcC G GeEc e igieleClele CCT[E- CCGCClelecle CICERITI®A T ClE GG
[ldec:CCGTTCET CCleG[eledelede Cle GRCGE TC Gleic CRG{oERGlelifele G ClaGlel TisG T G Clelefeclehiy
CTTGCCGETEATGCA GCAAA[MGA[delchgyele T cleiA A | G-GCGTCGCCGGTCGQGTGTTGGC
[Sele CCCGTTCATGCEG CRyeleelaidG CCG TTC GG Cle QG eeec Cle GUT GG TG Clelelefee
[eleler\C CG T T CET CClEG ClekNfeClel G CCG T TC G@G Ch - CGGAT[eleGC Thfeleliele A G G[ECled
CTCGETldeCClaGifelanleeT T CGA T c{daleligiar TelsAlCA T - AT CAAA[SGETHY e GCAAGH

CGGG!CGTTCAQGCGC [chifeled-Nel GRCG T TCLENG CR
GGTGCEGETGGTGCGTGGGCAATCCCGTTCATGCA

[ehideinC CENT T CAgC CRl

[ VACCGTTCATGCHKIG ClelelifeCle GCCE TTC GleGCle

CCGTTCGGC

[Jelel; C CRATTCAT GCRIG ClekNifeCledG C CRT TC GleiG Cfel
[l RC CGTTCAT GCEAG Cle e CleiG C CE\T TC G[&GChY

CEGECCGETGGCTGETHEGETTEC -
Cl8GEGAT TieleCA Tigeleyels G CGCC -
[ GlerNelec CleGle TRIG TG CEYeloGlele]
- [8G GA Tieje Gle TaEleddela A G TIe C G

- [€GACT{cleCle Cadelehdels A G TIE C G

X —CGGATGCCGCTGGTGCAGGGT!

8 bp

Figure 2.S8. Logo plot (top) and sequence alignment (bottom) for putative promoter regions of
cowN-associated RcoM proteins. Black boxes denote positions where sequence is identical to the

consensus.
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TTCEG G TIREANETRACG TTTTCCGCTAGHNGECEESGCGTGAACCC IR CEGEANAT TGE
CCCEelG TIRNSAUNE TINCGTTTTCCGCTAGIMNGACIEISFNCGTGAAC - TA[SefeygivCle GEARAT GGle
GCCeCAIRNMCCIEsAG CGTGACCGCE - GiuEA Telef\C CG CATT C CAMSAIRNG (€ TIE AT T GGl

CCCATTGIRNCINEIeING TGTGGCGCT® - AR TIe TGCCG - TCCT GG [SeeigiGATTGCATAG(S
TAAGCGTTTCGTGCAACGCAGCGTGCGGTTCGTGCGGAAAACAAGTCATTTTGTGAACCGAT
TCAAGGGACAAAAATGCCATGAAAAATCCAATGATCTCGTC
AAT[eleA TigiNeAdela"C TCTAAAGT(l6 A TERNelE TIFIA TAAATCCGACMAACGAATIEACGAAA -
ATGCACGIRNEGINEEGCCTCGG - CTele CApgdele TIeFIA GCGGGACGAMG[EIGATTGCATGGG
CTGATCGINNEGINEOIL T CCAG - CTES CGMNSE T GCA TG TGAACGGSGIEUWICGATTGTTTAGHS
AATEECTpRNGINeleGE G TCARGCACG Tigelel TieJeFNCA G GA GG C CASG TiRnGECECCAG TT(E
AATA[A TinNeGiYc]e TCTATAAAG TEle A ChgifeleTIXFIA TAAATGA - CleA[NAR A CleACGAAA -
TCGEGATpRICC TART TGCARAAACSAANNY - TTETEVA - AAT - TTTT®G ThgRCE Tie|CINTTAA A
GCG TGGTTCGTGCAAGCCGG—GCGCCGTTGGTGCGAGGCAGGCCACCGTTGATTG!TTGGE
ACA[eJoA CuRNSGINEIGINC TACTGAG Tele A Tigifde TIe GG CATATCTACMEAAATATEACCAAT -
TGA[eA TiReIGINEANA C CAGATG Clle A TWA[d TIelsF\A AAAAAGCCATA TlA A Tl CINGARAS
GTT A TINNSINEOING TGGAC - GCelaA TiMNSE TIHONT GC - ACCGCCASCHINICETIECGGCCAA
GACESA TIRSAINEIeING CGGAG - GCeleA TiRNSe TG NC GC - ACCCCCAMCIWNCETIECGGCARAR
GCTESCAINNSCGIEHSGE CAATA - CTiede CAUMNEA ClefeF\C CG - ATAA CC[SeENRNG e TIEAINT G GC G
—————— CigfelA CElFAC CCAGA - CT{ele CCiReA T[ET CGCCAG GG CCCeeRhgnG e T CIGG GG
ccc TCGTTCACGTGCCGTTG—CCGCAATTCAGGCAGGC—AATCGACCGTTGGCGAACTCGE

GCG[EeAGICIAGIETRIT CAATACG GleJs CGIRNHE TIHGE GCCTAG T CGeA TEERC €A CINTT GG[g
TGCEGTCWAGGINETGG - AATC-AGEGC CAINNMETILGFNCGCTTTGT GGG ThRVC AAEGCENTT GG T
ccce TCGTTCACGTGCCGTTG—CCGCAATTCAGGCAGGC—AATCGACCGTTGGCGAACTCGE
CCTe[SA TIRNSCHNEISFNL G - TTTCCGA[SGCCUNGECIISFN\G GCAAAA CGG[sisle RN Cle GIEARVAT CA A
GCCleGC TN UNe TINCGTTTTCCGET GAIMNGA CEJeFNACAT - GAGC CAlsleledginCleGIe ALAT CGle
GCCEGCTNERAUNETINCCTTTTCCGET GCGUREGECHFNCGC - GAAC TA[SoegiCEGEALIAT CGle
TTCEGCCTINNEAIRETINCGTTTTCCGETAGINIGECIEISGCET - GAACCG[SMeRiCe GleARA T TGle
TCCTTCTIRNSACIESFNAGTTTTCCGESGCINC GACIEIeFNG CC - AGGC CG[sieledginCle Gle ARA A CCle
TCCCTTTRNEGCIHFNAGTTTTCCCAGCGINCAACIESIIA CC - AGGCTG[oeledgvCleGIEALAT CAle
CTCCGCTINNSANETINCGTTTTCCGCTAGINNGAGHOGCGT - GTGC CG[SelegiC e GEenRIAT CGle
COTCSGCIRAACIETINCGGTTGCCGASGAIMNSE TIIGFNCGT - ATTCGA[SSedgNC e EARAT CGA
CCCETCGIRYEACIETGCCGTTGCC - ARjgeA GlefoFA\GGC - ARTCGA elelelgnGleCleAI\CT CGg
TCCHECCuReCIYelelA G CTTTCC - CGATACTCGETENG CCGC TTC TA BeleignC el G AT T GC'T
CCCETCGINNSACIETGCCGTTG - CCelaAAINNOR GEJOFNG GC - AATCGA[SelegiG e CleARCT CGle
TCCCCCTIRNEGCEHEFNAGTTTTCCGEGTCCCGECIEIFA CC - AGCCCG[SaegiiCle CleARVA A CAlS
TCCCET TR CldeAA G TTTTCCGEEGCCCGECIHde NG CC - ACGCCGeleRhgnCle Al AL G CCle
GCCETATINSACHECGCTTAGCCGET COnaleClefeFN\C CT - AT T C CGlseleyigiC AACARCT TGS
TTCCTCTGATAC[HEGGCGCG-COTCCCEINCGCGTGRACC - - GGG CCAATGINGETIECINTT CGT
CGTCEGCIRIAACIETRCGGTTGCCCARCAMNIETEIACGT - ATT C GASSIEFRNC e A AR T CGA
CATETCARYSAINISFNCG CCGCTG - A T[de CCuNae TGFNCGC -GCCCGCOT CCpGAGECCGCCGl™
TGGCEATCHAGG[HECCGCAGA - CCASCChuNeA ClEsFAA AR - CGGCGGEC[EMGETEARNTG G Cle

[ele/T T Cle'T GCAlelalalefele By Y CGTTCATGCAGGC—CCCCTGTGGHTCGCGCCTTGGC
CCTEACGINCIEACIHECGCGCCA-ACHE CCIMNMECIHSGA CC -G TGG COEGIENRNCETTAGCA GClS
CGPCEIGINEGING CTTCA - GTET COPNNe TIGACAT - ATCGAASGEURNCACECGCAAGG
CAGASCACCISGUINE&ING CTTCC - ATe TCGUMNEA TIJGFN\GAT - ATCGAA[SG[ENRNC ACIECGCAAGHS
TCCETCCIRNECHNEleING GAATG - AT TCGTTCATGCAAGAAGCCTGCCGTTG‘TGCHGGGGC

[ofe!T T CIAT G ClelclebidelolcB ey G Clelel T T C GG Cllelcleli ek feledelel Cfel G T T[e]G v G [efclelelelelC|
CAPRNSICNEECGC CGATC - CClele CA NN CHEGCGCCC - GGGA TG{o{deignG (e Tie CING G G Cle
GTTCOCAINNSA ClEOING CGATT - CCAMCAINMNSE CHUGGCT - GCGACTGSHMECINGETIECGGCATG
[edediy Clofe T T CIAT G C AlcfelerNioltele G C[OAT T C G&C C Alelelelialele S fe  C G@TIEGUNG oA [elefele C
CCpRNeAINeleGC CGATG - A T[ele CGupNele TIeJeGC CG - CCGG CoEG[dinClEGdCGCC GCle
GGTT[SCGuuNeANEleFNG CGATC - CClefs CARNMECIESFNG GC - CGGA TAMEECING e T CRGG G Cle

CGTTTATECGGGCAAA—CGA [ele/T'T CGpvG C ArNeleggelalelaiale, C C Gie T8I GlaGCleypigele Cl

GGCA[MCGIRYGCINIEGGCGATC - CG CGapNeeCdNCGC - CGGA TG[MG ChgnG (e TECE\GG GCle

TCTETCCINYEGCINIeINGGAATG - GTET CCuNeA Tlele¥y A GA - AACCTG[elelegivG A TiCCINGC GGle
CTCEHECAIRITAGECCCCCCGEE - CCECAIMNAECHECCTC - CCCCCE[EeCUCETT CEATC GGG
GCCHECGIWNSGINEECG G CG GG - CGET CCONME CEOFNG CG -GG TG CGOSMECINCETIECGGC GG T
CTTEECGCYVT AUMEIeING G CARA - CCARCGINNEE TIIFA GG - GCGTCO[SMe GUNCleCle TG TT GGE
[edele} G Clele) T'T CIAT G Clelefeivelele BRey i Clale) TT C GG ClElelelapelfelaele Clel G T TIE| Gy G lelefale]alel |

CGAA[ECGINEAINEINC CGCGTC - CG CGTTCGCGCGGGC—GGGATGCEGTTGGTGCAGTGCG
CApNNSAUNEGFAG CGATC - CClele CAINNMECHEGEGC - GCACT G MEe CING[E TIE CINGT GCG

GGCUGGINEEGT GGG CA - ATCECCiuNeA TG CCCCGAT TCEEAMGETIECGCECC -
GGTTECGgYeAideled NG CGATC - CC| CATTCGCGCAGAC-CGGATGCCGCTGGTGCAGGGTQ

GTCTCAINNSA ClEOING CAATG - CCA| CGTTCGCGCCGGT—GGACCGCCGETTGTGCiGCGCG

f

p

CA

91

C

LI — =N
===

CCCGCCGTTCGGGAAATTGC
8b

Figure 2.S9. Logo plot (top) and sequence alignment (bottom) for putative promoter regions of
cox- and cowN-associated RcoM proteins. Black boxes denote positions where sequence is

identical to the consensus.
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Figure 2.510. Fluorescence anisotropy data of WT PxRcoM-1 DNA binding to the “d+e” Texas
Red labeled oligonucleotide. The data are presented for two replicate experiments, with each data
point representing an average of three technical repeat measurements of anisotropy. Open and
closed triangles represent the Fe(l11) and Fe(11)-CO bound state of RcoM, respectively.
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Figure 2.511. Fluorescence anisotropy data of WT PxRcoM-1 DNA binding to the “e+f” Texas
Red labeled oligonucleotide. The data are presented for two replicate experiments, with each data

point representing an average of three technical repeat measurements of anisotropy. Open and
closed circles represent the Fe(l11) and Fe(11)-CO bound state of RcoM, respectively.
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Red-labeled dsDNA oligonucleotide. Experimental conditions for this in vitro experiment are 6.4
nM “a” site 18-mer in 50 mM Tris-HCI pH 7.6, 100 mM NaCl (No glycerol, no competitor DNA).
No significant increase in anisotropy is observed upon reduction and CO-binding, therefore WT
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Figure 2.S13. Fluorescence anisotropy data for active, Fe(Il1)-CO PxRcoM-2 DNA binding to
Texas Red-labeled dsDNA oligonucleotides bearing coxM: promoter elements. Experiments were
carried out in the presence of 40 mM Tris*HCI pH 8.0, 20 mM KCl, 5% (v/v) glycerol, 5.3 mM
TCEP. As with PxRcoM-1 there is no significant increase in anisotropy when PXRcoM-2 is
incubated with single repeat promoters elements “a” and “d”; however a distinct, protein-
dependent increase in anisotropy is observed in the presence of the triplet repeat “d + e + 7
upstream of coxMi. The dashed line represents the best fit to the Hill equation (x* = 3.8 x 10*) for

PXRcoM-2 binding to “d + e + f”, as determined by nonlinear least squares analysis.
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Figure 2.S14. Complete fluorescence anisotropy data for WT PxRcoM-1 DNA binding to the “d
+ e + f” Texas Red labeled oligonucleotide. The data are presented for three replicate experiments,
with independent fits for each data set. Each data point represents an average of three technical
repeat measurements of anisotropy. Open and closed circles represent the Fe(l1l) and Fe(ll)-CO
bound state of RcoM, respectively. The dashed line represents the best fit of the closed circle data
set to the Hill equation, as determined by nonlinear least squares analysis. The [P]i2 and n values
are displayed with standard errors.
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3, dashed line) and cooperative binding model (yx*>= 3.8 x 10, solid line). Fits determined by a
nonlinear least squares analysis.
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Chapter 3

Insight into the protein:DNA complex of heme-containing transcription factor,
PxRcoM-1

A version of this chapter will be submitted as:

Roberts, M. G.; Sholes, A. E.; Riney, M. B.; Berndsen, C. E.; Burstyn J. N. Insight into the
protein:DNA complex of heme-containing transcription factor, PxRcoM-1.

MGR generated and purified RcoM and variants to prepare SAXS samples and performed
glutaraldehyde crosslinking experiments, in the lab of JNB. AES and MBR, under the direction
of CEB, analyzed the SAXS data. MGR wrote the majority of the manuscript with input from
CEB and JNB.
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3.1 Introduction

Carbon monoxide (CO) is a critical source of energy and carbon to a diverse array of microbes.
To regulate the production of the cellular machinery needed to metabolize CO, bacteria use one of
two biochemically characterized nonhomologous transcription factors, CO Oxidation Activator
(CooA) or Regulator of CO Metabolism (RcoM).! RcoM has been identified in the context of
genes controlling three biological processes: aerobic CO oxidation (cox genes), anaerobic CO
oxidation (coo genes), and the protection of nitrogenase from CO inhibition (cowN gene).?* RcoM-
1 was originally identified upstream of the cox operon in Paraburkholderia xenovorans, and it is
one of two homologs in the P. xenovorans genome, thought to arise from a gene duplication event.*
The two proteins (88% sequence similarity) have been studied interchangeably; no structural or
biochemical differences have been observed between the two proteins. RcoM is the only single-
component fusion of a Per-Arnt-Sim (PAS)-type heme binding sensory domain and a LytTR-type
DNA binding domain, with the two domains connected by a 21 residue, unstructured linking

region. Given this architecture, RcoM is predicted to display a unique regulatory mechanism.

Over 200,000 proteins are annotated to contain a PAS fold (Interpro IPR013767). This
versatile sensory domain is known to respond to diverse chemical signals as a part of single-
component and two-component systems. Some PAS domains use a cofactor, including metal ions,
heme, and flavin, to regulate the activity of diverse effector domains, including DNA binding
domains.® Despite relatively low sequence similarity (below 20% on average) and in contrast with
their functional diversity, PAS domains are remarkably structurally similar.> PAS-heme proteins
are primarily dimeric though a very plastic dimerization interface, formed by a patch of
hydrophobic residues on the outer face of the B-sheets. A number of quaternary structure

orientations are formed by PAS domains, even multiple orientations of the same oligomeric state
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in the same solution.”® Signal binding-dependent change in oligomeric state is a necessary
component of the function of many PAS proteins. "*3 RcoM was recently shown be primarily
dimeric in solution through its PAS domains, though it has not been established if the oligomeric

state changes in response to CO binding.?

RcoM undergoes a ligand-switching mechanism at heme to sense CO (Figure 3.1A). In the
Fe(l11) state, heme is bound by Cys94 and His74.24141> The reduction of Fe(I11) heme causes the
charged cysteine thiolate ligand to be replaced by neutral Met104, then methionine is replaced by
the incoming C0O.%% CO binding activates RcoM to bind its promoter DNA through allosteric
coupling to the LytTR domain.>'’ Unlike archetypical CO-sensor CooA, RcoM displays an
extremely high affinity for CO in the presence of oxygen, consistent with its primary biological
role as an aerobic CO sensor. In addition to the observation made in several studies that
heterologous protein expression yields CO-bound RcoM, spectroscopic characterization of CO
binding and dissociation kinetics found a nanomolar range CO affinity (K¢ = 4 nM) for RcoM-
2.1718 While the details of CO binding to heme have been well-studied, little is known the
mechanism by which the signal of CO binding is propagated across the protein to the LytTR
domains to modulate DNA binding. While the specific residues involved in forming an allosteric
network between heme and the LytTR domains will likely remain unknown until high-resolution
structures can be achieved, there is still much that can be learned about large scale CO-dependent

conformation changes that contribute to RcoM allostery.

The LytTR family of proteins are a class of response regulators that primarily regulate
bacterial virulence, and RcoM is unique among this group as, to our knowledge, the only
biochemically characterized single-component transcription factor.® A crystal structure of one

LytTR domain of truncated AgrA bound to a 15 bp piece of DNA revealed 10 B-strands, organized
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Figure 3.1. A. PxRcoM-1 heme coordination states showing the Fe(l11), Fe(ll), and active Fe(ll)-
CO state that is able to interact with the promoter region. B. Logo plot derived from the
alignment of 40 coxM promoters, shows conservation of the triplet direct repeat motif.> Below
the logo plot is the native sequence from the Paraburkholderia xenovorans genome that is

recognized by RcoM-1.
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into three antiparallel p-sheets, with a small two-turn o-helix.?’ LytTR domains exhibit a unique
DNA binding motif, where the loops between B-strands form specific interactions with two major
grooves of the DNA with only two amino acids forming base-specific DNA contacts.?®?* LytTR
proteins tend to bind a pair of 8-11 bp imperfect direct repeat sequences, with 12-13 bp spacing
regions, upstream of the -35 region of the relevant operon.!®?2-2" Dimerization is required for
recognition of the doublet promoters, though some LytTR proteins bind DNA in a stepwise manner
as monomers and others form dimers upon activation prior to DNA binding.?*?® The crystal
structure of a constitutively active variant of full-length ComE shows that the active state of the
protein is an asymmetric dimer. ComE dimerizes through its REC receiver domains that exhibit
rotational symmetry, with the conformation of a long flexible linking region between the REC
domains and the LytTR domains allowing a tandem arrangement of the DNA binding domains

consistent with the two direct repeats in its promoter sequence.?

The RcoM consensus promoter sequence was identified by bioinformatic analysis and in
vitro fluorescence anisotropy-based DNA binding assays as a set of three 8 bp imperfect direct
repeats of sequence “TTnnnGCA”, separated by 13 bp, which RcoM binds with a moderate
apparent affinity, [P]12 = 250 nM and a Hill coefficient n = 1.7 (Figure 3.1B).2 This study was able
to eliminate another triplet direct repeat site, found just downstream of rcoM1 and about 100 bp
upstream of the coxM promoter, as necessary for coxM transcription.?® The role of this second set
of triplet direct repeat sequences is unknown. The existence of a triplet direct repeat promoter was
dissimilar to the promoters of other LytTR proteins, that typically bind sets of two imperfect direct
repeats with a dimeric activated state, so this set up significant questions for how RcoM functions
differently than other characterized LytTR proteins. The coxM promoter organization implies that

two asymmetric RcoM dimers are involved in the interaction, with a parallel organization of PAS
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domains and tandem LytTR domains similarly to that observed in ComE. We hypothesize that CO
binding at heme induces rearrangement of the PAS domain that allows a dimer of dimers to bind

the triplet direct repeat promoter.

In light of the absent structural data for RcoM and open questions about the RcoM
activation mechanism, we sought to better understand the CO-dependent structural changes that
lead to interaction with DNA. In this paper we will present a structural model of the RcoM dimer
by combining protein structure prediction and small-angle X-ray scattering (SAXS). Using size-
exclusion chromatography (SEC) and fluorescence anisotropy-based DNA binding assays, we
assess DNA binding properties of the RcoM:pcoxM system to produce a higher-affinity, more
stable complex. Then through chemical crosslinking and SEC-SAXS, we are able to achieve a
low-resolution structural model of the RcoM:DNA interaction. Solution-based structures are an
essential first step in understanding CO-dependent DNA binding of RcoM. Together, these data
provide additional support for the unique DNA binding mode of RcoM: two dimers bound to a

triplet direct repeat DNA motif, which we believe to be highly dynamic.

3.2 Materials and Methods

Materials

All chemicals used in buffer and media preparation (99% purity or greater), sodium dithionite
(85% purity, Fluka, stored under Ar(g) at -20°C), and CO gas (99.5% purity, Air Gas) were used
as received. All other chemical reagents were purchased from Sigma-Aldrich and used as received.
Cell stocks of Escherichia coli containing wild type (WT) PxRcoM was originally provided by
Kerby (University of Wisconsin—Madison, Department of Bacteriology).* Texas-Red-X labeled

oligonucleotides for fluorescence anisotropy DNA-binding assays were synthesized by Integrated
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DNA Technologies (IDT). Un-labeled complementary strands underwent a standard desalting

purification, whereas PAGE purification was performed on labeled strands.
Protein expression, purification of RcoM-1 and RcoM-1 variant, H74Y

PxRcoM-1 and H74Y variant was expressed and purified by methods previously
described 34151629 E coli BL21(DE3) containing the pEXT20 expression vector for PxRcoM-1
was grown in Lennox-LB medium. Dense overnight culture was diluted 1:250 into Terrific Broth
supplemented with ferric citrate (20 mg/mL) and grown to an ODsso of 0.8-1 at 37° and 220 rpm.
Isopropyl - D-thiogalactopyranoside (1 mM, IPTG) was added to induce expression with -
aminolevulinic acid (50 uM, 5-ALA) to improve heme loading for 19— 20 h at 30 °C with shaking.
Cells were harvested by centrifugation, resuspended in binding buffer [50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), 500 mM NaCl, 10 mM imidazole, 1 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), pH 7.4], and lysed by sonication. A HisTrap HP
column (Cytiva, 5 mL column volume) was pre-equilibrated on an AKTA Prime FPLC with
binding buffer. The cell supernatant was applied to the column and washed with binding buffer
until the absorbance at 280 nm reached baseline. Additional washing of the bound PxRcoM-1 was
achieved by adding four column volumes of 15:85, 25:75, and 35:65 (% v/v) mixtures of elution
buffer (50 mM MOPS, 150 mM NaCl, 220 mM imidazole, 1mM TCEP, pH 7.4) and binding buffer
to the column. Elution of bound PxRcoM-1 was achieved by washing with four column volumes
of the elution buffer. The red-colored fractions were pooled and incubated in 45% (v/v) saturated
ammonium sulfate on ice for 15 min. Aggregated protein was harvested by centrifugation, and the
resulting protein pellet was resuspended in storage buffer (50 mM MOPS, 150 mM NaCl, 1 mM
TCEP, pH 7.4) and flash frozen with liquid nitrogen before being stored at -80°C. Total protein

concentration was assessed with Pierce 660 nm assay (Pierce- Thermo Fisher) using bovine serum
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albumin as a calibration standard. Protein purity was greater than 90%, as assessed by SDS-PAGE.

Heme-loading was determined by pyridine hemochromagen assay.*
Protein Structure Prediction

The dimeric protein structure was predicted by ColabFold with the expressed PxRcoM-1
(RCOM1_PARXL) sequence using a selected portion of the BFD database and no homologous
structures.®133, No prior information was provided for building the monomer or dimer structure.
The predicted structures were used without minimization and only altered based on SAXS data as

described below.
Reoxidation, Reduction and CO-binding of RcoM

This method is used to prepare protein for fluorescence anisotropy DNA binding assays and SAXS

experiments.

Fe(l1l) PxRcoM-1 was prepared by incubation with 3mM potassium ferricyanide (Ks[Fe(CN)g])
on ice for 30 min before desalting by passing through a Sephadex G-25 gravity column pre-
equilibrated with appropriate buffer (buffer contents listed in figure legends). The desalted protein

was concentrated using Amicon spin concentrators (Millipore, 30 kDa MWCO, 500 puL).

Fe(I1)-CO PxRcoM-1 was prepared by adding a small amount of solid sodium dithionite (DTH)
to protein, allowing to reduce for 2 minutes, and passing through a gravity desalting column pre-
equilibrated with CO-sparged buffer (buffer contents dependent on experiment, described in figure

legends). The desalted protein was concentrated using Amicon spin concentrators.

Fluorescence Anisotropy DNA Binding Assay
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For each fluorescence polarization assay, Fe(lll1) PxRcoM-1 was mixed with a double-stranded
DNA (dsDNA) oligonucleotide containing a 5’ Texas Red-X (TRX) fluorescent label and a
putative PxRcoM-1 binding site (Table 3.1). Final protein concentrations varied from 0.001 to 3
uM, and assay conditions in each 500 puL sample were as follows: 40 mM Tris-HCI pH 8.0, 20
mM KCl, 5% (v/v) glycerol, 5.0 mM DTT, 48 pg sheared salmon sperm DNA, and 3.2 nM TRX-
labeled dsDNA. Each Fe(l11) PxRcoM sample was loaded into a septum-sealed glass culture tube
(6 x 50 mm dimensions, VWR). Anisotropy values were recorded using an ISS PC1 fluorimeter.
The headspace of each tube was purged with Ar(g) for 10 min, and protein samples were reduced
by anaerobic addition of 10 pL of 100 mM sodium dithionite, prepared in 40 mM Tris-HCI pH
8.0, 20 mM KCl, 5% (v/v) glycerol. Fe(II)-CO adducts were generated by introducing 100 pL
CO(g) to the headspace of each tube using a gas-tight syringe and gently vortexing the sample.
Anisotropy values were recorded immediately after the introduction of CO and after a 40 min
incubation period at room temperature to ensure complete conversion to the Fe(I[)-CO species
and equilibration of DNA binding. Each data point represents an average of three technical repeat

measurements of anisotropy.

The Hill equation was used to fit a cooperative-binding model to fluorescence anisotropy data

taken of the Fe(I[)—CO species after the 40 min incubation period.

Where A is the observed fluorescence anisotropy, Ar is the baseline fluorescence anisotropy in the
absence of binding, A is the maximum fluorescence anisotropy (i.e., when all protein is bound to
DNA), [P]w2 is the protein concentration at half- saturation, [P] is the total protein concentration,

and n is the Hill coefficient.
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Table 3.1. Double stranded oligonucleotide sequences with 8 bp binding sites underlined and
changes from the native sequence bolded.

Name Length

Sequence?®
“def” 62 CGGGTTITCATGTACGTTTTCCGCTAGTITGGCGCGCGTGAACCCGCCGTITCGGGAAATTGCGT
“detf” 62 CGGGTTITCATGTACGTTTTCCTACAGITCACGCACGTGAACCCGCCGTTCGGGAAATTGCGT
“de-f? 62 CGGGTTITCATGTACGTTTTCCGCTAGGCGGCTTGCGTGAACCCGCCGTITCGGGAAATTGCGT
“def-* 62

CGGGTITCATGTACGTTTTCCGCTAGITGGCGCGCGTGAACCCGCCGGACGGTTAATTGCGT

a. Only 5’ — 3’ sense strand displayed for clarity.

b. Oligonucleotides used in fluorescence-based DNA binding assays were labeled with a 5°-
Texas-Red-X fluorophore on the sense strand.
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Chemical crosslinking with Glutaraldehyde

PxRcoM-1 (60 uM), dsDNA (30 uM ,“def” or “de+f”, Table 1), and DTH (1.7 mM) were
incubated at room temperature for 15 min in CO-sparged DNA binding buffer (40 mM MOPS, 75
mM KCI, 5 mM DTT pH 7.4) to form the RcoM:DNA complex. To initiate crosslinking, 0.1%
glutaraldehyde was added at 4°C. Crosslinking was stopped after 10 or 20 minutes by diluting 50x
with SEC buffer (50 mM MOPS, 150 mM NaCl, 5 mM TCEP pH 7.4). The crosslinked protein
solution was passed through a gravity desalting column equilibrated with SEC buffer and

concentrated with Amicon spin concentrators.
Small Angle X-ray Scattering: Data Collection and Analysis

Size-Exclusion Chromatography coupled Small-Angle X-ray Scattering (SEC-SAXS)

Fe(I11) and Fe(I1)-CO RcoM (10 mg/mL, 50 mM MOPS, 150 mM NaCl, 10 mM TCEP pH 7.4)
were shipped overnight at 4°C to SIBLYS Beamline 12.3.1, Advanced Light Source, Lawrence
Berkeley National Laboratory, Berkeley, CA.34-3¢ Samples were separated on either a Shodex KW-
802.5 or KW-803 column at a flow rate of 0.5 ml/min at 10 °C, and eluate was measured in-line
with UV/vis absorbance at 280nm, Multi-Angle X-ray Scattering (MALS), and SAXS. The
incident light wavelength was 1.03 A at a sample to detector distance of 1.5 m. This setup results

in scattering vectors, g, ranging from 0.013 A to 0.5 A, where the scattering vector is defined

asq = 4”5‘;”9 and 26 is the measured scattering angle. The data collection statistics are available
in Table 3.2.

SAXS Data Analysis of RcoM Dimer
Radially averaged SAXS data files were processed and analyzed in Scatter IV and RAW to

determine the dimensions of the protein, molecular weight, and pair-distance distribution function
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(PDDF) 3" The resulting data statistics are available in Table 3.2. The electron density for the
dimer was calculated using DENSS within the RAW software.®® The default settings were used

with a two-fold symmetry axis through the second longest dimension.

We used ColabFold and the expressed sequence of the RcoM protein to model the atomic
coordinates of the RcoM dimer.®® During modeling, we only used sequences that covered >75%
of the input sequence. The top scoring model was then fitted to the electron density from DENSS
within RAW and the structure refined based on this alignment in YASARA structure. During
refinement the LytTR domains were rotated 180° to put the likely DNA binding residues away
from the heme-binding domain followed by a 30° rotation of the entire domain toward the heme-

binding domain. The model and electron density were then realigned.
SAXS Data Analysis of RcoM:DNA Complex

For the crosslinked mixture of RcoM with DNA, radially averaged SAXS data files were processed
and analyzed in Scatter IV and RAW. Peaks containing potential RcoM:DNA complexes were
identified by comparing plots of integrated intensity vs. elution volume to similar plots for RcoM
and DNA alone. Similar frames from the peaks were averaged to generate the data to determine

the dimensions of the protein, molecular weight, and PDDF.

To produce models for potential RcoM:DNA complexes, we used HADDOCK, which can
generate several possible complexes from 3-D models and suggest interacting residues.*%*! We
used the DNA sequence to structure server to model the 62 bp dsDNA.*? For modeling the
complex, we provided HADDOCK with the refined RcoM dimer model and a model of free
dsDNA. Interacting residues in RcoM were arginine 208, 216, and 219 and passive residues were

allowed using the default HADDOCK settings. Complexes were modeled in 1:1, 2:1, or 3:1
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RcoM:DNA. The 1:1 and 2:1 complexes were modeled with RcoM occupying all of the possible
combinations interactions with the d, e, or f sites. Representative models from each of the
HADDOCK results were randomly selected for fitting to the SAXS data in FoXS.*® This software
predicts the SAXS data for 3-D models and can fit these predicted data to experimental data. All
the representative HADDOCK models were combined into a single compressed file along with
models of RcoM and DNA alone. This file was provided to the FoXS server for fitting to the SAXS

data of each of the RcoM:DNA data sets.

3.3 Results

SEC-SAXS refines the predicted dimeric structure of PxRcoM-1

A reliable structural model of the RcoM dimer was needed in order to describe the molecular
interactions between RcoM and DNA. Given the lack of a high-resolution crystal structure and no
full-length structural homologs consisting of a PAS-type heme-binding domain and a LytTR-type
DNA binding domain, ColabFold was used to predict the structure of dimeric PxRcoM-1 (Figure
3.2A). The predicted local distance difference test (pLDDT) score of 67.8 and the predicted
template modeling (pTM) score of 0.59 indicates reasonable confidence in the accuracy of the
model (Figure 3.S1). The predicted structure displays each monomeric unit interacting through
parallel PAS domains, via the N-terminal helices. Heme-binding residues His74 and Met104 are
positioned within a pocket of the PAS domains which could accommodate a heme group, with the
third heme ligand, Cys94, on a nearby loop. The PAS domain connects to the LytTR domain
through a 21 residue unstructured linking region, potentially allowing for mobile LytTR domains
while the PAS domains are dimerized. Lastly, the DNA binding domains are modeled with high
structural similarity to the only two structures of LytTR domains, AgrA and ComE. This model of

RcoM positions the DNA binding domains with the likely DNA-contacting residues (His218 and
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Arg219) on the outside face of the model, at an angle that is unlikely to allow for interaction with
DNA. The presence of the unstructured linkers and the potentially non-functional orientation of
the DNA binding domains meant that this model needed further validation before we could use it

to describe DNA binding by RcoM.

Size-exclusion chromatography demonstrates that RcoM remains primarily dimeric across
all allosteric states. PxRcoM-1 has a monomeric sequence molecular weight of 30.8 kDa, including
the 6-His tag and one heme b molecule. The UV (A280nm) and MALS detector at the SIBYLS
beamline allows for collecting SEC data on the same samples, Fe(l11) and Fe(I1)-CO RcoM at low
and high concentrations, submitted for SAXS structural analysis. The apparent molecular weight
of the major species in solution, calculated from in-line MALS, is 68.3 and 67.5 kDa for the Fe(l11)
and Fe(11)-CO species respectively (Figure 3.3A). All samples show that the primary species in
solution is RcoM dimer, and there is a smaller proportion of a larger oligomeric state present.
Fe(l11) and Fe(I1)-CO RcoM, in both the lower and higher concentration samples, both contain the
same proportion of dimer and larger oligomer. These data suggest that RcoM does not employ an

effector-dependent change in oligomeric state as the allosteric mechanism.

Size-exclusion chromatography coupled small-angle X-ray scattering data allow us to
refine the ColabFold model of the RcoM dimer. SAXS data from frames corresponding to dimer
were used for proceeding with low-resolution solution structural characterization (Figure 3.3B, C).
SAXS data from the most prominent peak for Fe(I11) RcoM (5 mg/mL) has an Rg value of 29.3 +
0.8 A and a molecular mass of 59.5 [94% C.I. 55 to 60.2] kDa using the Bayes method, indicating
that the dimer is the primary species in solution.** Analysis of Fe(11)-CO RcoM (5 mg/mL) showed
a similar distribution of species and the Rg of the most prominent peak was 30.2 + 0.6 A,

suggesting that the protein is in a similar conformation. Kratky plots of the dimeric species show
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Figure 3.2. A. ColabFold model of PxRcoM-1 dimer, colored with pLDDT confidence values.
Residues predicted with high confidence (pLDDT > 90) are dark blue, confidence (90 > pLDDT
> 70) are light blue, low confidence (70 > pLDDT > 50) are yellow, and very low confidence
(pLDDT < 50) are orange. Heme ligands, His74, Cys94, and Met104 are shown as sticks within
the PAS domain. One monomer is transparent. B. Overlayed ColabFold model (blue) and SAXS
refined model (pink), displaying how LytTR domains were rotated to better fill the experimental
SAXS electron density. C. SAXS refined model of RcoM dimer (pink) overlayed with
experimental SAXS electron density, shown from two angles.
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that the Fe(l11) and Fe(11)-CO samples were folded, globular proteins with similar shapes (Figure
3.3D). These initial data were sufficient for basic structural descriptions of RcoM, but insufficient
for refining the structural model of RcoM. Therefore, we collected further SAXS data on Fe(ll)-
CO RcoM at a higher concentration. This new data set had a similar Rg value (30.1 + 0.1 A) and

molecular weight (62.4 kDa [90.4% C.I. 61.6 to 67.9]) as the lower concentration data sets.

Using both the ColabFold model and the SAXS data allowed for the development of a
refined model of the RcoM dimer. We used DENSS to calculate the electron density from the
Fe(I1)-CO RcoM (10 mg/mL) data. The calculated density had a real space correlation of 0.77 +
0.02 and a Fourier shell correlation resolution of 38.5 + 4.2 A, both of which were reasonable
values for SAXS. The ColabFold model was then fitted to the electron density; however, the
LytTR domains fell outside the density. We then adjusted the position of the LytTR domains by
moving each domain individually to fit the density (Figure 3.2B). Then we had to rotate the
domains to keep the putative DNA binding residues accessible given that we had no evidence to
indicate a change in structure between the active, CO-bound and inactive forms. The final
refined model of RcoM is the first experimentally supported structure for this class of protein

and can be used to provide insight into the RcoM DNA binding mechanism (Figure 3.2C).
Enhancing RcoM DNA binding

With a model of RcoM dimer available, we next turned to identify conditions to increase the
likelihood that a RcoM:DNA species could be observed. Biochemical techniques were used to
explore the formation of the RcoM:DNA complex with the goal of maximizing and stabilizing
the formation of a complex in solution for structural characterization. In vitro fluorescence
anisotropy assays had showed a relatively low apparent affinity of active RcoM for its native

promoter sequence, challenging the study of the complex in solution. We aimed to identify
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Figure 3.3. SEC-SAXS data for 5 mg/mL Fe(l1) (black) and Fe(I1)-CO (red) PxRcoM-1 in 50
mM MOPS, 150 mM NaCl, 10 mM TCEP pH 7.4. A. SEC chromatograms of Fe(ll1) and Fe(l1)-
CO PxRcoM-1, shown as normalized absorbance at 280 nm and detected by total SAXS signal
intensity. B. SAXS data frames corresponding to RcoM dimer were used for proceeding SAXS
analysis. C. Log of intensity versus momentum transfer for Fe(l11) and Fe(I1)-CO PxRcoM-1
dimer. C. Kratky plot of Fe(l11) and Fe(I1)-CO PxRcoM-1 dimer.
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strategies to minimize protein preparation, increase DNA affinity, and prevent protein aggregation.
We first characterized RcoM variant H74Y. Despite containing a perturbed heme environment that
cannot bind heme, H74Y RcoM is constitutively active to bind DNA.* The heme-free variant was
evaluated for its activity in the presence of the native promoter with fluorescence anisotropy-based
DNA binding assays; H74Y RcoM displays apparent affinity [P]i2. =118 + 7.58 andn=2.2+ 0.2
(Figure 3.S2). Size exclusion chromatography traces of H74Y RcoM shows that the protein is
dimeric, and mixtures of the H74Y RcoM with promoter DNA reveal differences in peak width
and peak tailing (Figure 3.S2). These results reveal that there is not a clean transition from dimeric
RcoM to RcoM:DNA complex, though a change in protein shape and mobility can be seen in the
samples with DNA. Studying H74Y RcoM does not require evaluations of heme incorporation or
labor-intensive sample preparation to ensure consistent heme-functional state, making this variant

an interesting candidate for structural investigation.

We further found that the affinity of the native promoter could be increased by altering the
middle repeat sequence to look more like consensus, resulting in the ability to produce a more
stable DNA complex in solution. Kerby et al, 2012 report a 62-bp sequence with roughly twice the
affinity as the native promoter sequence.? This “improved” sequence alters the middle binding
site sequence to more closely resemble the 8-bp consensus sequence (Table 3.1, Figure 3.1).3 By
in vitro fluorescence anisotropy assays, we find the “improved” “de+f” oligonucleotide binds
Fe(11)-CO RcoM with [P]uz =92 £ 5 nM with an = 1.7 £ 0.1, compared to the native sequence
“def” oligonucleotide of [P]12 = 250 £ 10 nM with an = 1.7 £ 0.1, indicating more than twice the

apparent binding affinity as the native sequence (Figure 3.4A).3

Altered DNA sequences that sequentially drop out binding sites while maintaining a

consistent length display significantly reduced interaction with active RcoM, showing that all three
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Figure 3.4. A. Fluorescence polarization data for active (squares) and inactive (circles) RcoM
with the higher-affinity “de+f” dsDNA oligonucleotide (blue), a 62 bp piece of dSDNA with the
middle triplet repeat site altered to more closely resemble the consensus binding site, and the
native 62 bp triplet repeat sequence “def” dsDNA (open shapes). The solid line shows the best fit
of the “de+f data to the Hill Equation (%= 4.70699 x 10°). B. Fluorescence polarization data for
active (squares) and inactive (circles). RcoM sequentially dropping out binding sites from the
promoter sequence. “de-f” oligonucleotide data with the middle site dropped out is shown in
light blue, and the “def-*“ oligonucleotide with the last site dropped out is shown in red, with the
native sequence shown as an open square to facilitate comparison.
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binding sites must be included to observe binding between RcoM and the triplet direct repeat
promoter sequence. Binding sites were minimally altered by switching critical base pairs of the
consensus sequence, the first two TT base pairs, and the middle two base pairs, GC/A (Figure 3.1).
These changes produced two new 62 bp oligonucleotides, dropping out the middle site, called “de-
f’, and dropping out the last site, called “def-* (Table 3.1). Dropping out either site eliminates the
strong, specific interaction seen between Fe(11)-CO RcoM and the native promoter sequence
(Figure 3.4B), confirming that all three sites must be involved in forming the RcoM:DNA

complex.

Screening DNA binding conditions with high-throughput SAXS (HT-SAXS) resulted in
identifying conditions that allowed for the formation of RcoM:DNA complex. The HT-SAXS
screened a wide range of concentration ratios of WT and H74Y RcoM, native “def” and higher
affinity “de+f” DNA sequences, in a variety of buffer conditions to identify those which could
produce stabilized the complex. We did not observe any conditions which resulted in complete or
near complete complex formation for structural modeling. However, we found that a 2:1 ratio of
RcoM:DNA resulted in data which we posited was a strong indicator for complex formation for
WT RcoM with both the native “def” and high affinity “de+f” oligonucleotides (Figure 3.S3). We
did not observe significant enhancement of complex formation by the H74Y variant. The
heterogeneity of samples prohibited successful modeling of electron density or the molecular

envelope from these data, and we were unable to use deconvolution methods to separate species.

Using the conditions identified by HT-SAXS to provide the best complex formation,
glutaraldehyde crosslinking of WT RcoM with DNA generated a stabilized complex species. A
solution containing 0.1% glutaraldehyde was identified to provide the best conditions for chemical

crosslinking of the RcoM:DNA complex. We planned to use SEC-SAXS to separate the complex
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from other species, so the final crosslinking conditions were chosen to minimize over-crosslinking
into a non-biologically relevant aggregate. Ultimately, the RcoM:DNA complex samples
submitted for analysis with SEC-SAXS were crosslinked with either the “def” or “de+f” DNA
sequence in a 0.1% glutaraldehyde solution for 10 or 20 minutes, resulting in the formation of a

new species roughly 100 kDa, visible in SDS-PAGE (Figure 3.S3)

A trimeric RcoM:DNA complex

Chemical crosslinking of RcoM with “def” and “de+f” DNA allowed us to collect SEC-SAXS
data on the RcoM:DNA complex. The SEC-SAXS data of crosslinked RcoM:DNA samples show
peaks corresponding to free dimeric RcoM and several RcoM or RcoM:DNA complexes, including
a large aggregate peak (Figure 3.5A). We then focused on a peak, which was not observed in the
RcoM or DNA alone data collection. This peak appeared across all four samples with a Guinier
Rg value between 42 and 43.8 A and had a distinct Kratky plot shape from RcoM alone showing
two peaks instead of one, which can be indicative of multi-subunit complexes (Figure 3.5B).
Molecular weight estimates ranged from 109 to 147 kDa, correspondingtoa 1:1 to 2:1 RcoM:DNA
complex, which would have an expected masses 97 and 157 kDa, respectively. However, we only
cautiously use these mass values as the Bayes method has not been optimized for protein-DNA
complexes. For all four of the datasets, we observed similar shapes in Kratky plots and log(l) vs.
q plots, with the native “def” DNA and higher-affinity sequence “de+f” clustering separately,

suggesting to us a similar structure.

Fitting experimental SAXS data with the refined RcoM dimer model provides further

evidence that two RcoM dimers form the complex with DNA. We used the HADDOCK webserver
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Figure 3.5. SEC-SAXS data for crosslinked 60 uM Fe(IT)-CO RcoM and and 30 uM DNA,
either the native sequence “def”(cyan) or enhanced affinity sequence “de+f” (purple). A.
Representative SEC-SAXS trace of crosslinked Fe(I1)-CO protein with “def” DNA (cyan solid
line), “def” ds oligonucleotides (cyan dotted line) alone, and Fe(IT)-CO alone (black line) . B.
SAXS data frames corresponding to newly formed crosslinked species were used for further
analysis. Kratky plot of Fe(11)-CO RcoM (black), 25 uM “def” DNA alone (cyan dots), 25 uM
“de+f” DNA alone (purple dots), RcoM + “def” ds oligonucleotide crosslinked for 10 or 20 min
(light and dark cyan lines, respectively) , RcoM + “de+f” ds oligonucleotide crosslinked for 10
or 20 min (light or dark purple lines, respectively).
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to predict the conformations of RcoM and DNA in several ratios based on known predictions of
how LytTR domains interact with DNA. We also modeled configurations where a single RcoM
dimer interacted with multiple sites on the DNA and configurations where multiple RcoM dimers
interacted with multiple sites to encompass all the plausible complexes. We fitted representative
samples from each ratio and configuration to all four of the datasets using FoXS.**® Pooling of
the data from all four fittings showed that 2:1 RcoM:DNA complexes as a group fitted better to
the datasets (Figure 3.6A) . When we looked into the best 2:1 RcoM:DNA models from each
fitting, two models from the same run appeared as the best fitting structures (Figure 3.6B). The X2
values could be modestly improved by fitting an ensemble of a 2:1 RcoM:DNA complex and a
RcoM tetramer (dimer of dimers, which would have similar mass) in Multi-FoXS. In further
analysis of the complex data, we observed that both the Rg and the Dmax for the complex were
smaller than that for the free DNA. The basis for this apparent reduction in dimensions is not clear
but may suggest a bending of the DNA when bound to RcoM. Overall, these data suggest RcoM

forms a 2:1 complex with two RcoM dimers bound to DNA.

The best HADDOCK model of the RcoM:DNA complex leaves questions remaining about
the orientations of RcoM dimer on DNA and necessary quaternary structural interactions. The
HADDOCK derived model of the RcoM:DNA complex that best fits the SAXS data of crosslinked
RcoM and “def” DNA shows two dimers interacting with the DNA binding sites of the native
promoter (Figure 3.6B). The LytTR domains of one dimer are shown interacting with the first two
DNA binding sites, and the second dimer is shown with one LytTR domain close to the middle
DNA binding site and the second LytTR domain unbound to DNA. Interestingly, the two dimers

are not interacting with each other or the third DNA binding site. The fit to experimental data was
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Figure 3.6. A. Box plot representing HADDOCK generated models of the RcoM:DNA complex.
Plot shows the fit to the experimental SAXA data as a function of the number of RcoM dimers in
that complex. B. The best HADDOCK generated model of the RcoM:DNA complex involves
two RcoM dimers interacting with a linear piece of DNA, where the 8 bp binding sites are
colored black. RcoM dimers are colored with PAS domains in pink, unstructured linking region
in black, and LytTR domains in blue. The cartoon is shown overlayed with the protein surface.
Table 2. Characteristic Parameters of SAXS experimental curves and theoretical models. Dashes
are used for values that do not apply to that sample.
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not improved by inducing a bend in the DNA, as is consistent with other structurally characterized

LytTR proteins.204¢

3.4 Discussion

In this work, we build the first experimentally-supported models of RcoM dimer and RcoM:DNA
complex, while providing insight into the functional properties of RcoM that allow for interaction
with its promoter. We produced a model of the RcoM dimer refined with experimental SEC-SAXS
data. This model, in agreement with previous analysis, shows RcoM PAS domains forming a
parallel dimer through the N-terminal helices, and the LytTR domains are noninteracting. Creation
of a low-resolution structural model of the RcoM:DNA complex was only achievable by
crosslinking with glutaraldenyde prior to SEC-SAXS. We identified a likely structural
configuration of the RcoM:DNA complex based on fitting SAXS data to a library of possible
structures, indicating that the complex is best modeled by two RcoM dimers. These findings
provide new information on the structure of this class of protein and a starting point to describe

the binding mechanism of RcoM to its promoter.

The ColabFold structural model of the RcoM dimer could be refined to produce the first
experimentally supported structure of the RcoM dimer. In fitting the ColabFold model to the SAXS
electron density, we rotated the LytTR domains 180° to better fill the experimental electron
density. The rotation places the likely DNA recognizing residues on an outer face where they could
interact with DNA.# Viewing the electrostatic data of the final refined model shows that the outer
face of each LytTR domain is a positively charged patch, making good DNA targets (Fig. 8). The
unstructured 21 residue linking region allows for significant flexibility in the positioning of the
LytTR domains relative to the PAS domains. Our predictions about requiring an asymmetric dimer

in order to bind direct repeats are not yet satisfied by this model, but again we note that the long



133

Table 3.2. Characteristic Parameters of SAXS experimental curves and theoretical models. Dashes are

used for values that do not apply to that sample.

Fe(ll) Fe(ll)- "def" "de+f" XL XL
RcoM CcoO dsDNA dsDNA RcoM:"def"" RcoM:"de+f"
RcoM
Wavelength (A) 1.127 1.127 1.127 1.127 1.127 1.127
q range (A1) 0.0099 - 0.0099 - 0.0114 - 0.0114 - 0.0114 - 0.0114 -
0.4734 0.4734 0.4729 0.4729 0.4729 0.4729
Concentration (mg/mL) 5 5 1 1 9 mg/mL 9 mg/mL
protein + 3 protein + 3
mg/mL DNA  mg/mL DNA
Temperature (K) 283 283 283 283 283 283
1(0) (A.U., P(r) 22.8940.3 37.45+0.1 21.44+2.12 28.06+1.4 60.7340.5 61.31+04
Rg (A, P(r) 29.994+0.3 30.18+0.1 65.945.9 67.6+2.3 42.940.3 43.87+0.3
1(0) (A.U., Guinier) 22.6940.4 37.32+0.3  18.01+1.8 25.96+2.0 60.15+0.72  61.32+0.37
Rg (A, Guinier) 29.34+0.6  29.65+0.3 50.1+5.6 57.81+3.5 42,04 £0.48  43.54+0.19
Dmax (A) 101 98 236 233 144 148
Porod volume (A3, V) 80.9*10°  85.5*10° 8.29x10* 1.66x10° 1.51x10° 1.99x10°
Mw (kDa, Bayes) 59.5 62.4 474 (46.1 85.7(843to  109.1(99.2 130.9 (127.5
to 53.8) 95.8) to 111.2) to 151.4)
M: (kDa, Porod) 67.1 70.9 68.8 137.4 125.2 165.4
Sequence My (Da) 61793 61793 37816 37816 161401 (2 161401 (2
(dimer) (dimer) dimers, 1 dimers, 1
dsDNA) dsDNA)
SASBDB ID
Simple Scatter dataset code - - XSXID7SG XSHPCWEC  XSCZDQFI  XSKHCUYA
X2 FOXS fit to model - - - - - -
DENSS Real Space Correlation - - - - 0.6928 0.7098
DENSS Reconstruction resolution - - - - 50.12 +7.20 54.16 +9.54
DENSS %2 - - - - 0.00858 0.01316
DENSS Rq - - - - 42.12 43.25
Primary data reduction RAW RAW RAW RAW RAW RAW
Data processing RAW RAW RAW RAW RAW RAW
Rigid body modeling - - - - DENSS DENSS

Computation of model intensities
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Figure 3.8. APBS Electrostatics mapped onto the SAXS-refined structural model of the RcoM
dimer. Blue represents positive charges, red represents negative charges.
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flexible linking region would impart the required flexibility to situate the DNA binding domains

as required to bind the promoter.

The RcoM regulatory mechanism does not involve a change in oligomeric state, as is
common for other PAS-type proteins. Size exclusion chromatographic data suggest that the protein
remains primarily dimeric in both the Fe(lll) and Fe(Il)-CO states (Figure 3.3A). Fe(lll) and
Fe(I1)-CO RcoM both display comparable molecular weights of the dimeric major species, and
CO-binding does not favor formation of the larger oligomer. The triplet direct repeat promoter and
the implication that two RcoM dimers are involved in the DNA interaction had led us to
hypothesize that CO binding leads to increased formation of tetramer, enabling four LytTR
domains to saturate the promoter. Ruling out an effector-dependent change in oligomeric state as
the allosteric mechanism, RcoM dimer must undergo changes in conformation and/or protein
dynamics that allow each dimer to bind the promoter separately. Large scale changes in
conformation between Fe(l11) an Fe(I1)-CO dimer would also be observable by SAXS, and we do

not observe significant differences between the two species.

Fitting SEC-SAXS data of crosslinked RcoM and DNA to our refined model of dimeric
RcoM leads us to conclude that two RcoM dimers are involved in formation of the complexed
species. FOXS, a web server for computing SAXS profiles based on a molecular structure and
demonstrated to be useful in the structural characterization of flexible proteins and the assembly
of multi-protein complexes, indicated that two RcoM dimers and one piece of DNA displayed the
best fit to the experimental data compared to other stoichiometries tested (Figure 3.7A). The best
FoXS model shows one dimer interacting with two adjacent DNA binding sites and a second dimer
interacting with the middle site with its other LytTR domain left non-interacting (Figure 3.7B).

The third DNA binding site is, puzzlingly, left unbound to protein. It is easy to speculate that the
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free LytTR domain could bind to the third site, possibly in concert with a bending of the DNA.
The pDDF fitting of the SAXS data does indicate that the Dmax for the complex is smaller than
the free DNA, perhaps indicative of changes to DNA conformation upon binding to RcoM,
however we cannot support this scenario further with the present data. In the case of LytTR protein,
ComE, a SAXS model was developed of the ComE:CombD:promoter system by imposing an 85°
bend in the DNA.* We attempted to replicate this technique, imposing an 85° bend on the DNA
used to model the complex in HADDOCK, but this technique does not improve the fit to

experimental data (data not shown).

Despite the SAXS model suggesting that the third DNA binding site is not involved in the
interaction with RcoM, biochemical characterization of DNA binding supports that all three sites
of the native promoter form protein interactions. The RcoM triplet repeat promoter is unique
among LytTR proteins and especially surprising for a dimeric protein. We created altered DNA
sequences to verify that all three sites were critical in the RcoM:DNA interaction by sequentially
dropping out the middle and flanking sites. Eliminating either the middle (e) or flanking (f) site
resulted in a significant reduction of CO-dependent RcoM binding to DNA (Figure 3.4B). Thus, a
SAXS model where each DNA binding site is not bound to protein is inconsistent with our
biochemical characterization. Unfortunately, our ability to analyze SAXS data on protein:DNA
complexes are currently limited by the ability of data analysis programs to handle flexible
complexes and DNA. While the lifetime of the complex in vivo is not clear, our observations might
suggest a rapid on/off situation or they may be consistent with needing other cellular components
to stabilize the interaction. Our model is the first structural description of the RcoM:DNA complex
and presents new questions for how the system may be regulated and stabilized further during the

initiation of transcription.
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3.5 Supplementary Information

High Throughput Small-Angle X-ray Scattering (HT-SAXS)

High-Throughput Small Angle X-ray Scattering (HT-SAXS) data were collected at the SIBLYS
Beamline 12.3.1, Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley,
CA.33847 prior to data collection, the plate was spun at 3700 rev min* for 10 min. Samples were
held at 10 °C during collection. The exposure was 10 s, with frames collected every 0.3 s for a
total of 33 frames per sample. The incident light wavelength was 1.03 A at a sample to detector

distance of 1.5 m. This setup results in scattering vectors, g, ranging from 0.013 A1 to 0.5 A,

41sin®

where the scattering vector is defined as q = and 26 is the measured scattering angle.

Matching buffer exposures were collected before and after samples to ensure there was no

difference in the scattering owing to contamination of the sample cell.
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and white showing increasing error.
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Figure 3.S2. Top: Size-exclusion chromatograms of 50uM H74Y and 50uM H74Y plus
equimolar “def” ds oligonucleotide. Inset is the standard curve plot of Kay versus log(Mr) made
from molecular weight standards used to convert elution time to molecular weight (My).
Standards data were fit to a logarithmic function: y = -0.204Ln(x) + 1.4136, R? = 0.9794. This
calibration curve was used to convert elution time to M, for the entire H74Y dataset. Bottom:
Fluorescence polarization data for H74Y RcoM with native “def” dsDNA. The solid line shows
the best fit to the Hill Equation ()°= 2.46809 x 10%).
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Figure 3.S3. A. HT-SAXS data demonstrating the formation of RcoM:DNA complex at
increasing RcoM:DNA ratio. Kratky plot of PxRcoM-1 dimer from SEC-SAXS (black), 25 uM
“def” native oligonucleotide (blue), and mixtures of 96 uM Fe(I1)-CO RcoM with 12.5 uM DNA
(lightest pink), 25 uM, 50 uM, and 100 uM (darkest pink). B. SDS-PAGE of crosslinked
RcoM:DNA with 0.1% glutaraldehyde with the native “def” ds oligonucleotide for 10 and 20
min (Lanes 1 and 2), and with the enhanced affinity “de+f” ds oligonucleotide for 10 and 20 min
(Lanes 3 and 4), against GoldBio BlueStain2 protein ladder (Lane L). An arrow points to a new
species generated slightly above the 100 kDa MW marker.



141

3.6 References

1)

)

(3)

(4)

(5)

(6)

Dent, M. R.; Weaver, B. R.; Roberts, M. G.; Burstyn, J. N. Carbon Monoxide-Sensing
Transcription Factors: Regulators of Microbial Carbon Monoxide Oxidation Pathway
Gene Expression. J. Bacteriol. 2023, 205 (5), e0033222.

https://doi.org/10.1128/JB.00332-22/SUPPL_FILE/JB.00332-22-S0001.PDF.

Kerby, R. L.; Roberts, G. P. Burkholderia Xenovorans RcoMgx-1, a Transcriptional
Regulator System for Sensing Low and Persistent Levels of Carbon Monoxide. J.

Bacteriol. 2012, 194 (21), 5803-5816. https://doi.org/10.1128/jb.01024-12.

Dent, M. R.; Roberts, M. G.; Bowman, H. E.; Weaver, B. R.; McCaslin, D. R.; Burstyn, J.
N. Quaternary Structure and Deoxyribonucleic Acid-Binding Properties of the Heme-
Dependent, CO-Sensing Transcriptional Regulator PxRcoM. Biochemistry 2022, 61 (8),
678-688.

https://doi.org/10.1021/ACS.BIOCHEM.2C00086/ASSET/IMAGES/LARGE/BI2C00086

_0009.JPEG.

Kerby, R. L.; Youn, H.; Roberts, G. P. RcoM: A New Single-Component Transcriptional
Regulator of CO Metabolism in Bacteria. J. Bacteriol. 2008, 190 (9), 3336-3343.

https://doi.org/10.1128/JB.00033-08.

Madglich, A.; Ayers, R. A.; Moffat, K. Structure and Signaling Mechanism of Per-ARNT-

Sim Domains. Structure 2009, 17, 1282—-1294. https://doi.org/10.1016/j.str.2009.08.011.

Henry, J. T.; Crosson, S. Ligand-Binding PAS Domains in a Genomic, Cellular, and
Structural Context. Annu. Rev. Microbiol. 2011, 65 (1), 261-286.

https://doi.org/10.1146/annurev-micro-121809-151631.



(")

(8)

(9)

(10)

(11)

(12)

142

Ayers, R. A.; Moffat, K. Changes in Quaternary Structure in the Signaling Mechanisms of
PAS Sensor Domains. Biochemistry 2009, 47, 12078-12086.

https://doi.org/10.1016/j.bpj.2008.12.2692.

Maoglich, A.; Ayers, R. A.; Moffat, K. Structure and Signaling Mechanism of Per-ARNT-
Sim Domains. Structure 2009, 17 (10), 1282-1294.

https://doi.org/https://doi.org/10.1016/j.str.2009.08.011.

Miyatake, H.; Mukai, M.; Park, S. Y.; Adachi, S. I.; Tamura, K.; Nakamura, H.;
Nakamura, K.; Tsuchiya, T.; lizuka, T.; Shiro, Y. Sensory Mechanism of Oxygen Sensor
FixL from Rhizobium Meliloti: Crystallographic, Mutagenesis and Resonance Raman
Spectroscopic Studies. J. Mol. Biol. 2000, 301 (2), 415-431.

https://doi.org/10.1006/jmbi.2000.3954.

Madglich, A.; Moffat, K. Structural Basis for Light-Dependent Signaling in the Dimeric
LOV Domain of the Photosensor YtvA. J. Mol. Biol. 2007, 373 (1), 112-126.

https://doi.org/10.1016/J.JMB.2007.07.039.

Key, J.; Hefti, M.; Purcell, E. B.; Moffat, K. Structure of the Redox Sensor Domain of
Azotobacter Vinelandii NifL at Atomic Resolution: Signaling, Dimerization, and
Mechanism. Biochemistry 2007, 46 (12), 3614-3623.

https://doi.org/10.1021/B10620407/ASSET/IMAGES/MEDIUM/B10620407N00001.GIF.

Smith, A. T.; Majtan, T.; Freeman, K. M.; Su, Y.; Kraus, J. P.; Burstyn, J. N. Cobalt
Cystathionine B-Synthase: A Cobalt-Substituted Heme Protein with a Unique Thiolate
Ligation Motif. Inorg. Chem. 2011, 50 (10), 4417-4427.

https://doi.org/10.1021/ic102586b.



(13)

(14)

(15)

(16)

17)

(18)

(19)

143

Yang, Y.; Inouye, M. Intermolecular Complementation between Two Defective Mutant
Signal- Transducing Receptors of Escherichia Coli. Proc. Natl. Acad. Sci. U. S. A. 1991,

88 (24), 11057-11061. https://doi.org/10.1073/PNAS.88.24.11057.

Marvin, K. A.; Kerby, R. L.; Youn, H.; Roberts, G. P.; Burstyn, J. N. The Transcription
Regulator RcoM-2 from Burkholderia Xenovorans Is a Cysteine-Ligated Hemoprotein
That Undergoes a Redox-Mediated Ligand Switch. Biochemistry 2008, 47 (34), 9016—

9028. https://doi.org/10.1021/bi800486X.

Smith, A. T.; Marvin, K. A.; Freeman, K. M.; Kerby, R. L.; Roberts, G. P.; Burstyn, J. N.
Identification of Cys 94 as the Distal Ligand to the Fe(l11) Heme in the Transcriptional
Regulator RcoM-2 from Burkholderia Xenovorans. J. Biol. Inorg. Chem. 2012, 17 (7),

1071-1082. https://doi.org/10.1007/s00775-012-0920-1.

Bowman, H. E.; Dent, M. R.; Burstyn, J. N. Met104is the CO-Replaceable Ligand at
Fe(Il) Heme in the CO-Sensing Transcription Factor BxRcoM-1. J. Biol. Inorg. Chem.

2016, 21 (4), 559-569. https://doi.org/10.1007/s00775-016-1368-5.

Salman, M.; Villamil Franco, C.; Ramodiharilafy, R.; Liebl, U.; Vos, M. H. Interaction of
the Full-Length Heme-Based CO Sensor Protein RcoM-2 with Ligands. Biochemistry

2019, 58 (39), 4028-4034. https://doi.org/10.1021/acs.biochem.9b00623.

Bouzhir-Sima, L.; Motterlini, R.; Gross, J.; Vos, M. H.; Liebl, U. Unusual Dynamics of
Ligand Binding to the Heme Domain of the Bacterial CO Sensor Protein RcoM-2. J. Phys.

Chem. B 2016, 120 (41), 10686—-10694. https://doi.org/10.1021/acs.jpcb.6b08160.

Nikolskaya, A. N.; Galperin, M. Y. A Novel Type of Conserved DNA-Binding Domain in

the Transcriptional Regulators of the AIgR/AgrA/LytR Family. 2002, 30 (11), 2453-2459.



(20)

(21)

(22)

(23)

(24)

(25)

144

https://doi.org/10.1093/nar/30.11.2453.

Sidote, D. J.; Barbieri, C. M.; Wu, T.; Stock, A. M. Structure of the Staphylococcus
Aureus AgrA LytTR Domain Bound to DNA Reveals a Beta Fold with an Unusual Mode
of Binding. Structure 2008, 16 (5), 727-735.

https://doi.org/https://doi.org/10.1016/j.str.2008.02.011.

Boudes, M.; Sanchez, D.; Graille, M.; Van Tilbeurgh, H.; Durand, D.; Quevillon-Cheruel,
S. Structural Insights into the Dimerization of the Response Regulator ComE from
Streptococcus Pneumoniae. Nucleic Acids Res. 2014, 42 (8), 5302-5313.

https://doi.org/10.1093/nar/gkul10.

Reyes, D.; Andrey, D. O.; Monod, A.; Kelley, W. L.; Zhang, G.; Cheung, A. L.
Coordinated Regulation by AgrA, SarA, and SarR To Control agr Expression in
Staphylococcus Aureus. J. Bacteriol. 2011, 193 (21), 6020-6031.

https://doi.org/10.1128/jb.05436-11.

Ween, O.; Gaustad, P.; Havarstein, L. S. Identification of DNA Binding Sites for ComE, a
Key Regulator of Natural Competence in Streptococcus Pneumoniae. Mol. Microbiol.

1999, 33 (4), 817-827. https://doi.org/10.1046/].1365-2958.1999.01528.x.

Cheung, J. K.; Rood, J. I. The VirR Response Regulator from Clostridium Perfringens
Binds Independently to Two Imperfect Direct Repeats Located Upstream of the PfoA

Promoter. J. Bacteriol. 2000, 182 (1), 57-66. https://doi.org/10.1128/jb.182.1.57-66.2000.

de Saizieu, A.; Gardes, C.; Flint, N.; Wagner, C.; Kamber, M.; Mitchell, T. J.; Keck, W.;
Amrein, K. E.; Lange, R. Microarray-Based ldentification of a Novel Streptococcus

Pneumoniae Regulon Controlled by an Autoinduced Peptide. J. Bacteriol. 2000, 182 (17),



(26)

(27)

(28)

(29)

(30)

(31)

145
4696-4703. https://doi.org/10.1128/jb.182.17.4696-4703.2000.

Diep, D. B.; Havarstein, L. S.; Nes, I. F. Characterization of the Locus Responsible for the
Bacteriocin Production in Lactobacillus Plantarum C11. J. Bacteriol. 1996, 178 (15),

4472-4483. https://doi.org/10.1128/jb.178.15.4472-4483.1996.

Risoen, P. A.; Johnsborg, O.; Diep, D. B.; Hamoen, L.; Venema, G.; Nes, I. F. Regulation
of Bacteriocin Production in Lactobacillus Plantarum Depends on a Conserved Promoter
Arrangement with Consensus Binding Sequence. Mol. Genet. Genomics 2001, 265 (1),

198-206. https://doi.org/10.1007/s004380000397.

Behr, S.; Heermann, R.; Jung, K. Insights into the DNA-Binding Mechanism of a LytTR-
Type Transcription Regulator. Biosci. Rep. 2016, 36, e00326.

https://doi.org/10.1042/BSR20160069.

Kerby, R. L.; Roberts, G. P. Burkholderia Xenovorans RcoMBx-1, a Transcriptional
Regulator System for Sensing Low and Persistent Levels of Carbon Monoxide. J.

Bacteriol. 2012, 194 (21), 5803-5816. https://doi.org/10.1128/JB.01024-12.

Berry, E. A.; Trumpower, B. L. Simultaneous Determination of Hemes a, b, and ¢ from

Pyridine Hemochrome Spectra. Anal. Biochem. 1987, 161, 1-15.

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.;
Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko, A.; Bridgland, A.; Meyer, C.;
Kohl, S. A. A,; Ballard, A. J.; Cowie, A.; Romera-Paredes, B.; Nikolov, S.; Jain, R.;
Adler, J.; Back, T.; Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M.; Steinegger, M.;
Pacholska, M.; Berghammer, T.; Bodenstein, S.; Silver, D.; Vinyals, O.; Senior, A. W.;

Kavukcuoglu, K.; Kohli, P.; Hassabis, D. Highly Accurate Protein Structure Prediction



(32)

(33)

(34)

(35)

(36)

(37)

146

with AlphaFold. Nat. 2021 5967873 2021, 596 (7873), 583-5809.

https://doi.org/10.1038/s41586-021-03819-2.

Steinegger, M.; Soding, J. Clustering Huge Protein Sequence Sets in Linear Time. Nat.

Commun. 2018, 9, 2542. https://doi.org/10.1038/s41467-018-04964-5.

Steinegger, M.; Mirdita, M.; So6ding, J. Protein-Level Assembly Increases Protein
Sequence Recovery from Metagenomic Samples Manyfold. Nat. Methods 2019, 16, 603—

606. https://doi.org/10.1038/s41592-019-0437-4.

Rosenberg, D. J.; Hura, G. L.; Hammel, M. Size Exclusion Chromatography Coupled
Small Angle X-Ray Scattering with Tandem Multiangle Light Scattering at the SIBYLS
Beamline. Methods Enzymol. 2022, 677, 191-2109.

https://doi.org/10.1016/BS.MIE.2022.08.031.

Classen, S.; Hura, G. L.; Holton, J. M.; Rambo, R. P.; Rodic, I.; McGuire, P. J.; Dyer, K;
Hammel, M.; Meigs, G.; Frankel, K. A.; Tainer, J. A. Implementation and Performance of
SIBYLS: A Dual Endstation Small-Angle X-Ray Scattering and Macromolecular
Crystallography Beamline at the Advanced Light Source. J. Appl. Crystallogr. 2013, 46

(1), 1-13. https://doi.org/10.1107/S0021889812048698/HES572SUPL. TXT.

Putnam, C. D.; Hammel, M.; Hura, G. L.; Tainer, J. A. X-Ray Solution Scattering (SAXS)
Combined with Crystallography and Computation: Defining Accurate Macromolecular
Structures, Conformations and Assemblies in Solution. Q. Rev. Biophys. 2007, 40 (3),

191-285. https://doi.org/10.1017/S0033583507004635.

Hopkins, J. B.; Gillilan, R. E.; Skou, S. BioXTAS RAW: Improvements to a Free Open-

Source Program for Small-Angle X-Ray Scattering Data Reduction and Analysis. J. Appl.



(38)

(39)

(40)

(41)

(42)

(43)

147

Crystallogr. 2017, 50 (5), 1545-1553. https://doi.org/10.1107/S1600576717011438.

Grant, T. D. Ab Initio Electron Density Determination Directly from Solution scattering

Data. Nat. Methods 2018, 15 (3), 191-195. https://doi.org/10.1038/nMeth.4581.

Mirdita, M.; Ovchinnikov, S.; Steinegger, M.; Schiitze, K.; Moriwaki, Y.; Heo, L.
ColabFold: Making Protein Folding Accessible to All. Nat. Methods 2022, 19, 679-682.

https://doi.org/10.1038/s41592-022-01488-1.

Honorato, R. V.; Koukos, P. I.; Jiménez-Garcia, B.; Tsaregorodtsev, A.; Verlato, M.;
Giachetti, A.; Rosato, A.; Bonvin, A. M. J. J. Structural Biology in the Clouds: The
WeNMR-EOSC Ecosystem. Front. Mol. Biosci. 2021, 8 (July), 1-7.

https://doi.org/10.3389/fmolb.2021.729513.

Van Zundert, G. C. P.; Rodrigues, J. P. G. L. M.; Trellet, M.; Schmitz, C.; Kastritis, P. L.;
Karaca, E.; Melquiond, A. S. J.; Van Dijk, M.; De Vries, S. J.; Bonvin, A. M. J. J.;
Sternberg, M. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of
Biomolecular Complexes. J. Mol. Biol. 2015, 428, 720-725.

https://doi.org/10.1016/j.jmb.2015.09.014.

Arnott, S.; Campbell-Smith, P. J.; Chandrasekaran, R. No Title. In Handbook of
Biochemistry and Molecular Biology, 3rd ed. Nucleic Acids--Volume II; Fasman, G. P.,

Ed.; CRC Press: Cleveland, 1976; pp 411-422.

Schneidman-Duhovny, D.; Hammel, M.; Tainer, J. A.; Sali, A. FoXS, FoXSDock and
MultiFoXS: Single-State and Multi-State Structural Modeling of Proteins and Their
Complexes Based on SAXS Profiles. Nucleic Acids Res. 2016, 44.

https://doi.org/10.1093/nar/gkw389.



(44)

(45)

(46)

148

Hajizadeh, N. R.; Franke, D.; Jeffries, C. M.; Svergun, D. I. Consensus Bayesian
Assessment of Protein Molecular Mass from Solution X-Ray Scattering Data OPEN. Nat.

Sci. Reports 2018, 8, 7204. https://doi.org/10.1038/s41598-018-25355-2.

Schneidman-Duhovny, D.; Hammel, M.; Tainer, J. A.; Sali, A. Accurate SAXS Profile
Computation and Its Assessment by Contrast Variation Experiments. Biophys. J. 2013,

105, 962-974. https://doi.org/10.1016/j.bpj.2013.07.020.

Sanchez, D.; Boudes, M.; Van Tilbeurgh, H.; Durand, D.; Quevillon-Cheruel, S. Modeling
the ComD/ComE/Comcde Interaction Network Using Small Angle X-Ray Scattering.

FEBS J. 2015, 282 (8), 1538-1553. https://doi.org/10.1111/FEBS.13240.



149

Chapter 4

Probing conformational dynamics of DNA binding by CO-sensing transcription
factor, CooA, with site-directed spin label electron paramagnetic resonance
spectroscopy
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by CO-sensing transcription factor, CooA, with site-directed spin label electron paramagnetic
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4.1 Introduction

Allostery is a widely used mechanism for the regulation of protein function in response to
environmental stimuli, where binding of an effector molecule changes the functional activity (e.g.
changing binding affinity or catalytic efficiency) of the protein at a distant site.>? As such, an
active research area for allosterically regulated proteins involves understanding how effector-
binding at a distant site leads to functional changes at the active site; historically these changes
have been viewed as largely structural in origin.>* A modern view of allosteric signal propagation
involves a combination of structural rearrangement as well as protein sidechain and backbone
dynamics, though difficulty in studying changes in dynamics meant this contribution was often
overlooked until experimental techniques allowed for monitoring protein dynamic motions.>® It
was long speculated that protein dynamics could control allostery in the absence of structural
changes, and recently this type of regulation has been identified and extensively described in CRP
(CAMP receptor protein, also known as CAP, Catabolite Activator Protein ).1>% However, the
existence of allosterically induced changed in protein dynamics in other members of the CRP/FNR

structural superfamily, including CooA (CO Oxidation Activator) remain unexplored.

In WT CRP, a structural mechanism exists that explains DNA binding after the effector
cAMP binds, but protein dynamics play a key role in the negative cooperativity of CAMP binding.
Crystal structures of CRP demonstrate that two molecules of cAMP binding induce a repositioning
of the DNA binding domains that allow for interaction with DNA.*>1” Modulation of protein
dynamics is observed in the sequential, negatively cooperative binding of two CAMP molecules,
with binding of the first CAMP enhancing slow timescale (us-ms) protein motion and the binding
of the second molecule completely quenching fast (ps-ns) motions.® Studies of CRP variants that

constitutively bind DNA in the absence of cAMP or the structural changes elicited by effector
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binding, have established that changes in fast (ps-ns) dynamics alone can mediate allosteric
activity.'2!3 These experiments establish that changes in fast internal motions result in a large
difference in conformational entropy that can describe allosteric regulation without enthalpic
contributions from structural rearrangement.'®2? Studies that include slow timescale protein
motions, indicative of exchange between conformation states, indicated that allostery can be
modulated by a redistribution of conformational substates, without necessarily altering the mean

structure, underlining the role of ps-ms protein motions in allosteric mechanisms.

For CooA, a carbon monoxide (CO)-sensing transcription factor in the CRP/FNR
superfamily, a structural approach to allostery has established that CO binding at heme leads to
conformational rearrangement that allows for interaction with DNA (Figure 4.1). Similarly to
CRP, CooA is a homodimer in solution consisting of an effector binding domain, that bind heme
and CO, and a helix-turn-helix type DNA binding domain.?®> CooA heme is a dual redox and CO
sensor.?* Reduction of the Fe(l11) heme leads to His’” replacing the Cys’® thiolate ligand, then the
incoming CO ligand replaces Pro?.2>=° The transition to Fe(11)-CO heme corresponds with a large
change in the hinge region, flipping open each DNA binding domain exposing the DNA-binding
F-helices, like a “swinging hinge”.3**? High-resolution structures of Rhodospirilum rubrum (Rr)
Fe(Il) CooA and a constitutively active variant of Carboxydothermus hydrogenoformans (Ch)
Fe(I)-CO CooA led to an understanding of the reversible transitions between discrete
conformations that allow CooA to bind its promoter, pCooF.%3! However, asymmetry in both
crystal structures and the lack of a structures in the Fe(III) “locked-oft” state or DNA bound state
limits understanding of the entire mechanism from crystal structures alone. Solution small-angle
X-ray data comparing the Fe(ll) and Fe(ll)-CO states allowed for development of the structural

model of CooA activation that suggests the swinging open open of the DNA binding domains
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Figure 4.1. Three functional states of CooA, showing the redox-mediated ligand switching
mechanism of heme and the corresponding structural data. For each crystal structure, the heme
binding domain is shown in light blue with the heme shown as magenta sticks, the DNA binding
domain is shown in purple with the recognition helix highlighted in magenta. One monomer is
shown as transparent. Left: No structure of Fe(111) CooA exists to date. Middle: Fe(ll) RrCooA
(PDB 1FT9), Right: Fe(l1)-CO ChCooA N127L/S128L (PBD 2HKX).
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occurs via changes in the hinge region.*

The importance of fast and slow timescale protein motions to the activation mechanism of
CRP, archetypical protein of the CRP/FNR superfamily, gives reason to believe that dynamics
could play an important role in CooA allosteric regulation. Previously, Hines et al. used site-
directed spin label electron paramagnetic resonance spectroscopy (SDSL-EPR) to demonstrate that
CooA exhibits conformational heterogeneity in the effector-free Fe(Il) “locked off” state.®*
SDSL-EPR is a method used to study local site dynamics of conformational changes of biological
macromolecules.®>~" Nitroxide radical labels are attached to the protein at specific introduced
cysteine residues and continuous wave EPR spectra are collected (Figure 4.2). An EPR spectrum
is highly sensitive to nitroxide mobility; reduced mobility of the label results in spectrum
broadening. The rotational motion of the label itself, motion of the protein backbone, and tumbling
motion of the entire protein in solution all contribute to the spectrum, and careful choice of
experimental conditions can distinguish between types of motions.3” The addition of 25% w/w
Ficoll-70 eliminates the contribution of protein rotary diffusion from the spectrum, and the
contribution of label rotational motion and protein backbone motions can be distinguished with

osmolyte perturbation studies using sucrose.®

This work aims to build on our earlier experiments with Fe(l1l) CooA, showing that the
populations of more and less mobile conformations change throughout the allosteric process,
broadening our understanding of CooA regulation to include protein dynamics. A series of CooA
variants reintroduce cysteines into key regions of the protein, the heme binding domain, the 4/5-
loop, the hinge region, and the DNA binding domain adjacent to the F-helix, to allow for site-

selective probing of dynamics in each region. These variants were evaluated for their ability to
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Figure 4.2. TOP: Crystal structure of Fe(Il) RrCooA (PDB 1FT9) with the location of six
cysteine substitution sites highlighted, K26, E60, F132, D134, 1173, and S175. Protein is shown
with the heme binding domain in light blue, heme in magenta, the DNA binding domain in
purple, the recognition helix in magenta, and the residues substituted to facilitate labeling in
cyan. One monomer is shown as transparent. BOTTOM: The reaction of MAL-6 with
introduced cysteine to form site-specific redox-stable linkages with protein.
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retain DNA binding ability before and after labeling with MAL-6 to ensure variants could
accurately represent the behavior of that region when bound to DNA. Then room temperature CW
(continuous wave) EPR experiments were performed that demonstrate global changes in protein
dynamics upon effector binding. We observe that once DNA is bound, complementary shifts in
the hinge region and DNA binding domain suggest that the hinge becomes more flexible upon
DNA binding to compensate for restricted motion in the DNA binding domain. This study provides
insight into the behavior of CooA in solution before and after CO-binding and upon interaction

with DNA, with detail of the slow timescale protein motions unavailable in crystal structures.

4.2 Materials and Methods

Materials

MAL-6 (N-(2,-2,6,6-tetramethylpiperidin-4-yl-1-oxyl)maleimide) was purchased from Sigma
Aldrich and used without further purification. CO(g) (299.0% purity) and Ar(g) (100% purity)
were obtained from Airgas and used as received. All other chemicals were obtained from Sigma

Aldrich or Fisher Scientific.
Vector Construction

K26C, E60C, F132C, D134C, 1173C, and S175C ACyss CooA) in R. rubrum cooA were created
in a pPEXT-20-based vector containing the gene for ACyssCo0A (C35A C80A C105Y C123l) as

described in previous work.3*
Protein Expression and Purification

Expression of variant CooA proteins followed the protocol previously reported.® All cells were
grown in Terrific Broth media supplemented with 20 mg/L ferric citrate. A dense 2 mL culture

was added to 500 mL media and incubated at 37°C. At ODsso = 0.8-1.0, expression was induced
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with 1 mM IPTG, followed by growth for 20 h at 30°C. Following expression, cells were harvested
by centrifugation, incubated with 2 mg/mL lysosyme in “Binding Buffer” (50 mM MOPS (3-
morpholinopro- pane-1-sulfonic acid), 10 mM imidazole, 500 mM KCI pH 7.4), and lysed by
sonication. The lysate was cleared by centrifugation and added to a Ni-NTA column (GE Life
Sciences, 5 mL column volume) pre-equilibrated with binding buffer. The column was washed
with binding buffer until Azso reached, followed by additional washing with three column volume
rinses with 15:85, 25:75, and 35:65 mixtures of elution buffer (50 mM MOPS, 220 mM imidazole,
500 mM NaCl pH 7.4) and binding buffer. Bound CooA was eluted with four column volumes of
elution buffer. Eluted CooA was incubated with 45% saturated ammonium sulfate on ice for 30
min. Precipitated CooA was redissolved in 100 MM MOPS, 500 mM NaCl pH 7.4 and flash frozen
on LN prior to storage. Total protein concentration was assessed via Pierce660 assay (Pierce-
Thermo Fisher) using bovine serum albumin as a calibration standard, and heme concentration

was measured with pyridine hemochromogen assay.°
Fluorescence Anisotropy

For assessment of in vitro DNA binding of MAL-6 labeled CooA variants, 5 nmol protein was
incubated with 10-fold molar excess MAL-6 at 4°C overnight. The next day, protein was
concentrated and underwent three rounds of spin concentration and dilution, to a final

concentration of 1000 nM dimer.

In vitro DNA binding affinity of CooA variants was measured as previous described.3* Binding
data was fit when appropriate to the Hill Equation, holding the Hill coefficient at 1 for a simple

noncooperative interaction, to calculate an apparent affinity, [P]1/2.
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Single-point assays were employed when assessing protein activity. The fluorescence anisotropy
of Fe(1l1) 1000 nM dimer CooA, either unlabeled or MAL-6 labeled, with 6.4 uM pCooF was
measured. Fe(I1)-CO protein was achieved by the anaerobic addition of 10 pL of a 100 mM sodium
dithionite solution and a 100 puL bolus of CO(g). The samples were gently vortexed and allowed
to sit at room temperature for 30 min to ensure complete conversion to the Fe(I1)-CO state and
equilibration of the DNA bound form, before measuring the fluorescence anisotropy again. Each
point represents an average of three technical repeats. Then a Aanisotropy Was calculated by
subtracting the initial anisotropy in the Fe(lll) state from the final anisotropy in the Fe(Il1)-CO

state.

Site-Directed Spin Labeling of CooA Variants

K26C, E60C, F132C D134C, 1173C and S175C A4CysCooA proteins were labeled by incubating
Fe(111) protein with 10-fold molar excess of MAL-6 label. MAL-6 (10 mg/mL in acetonitrile) was
added to 50-75 nmol CooA in 2000 pL labeling buffer (100 mM MOPS, 500 mM NacCl, pH 7.4)
and allowed to react at 4°C overnight. Labeled samples were dialyzed against labeling buffer in
three rounds over 24 hours to remove excess free label. The resulting labeled CooA proteins were
buffer exchanged into Ar(g)-sparged buffer (final buffer contents in figure legends) using a PD-

10 desalting column, then concentrated using a 30,000 MWCO spin concentrator (Amicon Ultra).

For Fe(l1l) samples, 100-200 uM protein was loaded into capillary tubes (Drummond Scientific

Company, 50 uL) for EPR analysis.

For Fe(I1)-CO and Fe(11)-CO+DNA samples, 50 uL 100-200 uM protein (mixed with equimolar
dsDNA containing pCooF, as appropriate) was transferred to a PCR tube and the headspace was

purged with Ar(g). Reduction and CO binding as achieved by purging headspace with CO(g)
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adding three-times molar concentration DTH solution and gently mixing. Prior to loading into
capillary tubes, the samples were uncapped, gently blown into, and allowed to sit for 30 s to

reoxidize the MAL-6 labels.

EPR data were acquired on a Bruker Elexsys 500 system at 10.0 mW power, 200 G scan width, 2
G modulation amplitude, and 100 kHz modulation frequency. The number of scans ranged from

10-200 based on protein concentration.

4.3 Results

Five cysteine substitution variants on a A4sCysCooA (C35A, C80A, C105Y, C123l) background
were previously created: K26C, E60C, F132C, D134C, and S175C A4CysCooA. These variants
sequentially add Cys back in key locations for site-specific MAL-6 labeling—the DNA binding
domain (S175C), the hinge region (F132C and D134C), the 4/5 loop (E60C), and in the heme-
binding domain (K26C) (Figure 4.2). From here, these variants will be referred to as K26C, E60C,
F132C, D134C, and S175C, though all variants also bear the additional cysteine deletions of the

A4CysC0o0A background.
DNA Binding of MAL-6 Labeled A4sCysCo0A Variants

Prior to observing protein dynamics of CooA variants, all variants were evaluated for their ability
to bind DNA after undergoing labeling with MAL-6. All cysteine variants, with the exception of
F132C, were previously shown to exhibit similar apparent affinities for DNA as WT CooA, but it
was still unknown if appending a label to each location would affect DNA binding.3* Fluorescence
anisotropy-based DNA binding assays monitor the increase in anisotropy of Texas Red-X labeled
double stranded oligonucleotide containing pCooF, as a function of protein concentration. As

protein concentration increases, more protein binds pCooF and anisotropy increases, allowing for
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binding parameters to be calculated from a binding curve. Single-point assays monitor the change
in anisotropy upon activation of the protein at a single concentration at the top of the binding curve,
allowing for a rapid measure of protein activity. Single-point assays were used to determine if
labeling CooA variants with MAL-6 prevents interaction with pCooF (Table 4.1). K26C, E60C,
and D134C were all shown to retain DNA binding affinity after labeling with MAL-6. However,
S175C does not exhibit a CO-dependent change in anisotropy after MAL-6 labeling. The location
of S175C, directly adjacent to the F-helix that recognizes pCooF, perhaps means that the bulky

label sterically limits the specific interactions between the CooA F-helix and DNA.

A new cysteine variant was produced to label the DNA binding domain, moving the labeling site
away from the F-helix, resulting in a variant that allows for labeling of the DNA binding domain
and retains its activity. 1173C was created with the goal of minimally moving the labeling site from
S175 but allowing enough distance from the F-helix to make room for the bulky label. UV/visible
absorbance spectroscopy shows that 1173C retains the same ability to undergo its native ligand
switching mechanism as WT CooA (Figure 4.3A). The band shapes and locations of Fe(l11), Fe(ll),
and Fe(Il)-CO 1173C are virtually indistinguishable from WT, indicating that like the other
cysteine substitution variants, the ligand switching and CO-binding functionalities are unaffected
by the mutations. Then fluorescence anisotropy DNA binding assays were used to calculate
binding parameters for 1173C before and after MAL-6 labeling (Figure 4.3B). Apparent affinity,
[P]i2 = 36.3 + 11.1 nM for the unlabeled protein is in the same range as the other variants.* The
MAL-6 labeled protein displays a reduced affinity ([P]u> = 140.6 + 24.5 nM) compared to
unlabeled protein but will still bind DNA at the concentrations used for EPR experiments. A new
Cys substitution variant, 1173C, allows for MAL-6 labeling of the DNA binding domain and

monitoring of the dynamics of this region after DNA binding with EPR spectroscopy.
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Table 4.1. In vitro fluorescence anisotropy single-point DNA binding assays of 1000 nM
A4CysCo0A variants, both before and after overnight labeling with MAL-6, Aanisotropy IS the
difference in the fluorescence anisotropy of the inactive Fe(lll) state and after conversion to the
active Fe(11)-CO state. The “DNA Binding” column indicates if the variant can bind DNA in the
conditions required for EPR experiments.

Variant Aanisotropy Aanisotropy, after MAL'6 DNA
labeling Binding
K26C 0.046 0.045 +
E60C 0.041 0.041 +
F132C  -0.005 - -
D134C 0.034 0.032 +
S175C 0.029 0.005 -

1173C 0.047 0.045

+
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Figure 4.3. A. Electronic absorption spectra of 1173C A4CysCoo0A in the Fe(l11) (solid line), Fe(1l)
(dotted line), and Fe(11)-CO (dashed line) heme coordination states. B. Fluorescence polarization
data for Fe(l1l) (squares) and Fe(11)-CO (circles) 1173C AsCysCo0A, with (magenta) and without
(black) MAL-6 labeling, with ds pCooF. The dashed lines shows the best fit of active CooA to a
non-cooperative binding model (Unlabeled: [P]i2 = 36.3 + 11.1 nM, n = 1, ¥*= 2.29202 x 10
Labeled: [P]iz = 140.6 + 24.5 nM, n = 1, y>= 7.98032 x 10°).
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Comparison of EPR Spectra of MAL-6 Labeled Fe(ll1), Fe(11)-CO, and Fe(11)-CO + pCooF

A4CysCo0A Variants

EPR spectra of MAL-6 labeled CooA variants show a multicomponent signal that changes between
the Fe(l11) and Fe(I1)-CO states. Previous work demonstrated that Fe(l11) CooA variants exhibit a
multicomponent EPR signal that consists of a narrower signal corresponding to a more mobile
component, and a wider signal corresponding to a less mobile state.®* EPR spectra of Fe(11)-CO
Co0A variants show that reduction and CO binding redistributes the populations of more and less
mobile states in almost all variants, particularly for E60C, D134C, and 1173C (Figure 4.4). These
three variants, corresponding to label locations in the 4/5-loop, hinge region, and adjacent to the
DNA binding F-helix, show significant changes in dynamics in response to effector binding. For
E60C and D134C, the EPR spectra demonstrate a reduction in the more mobile conformation,
while the 1173C spectra show a shift to the more mobile state. In comparing multicomponent EPR
spectra of Fe(IIl) “locked off” and Fe(II)-CO “on” CooA variants, effector binding causes a
redistribution of more and less mobile conformations in the regions that are known to undergo CO-

dependent structural changes, the DNA binding domain, hinge region, and 4/5-loop.

Key regions of CooA, the 4/5-loop, hinge region, and adjacent to the DNA-binding F-helix,
undergo changes in conformational dynamics in response to DNA binding. Variants that were
identified to bind DNA when labeled and demonstrated significant changes between the Fe(lll)
and Fe(I1)-CO EPR spectra were chosen for analysis in the DNA bound state—E60C, D134C, and
1173C. Buffer conditions were chosen for this set of samples based on the known requirements for
CooA DNA binding, including the addition of divalent cation, Ca?*, minimal buffer and salt, and
increased pH. All CooA variants display changes in conformational heterogeneity between the

Fe(l11), Fe(I1)-CO, and Fe(11)-CO bound to DNA samples in DNA binding conditions (Figure 4.5).
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Figure 4.4. EPR spectra of MAL-6 labeled Fe(lll) (black) and Fe(I1)-CO (green) A4sCysCoo0A
variants in 100 mM MOPS, 500 mM NaCl pH 7.4, 25% wi/w Ficoll-70. The spectra are normalized
to the central amplitude. More (m) and less (I) mobile components are labeled.
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Figure 4.5. EPR spectra of MAL-6 labeled Fe(lll) (black), Fe(l)-CO (blue), Fe(1l)-CO +
equimolar pCooF (red) A4sCysCo0A variants in 40 mM MOPS, 50 mM NacCl, 6.4 mM CaCl> , pH
8.0, and 25% w/w Ficoll-70. The spectra are normalized to the central amplitude. More (m) and
less (I) mobile components are labeled. An asterisk marks a small cavity signal that appeared in
the course of our data collection.



165

E60C and D134C show a shift to the less mobile state upon reduction and CO-binding, while
1173C does the opposite, shifting to the more mobile state in response to effector binding. Upon
the addition of equimolar pCooF to Fe(11)-CO “on” CooA, D134C displays a complete shift to the
more mobile state, with the broader EPR signal disappearing. Conversely, addition of pCooF to
Fe(I1)-CO 1173C reduces the population of the more mobile state. These results show that local
protein dynamics, in locations far from the heme CO-binding site, change as a function of protein

activity state in CooA.

4.4 Discussion

EPR spectra of MAL-6 labeled CooA variants in the Fe(IIl) “locked off”, Fe(I[)-CO “on”, and
Fe(I1)-CO bound to DNA states show that protein dynamics change in key functional regions
throughout the allosteric process. Previous work demonstrated that there is global conformational
in the Fe(III) “locked off™ state of CooA, but did not demonstrate how these protein dynamics may
change in response to effector or DNA binding. This study examines the multicomponent EPR
spectra of CooA variants labeled with redox-stable MAL-6 in key functional regions: the heme
binding domain (K26C), 4/5-loop (E60C), hinge region (F132C and D134C), and DNA binding
domain adjacent to the F-helix (1173C and S175C). We observe that the distribution of population
of more and less mobile states shifts in response to changing functional state in all variants. Most
notably, comparison of EPR spectra of D134C and 1173C, representing the hinge region and DNA
binding domain, allows for the development of a proposal for how protein dynamics contribute to
CooA DNA binding. The data indicate that while pus-ms protein motions decrease in the DNA
binding domain upon binding the cognate DNA sequence, there is a quenching of the less mobile
conformation in the hinge region, shifting entirely to the more mobile conformation upon DNA

binding.
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We observe a global change in conformational dynamics in response to effector binding in
CooA. Comparison of multicomponent EPR spectra of CooA variants in the Fe(III) “locked-oft”
state versus the Fe(11)-CO “on” state shows changes in protein dynamics across the protein, far
from the effector binding site (Fig. 3). The variants that display the largest changes are E60C
(representing the 4/5-loop), D134C (representing the hinge region), and 173C (representing the
DNA binding domain adjacent to the hinge region). E60C, displays a reduction in the more mobile
component of the EPR signal in response to effector binding. The 4/5-loop makes contacts with
the DNA binding domain in the Fe(l1)-CO form, and it has been suggested due to high sequence
conservation among CooA homologs and its role in CRP as the contact with the sigma subunit of
RNA polymerase, that this region is also involved in propagation of effector binding signal. D134C
and 1173C, found in the hinge region and the DNA binding domain, show CO-dependent changes
in dynamics consistent with their role in the “swinging hinge” structural model of CooA allosteric

activation.

To observe the impact of DNA binding on protein dynamics, we chose to compare EPR
spectra of relevant regions to the DNA interaction, the 4/5-loop, the hinge region, and the DNA
binding domain adjacent to the F-helix. The Fe(IIl) “locked-off”, Fe(II)-CO “on”, and Fe(II)-CO
bound to pCooF all displayed distinct multicomponent EPR spectra in each region. E60C shows a
reduction in the more mobile state in both the Fe(I1)-CO that does not significantly change when
bound to DNA, which is unsurprising for this location that is suggested to change structurally in
response to effector binding, but the main role of the 4/5-loop in DNA binding is to contact RNA
polymerase.*® D134C also exhibits a CO-dependent reduction in the more mobile component, but
upon DNA binding, the signal shifts entirely back to the more mobile component. In contrast to

these two locations, the label in the DNA binding domain exhibits opposite changes in response
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to CO and DNA, where effector binding leads to an increase in the more mobile state that is
reduced after binding to DNA. This paired change in protein motions of the hinge region and DNA
binding domain lead us to propose a role of protein dynamics in the CooA allosteric mechanism
similar to that of CRP, where increased motion of the hinge region is paired with restricted motion

of the DNA binding domain once bound to the promoter.

Our proposal broadens the understanding of the CooA allosteric mechanism, adding
changes in conformation dynamics to the structural mechanism. In comparing the mechanism of
Co0A to that of other archetypical proteins of the same structural superfamily, CPR and FNR,
Co0A seems to more closely mirror the mechanism of CRP, where slow protein motions contribute
to allostery. The regulatory mechanism of FNR is O2- dependent dimerization. When O3 is not
present, the protein is a dimer and specifically binds to DNA. In the presence of O, degradation
of [4Fe-4S] clusters lead to FNR monomerization and DNA disassociation.*#? CooA is not
regulated by an effector-dependent change in oligomeric state; instead it appears to rely on a
combination of effector-induced structural rearrangement of its hinge region and complimentary
changes in flexibility of the DNA binding domain and hinge region for CO-dependent DNA
binding, more similar to what is observed in CRP. Extensive study of the enthalpy-entropy
compensation involved in DNA binding of CRP has found that both fast and slow timescale
dynamics contribute to allostery.!*#3 While fast timescale motions result in changes to
conformational entropy, slow protein motions are related to the population of conformational
states; both can affect changes in protein function without changes in the ground-state structure.
Further analysis with NMR-based techniques and thermodynamic analysis with calorimetric

methods is needed to detect the fast internal motions that are related to conformational entropy and
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directly measure the enthalpic and entropic components of the free energy, to be able to conclude

the relative contributions to DNA binding of dynamics and structure change.
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Chapter 5

Opportunities for Implementing Natural Climate Solutions

in Wisconsin Agriculture

A version of this chapter was written as a requirement for the WISCIENCE Public Service
Fellowship:

MGR conducted the literature review and wrote the manuscript, with input from a community
partner mentor.
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5.1 Introduction

Wisconsin has long been at the epicenter of the modern movement for environmental
conservation, though the State’s ability to address current and future environmental crisis are
politically uncertain. Beginning in the 1960s, Wisconsin Governor of Gaylor Nelson pioneered
legislation to protect the state’s natural features and ensure all residents could enjoy nature.
During his time in the U.S. Senate, Nelson’s efforts to amend the Constitution to ensure that
"Every person has the inalienable right to a decent environment” led to the first Earth Day in
1970.! Nelson led during a period of major progress now called the “Environmental Decade” that
included legislative milestones such as the creation of the Environmental Protection Agency and
passage of the Clean Air Act, Clean Water Act, and Endangered Species Act. Today, the current
governor is working to address another challenging problem, combatting the effects of climate
change. In 2019, Gov. Tony Evers and Lt. Gov. Mandela Barnes signed Executive Order 52,
establishing The Governors Task Force on Climate Change.? This group was tasked with
identifying current and future impacts of climate change on Wisconsin communities, as well as
working to mitigate the worst effects of a changing climate on critical Wisconsin industries. As
reports are released from the taskforce, implementation of their goals must largely come from the

Legislature, which has not recently viewed climate change as a legislative priority.

Data detailing the effects of the changing climate in Wisconsin has been collected by the
Wisconsin Initiative on Climate Change Impacts (WICCI) since 2011. WICCI is a statewide
initiative of scientists, experts, and practitioners that was directed to collect updated data on the
extent and impact of climate change in Wisconsin by Executive Order 52. Their reports from
2020 and 2021 present data on how climate change is currently impacting state communities and

critical industries, such as agriculture, forestry, and fishing.3* More extreme weather, including
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warmer winters and wetter springs, are especially problematic for the agricultural industry that
relies on reliable weather patterns. Waterlogged soils and extreme heat have impacted spring
planting, fall harvesting, as well as milk production and water usage by the dairy industry. Water
and soil quality have also been impacted by the nutrient runoff and soil erosion caused by
increased precipitation. Farmers are already seeing changing weather patterns that impact their
planting, growing season, and harvesting and the wellbeing of livestock. These effects are
expected to worsen over time, leading to a sense of urgency to minimize the worst impacts on

Wisconsin’s critical agricultural industry through sustainable practices and new technology.®

To limit global warming by less than 2°C, the goal laid out by the Paris Climate Accord to
avoid the worst impacts of global warming, the world needs to make drastic changes to policy
surrounding energy use and greenhouse gas (GHG) emissions. Wisconsin, as a part of this
agreement, set several goals to meet this target as a part of the Wisconsin Clean Energy Plan,
released in 2022.% The main goal is for all electricity consumed within the state to be 100 percent
carbon-free by 2050. Policies that target reduction of carbon emissions are most often the
paradigm change in global energy practices: developing carbon-free energy sources to reduce
and eventually eliminate the burning of fossil fuels, increasing reliance on electric cars, and
improving battery storage technology. However the reduction of emissions alone will not be
enough to meet global goals as presented by the Paris Climate Accord and prevent climate
catastrophe. In addition to reduction of GHG emissions, the removal and storage of CO> from the
atmosphere is necessary.”® Carbon capture is an active area of scientific research, with expensive
technology to sequester carbon currently being investigated, but it is not yet feasible to

implement on a large scale.
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Natural climate solutions (NCS) provide an immediate and cost-effective source of carbon
sequestration with potential to significantly contribute to meeting global climate targets. NCS
encompass land management, restoration, and protection practices to mitigate climate change
effects by sequestering carbon in ecosystems and reducing GHG emissions. The earth’s soil can
store a tremendous amount of carbon (3.2 times the carbon in the atmosphere®), as can living
plant material. Specific ecosystems, forests, wetlands, grasslands, and agricultural areas, are
especially capable of holding onto carbon that would otherwise enter our atmosphere. It is
estimated that implementation of cost-effective natural climate solutions could contribute one
third of the global mitigation (carbon sequestration + avoided GHG emissions) needed by 2030
to keep warming under 2°C.° In the United States, implementation of all available NCS has

been estimated to generate mitigation equivalent to 21% of our net annual emissions.**

Within NCS, there are opportunities to target different biomes based on local climate and
land use. Agricultural practices that increase carbon storage provide an important opportunity for
impact in Wisconsin, where 30% of the state’s land is used for agriculture. Agricultural soils
generally have less carbon compared to the native ecosystems they were derived from due to
reduced carbon inputs, increased soil disturbance and erosion.*?> NCS practices can serve to
increase carbon in depleted agricultural soils by increasing carbon inputs and reducing GHG
emissions. Additionally, the implementation of NCS on farmed land has numerous co-benefits,
including improving the overall health and productivity of soil and improving local water quality
through reduced erosion and fertilizer runoff. Policies that mitigate climate change through
improved farmland management also create opportunities to positively involve rural landowners
in climate change policy. Involving farmers by tapping their lifetime of experiential knowledge

of their land and financially incentivizing their participation in climate change mitigation, while
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providing them guidance on protecting their land’s productivity and increasing resilience against
climate change, provides a positive opportunity to engage the agricultural sector in meeting

climate goals.
Global Carbon and Nitrogen Cycling Underlies Carbon Storage

Key to NCS in the agricultural sector is the intertwined cycling of carbon (C) and nitrogen (N) in
the soil, since both contribute to GHG emissions (Figure 5.1). Plant leaf and root matter is
deposited into the soil, where is broken down by soil organisms into organic matter that contains
carbon and nitrogen, called soil organic material. The amount of soil C in managed soils is
impacted by the rate of C input from plant biomass as well as the rate of C loss from

decomposition by soil microbes.

Despite the abundance of N in our atmosphere in the form of N gas, N is often
considered to be a limiting resource in agriculture because the N2 form cannot be used by plants
and animals. The process of converting N2 to a version that can be used by plants and animals is
called nitrogen fixation. Only a select group of organisms are able to perform this reaction,
including soil-dwelling bacteria that associate with the roots of certain types of plants (legumes).
These bacteria provide N to the soil in a form usable to the plants and animals. Other soil
bacteria can also carry out other important steps in the nitrogen cycle including the production of
nitrate (NO3"), a form of nitrogen taken up by plants, and eventual conversion back to N,
returning nitrogen to the atmosphere. An important side product of this cycling is nitrous oxide
(N20), a greenhouse gas 298 times as potent as CO,.%® N2O is produced more in water-logged
soil, but production is also influenced by soil oxygen content, pH, and redox potential. The
implications of the inherent interdependencies of soil C and N means that efforts to increase

SOC also affect soil N and impact N2O emissions.
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Figure 5.1. A schematic of simplified terrestrial C and N cycles and the interactions between
cycles.™® Each process listed is impacted by soil properties such as water content, redox potential,
temperature, clay content, soil type, and pH. Greenhouse gases (CO2 and N2O) are shown in
green, but other emitted gases and GHGs not mentioned in this report, including methane (CHa),

NOx, and NHs, are not shown.
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Excess nitrogen in the soil from overuse of nitrogen fertilizer, nitrogen fixation by
legume crops, manure addition, or plant residues can be “lost” through several pathways,
including leaching. N leaching occurs when water flows through the soil, causing the excess
nitrate to enter groundwater aquifers and waterways. This process results in decreased nitrogen
availability to plants and increased “indirect” N2O emissions, as leached NOz™ is converted into
N0 in local waterways.'? Therefore, efforts to mind nitrogen input into the soil and prevent
over-application of nitrogen fertilizers can prevent the emission of GHG, NOg, into the

atmosphere.

5.2 Review of the Scientific Literature on Natural Climate Solutions in Agriculture

Natural Climate Solutions Practices

Discussion of well-researched NCS is shown in Table 5.1. Increasing soil C can happen through
reducing soil disturbance, increasing C inputs into the soil, improving soil microbe biodiversity,
and maintaining plant cover on soil year-round. These practices also have numerous co-benefits
that improve soil health. Each practice will be defined and discussed individually, paying

particular attention to scientific debate and broad utility of each technique.

AGROFORESTRY

The term agroforestry is used to encompass practices that incorporate trees into agricultural land.
Wind breaking describes surrounding fields with a strip of trees, 1-4 trees thick. Similarly, alley
cropping describes planting crops between rows of trees. Both of these practices protect crops
from wind (reducing soil erosion) and absorb excess N, while the trees themselves also act as a
large C sink.'®* However, crop yield is impacted due to shade and reducing field area, and some

farming equipment can be difficult to navigate between trees. The significant reduction to
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Table 5.1. Six on-field agricultural NCS are presented. The solutions are listed alphabetically,
with co-benefits and a short summary of the strength of scientific support for GHG emission

reductions of the practice included.

Practice

Effect on GHG Balance and Co-benefits

State of Science

Agroforestry o

Carbon sequestration—increased C
storage in plant biomass

Reduce N2O emissions

Protect crops from wind

Strong evidence
of net GHG
benefit

Conversion to Perennial °

Carbon sequestration—increased C

Strong evidence

Fields input and decreased C loss of net GHG
e Reduce erosion benefit
e Reduce fertilizer runoff and N
emissions
Cover crops e Carbon sequestration—increased C Strong evidence
inputs of GHG benefit
e Reduce erosion
¢ Reduce nitrogen leaching by reducing
fertilizer need
e Increase biodiversity
e Improve water retention
Improved fertilizer e Reduce N2O emissions and fertilizer Strong evidence
management runoff of GHG benefit

Reduce GHG emissions from fossil
fuels used in fertilizer production

Regenerative Grazing o

Carbon sequestration—increased C

Mixed evidence

Strategies inputs of GHG benefit
e Reduce erosion
e Increase N retention
Tillage/No-till e Modest carbon sequestration likely Mixed evidence

offset by increased N2O emissions
Reduced C losses

Improve water content

Possibly less labor intensive

of GHG benefit
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farmers’ yields makes agroforestry less appealing to implement widely, though there would be
great potential to sequester carbon.* Silvopasture is the combination of forest and grassland for
livestock grazing. Planting trees in pastureland can increase soil health and reduce erosion, and
the trees are able to shade the livestock. However, there are concerns about implementing
silvopasture as it is difficult to establish with significant time required for new trees to reach
maturity before livestock can be introduced, and there is increased risk to the animals from

falling branches and lightning attraction.

PERENNIAL FIELDS

Annual crops are sown and harvested within one year often using conventional tillage techniques
that enhance soil erosion. Perennial plants are left to grow for years, limiting the need for tillage
and allowing for well-established root systems which limit erosion and promote soil organic
carbon storage. Conversion of less productive cropland to fields of perennial grasses that would
be left unharvested are well-supported to sequester large amounts of carbon deeper into the soil
through their deeper, more mature root systems, and are able to better store carbon due to the

lack of soil disturbance by plowing, replanting, etc.'

COVER CROPS

Cover crops are planted after the main harvest of cash crops with the goal of covering the bare
soil, preventing erosion, increasing water retention, improving biodiversity, and returning
important nutrients to the soil after being depleted by cash crops. The practice of planting cover
crops increases SOC by increasing C input that returns to the soil. There is debate among

researchers as to the best cover crops to be used for SOC sequestration, especially non-legume
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vs. legume plants and the extent to which increased N2O emissions could offset any gains in
sequestered C. Meta-analyses have found that cover crops increase SOC independent of tillage
method used, climate zone, or plant type, though it does depend on the duration and frequency of
inclusion in a crop rotation.*3* The effect of planting cover crops on N2O emissions is highly
variable between studies based on the use of extra N fertilizer, whether the cover crops are left to
decay or if they are plowed into the soil, and type of cover crop used. A recent meta-analysis
found that cover crops on average resulted in a small increase in “direct” N2O emissions, from
soil to the atmosphere, that was not large enough to offset gains in SOC.*3> However, an
important indirect effect of cover crop planting is the reduction of nitrate leaching, which is
beneficial for local water quality and decreases “indirect” N20 emissions in waterways from the
leaked NO3~.1>%6 Overall, effects on N,O emissions due to planting cover crops may be highly

site specific, but likely would not be great enough to offset the positive benefits to SOC.**16

IMPROVED FERTILIZER MANAGEMENT

Improved fertilizer management is another opportunity to reduce GHG emissions and provide
positive co-benefits. More efficient use of nitrogen fertilizers would result in less N2O emissions
on fields as well as reduce the fossil fuel emissions associated with the production of N fertilizers
via the Haber-Bosch Process (globally, 52 Tg CO-e year 1).!! Precision agriculture, which
involves applying only the precise amount of fertilizer required by each part of a field with
thoughtful application based on crop demand and soil content, would allow for less fertilizer to
be used while maintaining crop yields. Additional practices to use fertilizer more efficiently
include minimizing water movement across fields after fertilizer application, using slow-release

fertilizers and additives to prevent mineralization, and using cover crops and deep-rooted crops
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to scavenge residual nitrogen. There is also an important water quality co-benefit of improved
fertilizer management because nitrates are Wisconsin’s most widespread groundwater

contaminant.’

REGENERTIVE GRAZING STRATEGIES

The term “regenerative grazing strategies” is used here to describe practices that consider how to
maximize sustainability in livestock grazing, including adaptive multi-paddock grazing.
Sustainable grazing strategies have been researched for their potential to sequester carbon due to
the ability of livestock to redistribute carbon throughout a pasture, in the form of manure,
increasing C inputs and stored C in soil. Grazing strategies to prevent overgrazing ensure that
pasture plants have continuously high biomass. Adaptive multi-paddock (AMP) grazing is a type
of rotational grazing where livestock rotates through multiple fenced paddocks for short periods
of time while monitoring plant consumption.*® This practice ensures that there is time for plant
growth to recover between grazings, reduces fertilizer consumption, increases biodiversity,
decreases erosion, and is better for livestock health. Rotational grazing practices like AMP
increase soil organic carbon, potentially by increasing amount and quality of carbon inputs and

retaining more N, which allows soil to sequester more carbon than conventionally grazed soils.®

NO-TILL

No or low-tillage agriculture has been a well-researched NCS since the 1980s. As well as leading
to a modest increase in SOC in the top 10 cm of soil, it has been shown to have other positive
benefits including reducing erosion and increasing water content while being less labor intensive.

However, more recent research raises questions about whether low/no-till practices actually
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increase the total amount of stored soil carbon, or if it only redistributes it to the top 10 cm of

soil.1° Also, low/no-till practices create conditions that increase N2O emissions. While the

increase in N2O emissions is relatively small, it is enough to approximately offset any increased

carbon accumulated by low/no-till practices, and therefore low/no-till agriculture does not appear

to lead to a net reduction GHG emissions in most cases.!®

DEVELOPING TECHNOLOGIES

Several frontier technologies may be useful in the future but require additional research to better

understand their quantifiable effects on soil C storage and to make widespread adoption

economically viable.'?

1)

2)

Biochar- A C-rich solid produced from the pyrolysis of plant material. Adding biochar to
soils can improve soil C content because it is largely resistant to decomposition and
influences crop productivity. However, it is still unknown how biochar addition to soils
impacts the native microbial processes that control soil C and N cycling, and thus it is
unknown how biochar effects decomposition of SOC and N.O emissions, though there is
an emerging consensus that biochar can reduce N2O. A full analysis of the biochar
lifecycle, involving the production and transport of biochar involves many sources of
GHGs, so the location and system design would need to be better understood prior to
large-scale deployment.

Conversion to perennial grain crops— Kernza (trademarked) and alfalfa, are two
alternatives to annuals that could be reasonably planted in Wisconsin, as these are both
capable of surviving winters and are widely researched.?®?! Both alfalfa and Kernza have

deep root systems and reduce the need to plow soil yearly, leading to a reduction of
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erosion and N leaching. Both plants require less fertilizer, herbicide, and pesticide
application. However, there are few long-term studies to quantify the potential for C
sequestration in fields that convert to perennial wheat crops. Reduced yields and
economic viability are the primary barriers to implementation of perennial crops versus
the high yield, traditional annual crops.??

3) Research into breeding annual crops with deeper root systems to sop up excess N and

deposit C deeper into soil is currently being pursued.

5.3 Limitations and Continued Debate

Limitations to NCS Practices

Although the practices discussed above are well-supported by science in a wide variety of
conditions, the quantitative potential for C sequestration and minimizing N2O emissions depends
heavily on individual field conditions. Soil temperature, moisture, drainage, O2 content, pH,
texture and clay content impact decomposition rates in the soil as well as the ability to “stabilize”
SOC from decomposition, each impact the amount of C sequestered in soil. Local climate,
cropping regimes, and management practices all influence SOC increases as well. Thus, any
implementing policy to increase adoption of land management practices that increase soil C—
particularly any that would pay on the basis of carbon stored— there would need to be a robust
system for measuring, reporting, and verifying increases in soil C to ensure that policy goals are

being met.

There is a ceiling as to how much C can be sequestered in soils. Gains in soil C will
attenuate over time as the soil approaches that new equilibrium value. Meaning that in the
beginning of implementation, there will be larger gains and become increasingly small over

time.?® Most managed soils are well below their saturation level, but it does mean that soils with



188

higher soil organic matter may not be able to sequester much additional C. Many studies of
carbon storage capacity of various practices only evaluate carbon storage over the first few years,
when storage increases are the greatest. Thus, extrapolations from such studies will likely
overestimate storage potential over the course of decades. Notably, some NCS, such as improved
fertilizer management, that are based on avoided GHG emissions produce benefits that do not
saturate over time. Soil C storage is governed by biotic processes, and thus soil C storage is
potentially reversible. Practices to increase soil C must be continued long-term to avoid losing

the stored C.28

The ratio of C to N is narrowly maintained in soils to range from 8-20, with many
agricultural soils being 10-12.%2 To maintain this balance of C:N while increasing C, N would
also have to be significantly increased. This underlines the importance of incorporating legumes
in many of the practices discussed above, as using legumes to increase soil N would avoid the
use of many more tons of N fertilizers. Improved management of soil N with the goal of
maintaining crop yields, increasing soil organic N, while preventing N2O emissions from excess

N loss, are an important component of reducing GHG emissions from soil.
Areas of Uncertainty in the Scientific Literature

The overall impact of no-till practices over time is debated. Some studies show that no-till land
undergoing an occasional very deep till, where the C rich soil in the top few cm can be
redistributed to 60-80cm and pulling the less C rich soil to the top can allow for better storage of
the C rich soil. The depth helps to reduce the CO- lost to decomposition, while allowing the
newly exposed soil to be subject to traditional practices to increase soil C- cover crops, no-till,

etc.1?
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The best practices for grazing, well-managed continuous grazing vs AMP/rotational grazing
depend heavily on context. Debate as to the increases in SOC by AMP grazing and to the body
of science supporting rotational grazing.*? It is difficult to produce a replicable experiment
studying these practices due to varying weather and environmental conditions that effect grazing
lands. More research needed to decide optimal conditions and practices for increasing SOC and

minimizing other GHG emissions.

The productivity of agricultural land is the top priority to farmers in implementing new
practices. NCS practices seek to improve the overall health of soil and the ability of the land to
withstand the negative impacts of climate change, however some of the practices discussed
above would remove part of the field from being planted with cash crops or reduce fertilizer
application that may reduce yield. If productivity losses require agricultural expansion
elsewhere, the climate gains are likely eliminated since conversion from natural habitat to

cultivated land is associated with substantial carbon losses.

5.4 Policy Pathways

The Governors Task Force on Climate Change proposed wide policy recommendations based on
the results of the WICCI studies, with particular focus on the needs of agriculture. They
recommend four main policy pathways: 1) Support farmer-led watershed groups that promote
conservation practices through grants, 2) Pay farmers to increase soil carbon storage in
agricultural and working lands, 3) Avoid conversion of natural working lands by protecting
productive agricultural, forested, and grassland areas from development, and 4) Make managed
grazing livestock production systems an agricultural priority to reduce emission of GHG. These
priorities fall well within the scientific consensus to build healthy soils and protect productive

agricultural land from the impacts of climate change while creating a natural carbon storage sink.
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These policy pathways largely require cooperation from executive agencies such as the
Department of Agriculture, Trade, and Consumer Protection (DATCP), community partner
organizations and farmers, and legislative support to make significant progress. Decisions about
which evidence-based sustainable practices to pay farmers for, how to navigate monitoring soil C
storage, and measurement of the reduced GHG emissions will require partnerships with

Wisconsin scientists and farmers to implement specific, measurable policy goals.

5.5 Summary and Conclusions

Soil C sequestration on agricultural lands are attractive practices because they do not require
converting land back to forest to have a significant climate impact, both in protecting key a key
Wisconsin industry from the worst effects of climate change and in storing carbon. There is
strong scientific support for at least some agricultural management practices to sequester large
amounts of soil C in the next several decades. Importantly, the management practices described
here have indisputable important co-benefits of improving soil health and local water quality.
Thus, investments in such policies are virtually guaranteed to provide some benefit, providing
for a “no-regret” opportunity in climate change mitigation even if the carbon storage capacity is

not as great as expected.
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