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Metal ions are essential to life where they play a critical role in over a third of all
proteins. The ability of metals to gain and lose electrons enables a variety of functions ranging
from electron transport and reaction catalysis to structural stabilization. This thesis explores
how exogenous and native metal ions interact with proteins to disrupt structure or to provide
structural stability. This work examines: 1) how a synthetic copper protease disrupts protein
structure during cleavage; 2) how two heme-containing proteins are regulated allosterically; 3)
the identity of the Fe(III) cysteine(thiolate) ligand in the regulator of CO metabolism (RcoM)
from Burkholderia xenovorans; and 4) the insertion of CoPPIX into human cystathionine j3-
synthase (hCBS).

Utilization of a variety of spectroscopic techniques revealed that incubating bovine
serum albumin (BSA), aldolase and glyceraldehyde-3-phopshate dehydrogenase (GAPDH)
with [Cu(1,4,7-triazocyclononane)]Cl, results in cleavage and protein aggregation via
disruption of tertiary structures, but does not induce fibril formation. In-gel trypsin digestion
coupled with MALDI-MS was used to identify the sites of aldolase cleavage. The copper

complex accessed buried residues during cleavage.
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Mass spectrometry enabled studies on two allosterically regulated proteins, the CO-
sensing carbon monoxide oxidation activator (CooA) protein from Rhodospirillum rubrum and
CBS from Drosophila melanogaster (DmCBS). Initial hydrogen/deuterium exchange MS
experiments with CooA confirmed that the DNA-binding and the heme-binding domains are
independently folded. Mass spectrometry revealed that DmCBS does not bind the allosteric
regulator AdoMet, even under saturating conditions, unlike AdoMet-regulated hCBS.

The BxRcoM protein is a CO-responsive transcription factor that binds heme with an
Fe(III) Cys/His ligation motif. Expression and purification of variants at all three cysteines in
BxRcoM, C94S, C127S and C1308S, allowed spectroscopic identification of Cys™ is as the
native cysteine(thiolate) ligand to the Fe(IlI) heme in BxRcoM.

CBS is a PLP-dependent enzyme bearing a heme cofactor believed to be involved in
structural stabilization. Metal analysis and spectroscopic characterization of CoPPIX-
substituted human CBS (CoCBS) revealed that CoCBS contained 92% CoPPIX and retained
the native His/Cys metal coordination. CoCBS was fully active. Together these results support

a structural role for heme in hCBS.
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Chapter One
More Questions Than Answers: How Mammalian Cells Regulate
the Redox Active Transition Metals

Iron and Copper



Introduction

Metal ions have unique chemical properties that allow them to play diverse roles in the
chemistry of life. Consequently, they are essential components of over one third of all proteins
(1). Metal ions are essential for electron transport, enzymatic reactions, structural stability and
are used as therapeutic agents. Two particularly intriguing and diverse metal ions in the
chemistry of life are iron and copper. Both iron and copper are essential for eukaryotes, but
they can also be toxic. The ease by which iron and copper can gain or lose electrons can result
in the exchange of electrons with oxygen, resulting in the generation of superoxide anions and
the hydroxyl radical through Fenton-like chemistry (see Scheme 1.1). These oxygen
metabolites in turn readily attack and damage cellular macromolecules such as proteins, DNA
and RNA. Thus, the acquisition, transport and storage of iron and copper poses challenges.
Therefore, the regulation of accumulation and turnover of these metal ions is extremely

important.

Importance of Iron in Physiology

Iron is a transition metal that lies in the d-block of the periodic table. Iron has the ability
to cycle between multiple oxidation states with the most common species being oxidized Fe'*
and reduced Fe*". The redox potential of iron is greatly affected by the nature of attached
ligands; depending on the ligand environment, iron’s redox potential may span from +1000 to -
550 mV (2). The broad redox range of iron is essential to mammalian metabolism, where iron
serves as a cofactor for hemoproteins and non-heme iron-containing proteins, including many
enzymes. Hemoproteins are involved in numerous biological functions such as oxygen binding

and transport (hemoglobins), oxygen metabolism (catalases and peroxidases), and cellular



respiration and electron transport (cytochromes). Proteins containing non-heme iron are
important for fundamental cellular processes such as DNA synthesis, cell proliferation and
differentiation (ribonucleotide reductase), gene regulation, drug metabolism, and steroid
synthesis (ferredoxin-1 transfers electrons from NADPH to P450) (3).

The multitude of functionalities for iron-containing proteins is due to the ease by which
iron can gain or lose electrons. The oxidation state of iron is not only important for biological
function but also dramatically affects the solubility of iron in water. In the earliest days of life
on earth, there was little or no oxygen and, as a result, iron was most often found in the Fe?!
state. In the Fe*" state iron is very soluble in water; thus in the early days of life on earth, iron
was readily available. As life evolved, the levels of atmospheric oxygen increased resulting in
iron preferring the Fe’* state, which is very insoluble in water. As iron predominately existed in
the Fe’* state, acquiring iron became more difficult necessitating the need for specialized iron-
acquisition machinery (4). Thus, the acquisition and transport of iron poses challenges and

mammalian cells tightly regulate the cytosolic concentration of iron.

Intestinal Absorption of Iron

The absorption of dietary iron is highly regulated and involves transport across the
apical membrane of absorptive intestinal cells where iron is bound by ferritin before export
through ferroportin into the blood plasma (Figure 1.1). This transport requires enzymes that
switch the oxidation state of iron. Iron present in food, particularly red meat, legumes and dairy
products, primarily occurs as Fe** or heme. The absorption of iron involves reduction of Fe** to
Fe®* by ascorbate and/or ferrireductases, such as duodenal cytochrome 5 (DCYTB), coupled to

transport of Fe*" across the apical membrane by divalent metal transporter 1 (DMT1) (5), also



known as natural resistance-associated macrophage protein 2 (NRAMP2) or divalent cation
transporter (DCT1) (6-8). The mechanism of heme absorption remains poorly understood and
may involve either direct transport of heme or receptor-mediated endocytosis (9). Once heme is
absorbed, heme oxygenase-1 and -2 (HO-1 and HO-2, respectively) catabolize heme in
macrophages and enterocytes, which yields bioavailable iron (70).

Iron absorbed by DMTT1 enters the cytosol of the absorptive intestinal cell where iron
can be either stored in the cytosolic iron-storage molecule ferritin or exported into plasma by
the iron exporter ferroportin. Ferroportin, the only known cellular iron exporter, is found
embedded in the cell envelope of all cell types involved in iron export, including duodenal
mucosa, macrophages and cells of the placenta (/7-13). The export of iron by ferroportin is
coupled to the reoxidation of Fe** to Fe*". This process is mediated by the circulating
ferroxidase hephaestin, or its homologue ceruloplasmin, both of which are copper-containing
enzymes (/4, 15). In an antagonistic manner, copper deficiency limits the incorporation of
copper into ceruloplasmin, therefore rendering ceruloplasmin unable to convert Fe* to Fe*".
Humans with mutations in ceruloplasmin exhibit iron overload; the most striking phenotype is
seen in the brain where iron overload leads to progressive neurological failings (/6). In the
absence of a functional ferroxidase, Fe*" cannot be exported through ferroportin and
accumulates in the cytosolic iron-storage molecule ferritin, resulting in iron overload. In cases
of iron overload, the serum ferritin level is extremely high at ~1000 ng/mL; the normal range

for males is 12 — 300 ng/mL and for women is 12 — 150 ng/mL (/7).



Delivery of Iron to Tissues
Transferrin.

Iron that is exported from cells into the plasma by ferroportin is bound to transferrin, an
80 kDa glycoprotein with homologous N-terminal and C-terminal iron-binding domains.
Transferrin is widely distributed and is synthesized in the liver, retina, testis and brain.
Transferrin can bind two atoms of Fe*" with a dissociation constant (K4) of 10 M at neutral
pH. An anion, usually carbonate, is required to complete the coordination sphere of iron and
stabilize Fe** binding to transferrin (/8).

Under normal physiological conditions, only ~20-30% of circulating transferrin
contains iron. The high iron-binding affinity of transferrin and the presence of a high
concentration of apotransferrin (iron-free transferrin) allows an efficient buffering of increased
plasma free-iron levels, preventing the buildup of non-transferrin-bound iron (NTBI). In iron
overload states, transferrin gradually becomes fully saturated with iron and loses buffering
capacity. When transferrin’s buffering capacity is compromised NTBI can promote oxidative
damage when taken up by tissue parenchymal cells (i.e., heart, liver, brain cells) (/9).

The transferrin-Fe®" complex in the plasma is transported into cells via one of two cell-
surface transferrin receptors, TfR1 or TfR2. TfR1 is expressed on all dividing cells and is
particularly enriched on precursors of red blood cells because these cells have the highest
demand for iron. Erythrocytes in all species are terminally differentiated cells with a finite
lifespan (~120 days for humans). At the end of their lifespan erythrocytes are ingested by
macrophages and degraded in lysosomes where HO catabolizes heme, thereby releasing iron
into the macrophage cytosol, where the released iron can be stored in ferritin or exported by

ferroportin (20).



The role of transferrin receptor-1 (TfR1).

TfR1 is a homodimer of two identical transmembrane subunits linked by disulfide
bonds (20). Each subunit consists of a large extracellular C-terminal domain, a hydrophobic
membrane-spanning domain and a small cytoplasmic N-terminal domain. The extracellular
domain binds one molecule of transferrin per subunit, forming the multimeric transferrin-T{R1
complex depicted in Figure 1.2 (21).

The transferrin-TfR1 complex is the main vehicle by which the transfer of transferrin-
bound iron from plasma to cells of peripheral tissues is mediated. After binding the cell surface
receptor, the complex of Fe*-transferrin-TfR 1 is rapidly internalized by receptor-mediated
endocytosis through clathrin protein-coated pits. Inside the cells, the internalized complex
localizes to an endosome that is acidified by an ATP-dependent proton pump lowering the pH
to ~5.5. Acidification produces a conformational change in both transferrin-Fe** and TfR1 with
the concomitant release of iron (22, 23). At acidic pH, apotransferrin remains bound to TfR1
and the complex is recycled to the cell surface. At the more neutral plasma pH, apotransferrin
dissociates from TfR1 and is free to bind iron and initiate additional rounds of receptor-
mediated endocytosis (24, 25). The released Fe** is reduced to Fe** by six-transmembrane
epithelial antigen of prostate-3 (STEAP3) (26). Fe* is transported across the endosomal
membrane into the cytosol by DMT1 in most cells, or by its homologue NRAMP1 in
macrophages (8, 27, 28). Newly assimilated cytosolic iron is transported to intracellular sites

for either local use or for storage in ferritin (see Figure 1.2 for schematic representation).



Iron storage.

Cellular iron in excess of metabolic needs is stored in ferritin as iron oxide. Ferritin is a
multimer of 24 subunits comprised of H (for heavy or heart) and L (for light or liver) protein
subunits (29). In humans, the H subunit is 21 kDa and the L subunit is 19 kDa. Ferritin is an
evolutionarily conserved, ubiquitous protein that can accommodate up to 4500 iron atoms
within its inner shell (30).

Channels within the ferritin shell may facilitate the entry and exit of iron. The
ferroxidase activity of H-ferritin converts Fe* to Fe'", which is necessary for the deposition of
iron into the nanocage. L-ferritin induces iron nucleation and increases the rate of turnover of
the ferroxidase activity. The mechanism by which iron is delivered to ferritin remains elusive.
The levels of serum ferritin increase in response to the body’s iron load or infection (31).
Ferritin secretion may provide a mechanism for limiting iron storage after a shift from high to

low iron concentrations (32).

Mitochondrial Handling of Iron

Mitochondria are the cell’s powerhouse, and iron influences many aspects of
mitochondrial metabolism. Imported iron is utilized for the biosynthesis of heme and iron-
sulfur clusters (ISCs), and excess iron is stored in the mitochondria-specific storage protein

mitoferritin (Ftmt).

Heme Synthesis.
Heme synthesis begins and ends in mitochondria, but intermediate steps occur in the

cytoplasm (33). The first step is the condensation of succinyl coenzyme A and glycine in the



mitochondrial matrix to form 5-amino-levulinic acid (ALA), which is catalyzed by erythroid-
specific ALA synthase 2 (ALAS2) or housekeeping ALASI in nonerythroid cells (34). ALA is
then exported across mitochondrial membranes into the cytosol. The transporters or receptors
that mediate ALA mitochondrial transit are not known. Subsequently, in a series of reactions in
the cytosol, ALA is converted to coproporphyrinogen. ABCB6, a member of the ATP-binding
cassette (ABC) family, transports coproporphyrinogen, a heme precursor, across the
mitochondrial outer membrane for iron insertion (35). The final step in a series of reactions
carried out in the mitochondria is insertion of iron into protoporphyrin, catalyzed by
mitochondrial ferrochelatase (Fech) (33) (see Figure 1.3).

Heme biosynthesis has been extensively studied, but the process by which heme is
shuttled across mitochondrial membranes into the cytosol for association with globins and apo-
cytochromes remains unknown. No specific transporters or receptors that facilitate

mitochondrial export of heme have been described.

Biogenesis of iron-sulfur clusters (ISCs).

Mitochondrial iron is also utilized for the synthesis of iron-sulfur clusters (ISCs). These
cofactors consist of iron cations, sulfide anions and thiolates of cysteine residues. In mammals,
ISC assembly protein U (IscU) assembles the ISCs. Loading of iron onto IscU is likely
mediated by mitochondrial frataxin (36). Although the majority of ISC biogenesis takes place
inside mitochondria, ISCs may also be synthesized in the cytoplasm (37). While mediators of
cytosolic ISC biogenesis are not well understood, the mitochondrial inner membrane protein,
ABCB7, is important for the maturation of cytosolic ISCs (38). ABCB7 may traffic ISCs or

ISC precursors across mitochondrial membranes to the cytoplasm (39).



Biological iron chelator lipocalin 24p3.

Mitochondria are central for the regulation of cellular iron metabolism, and the majority
of iron imported into the cell is utilized within this organelle for the synthesis of heme and
ISCs. As described above, very little is known about intracellular iron transport pathways that
facilitate mitochondrial iron import. However, studies to identify the nature of molecules that
chaperone iron and facilitate iron intracellular trafficking are underway. Initial studies indicate
the existence of low-molecular weight iron-binding compounds or siderophore-like (from
Greek, meaning “iron carriers”) molecules capable of binding iron in mammalian cells (40, 41).
Microorganisms use siderophores for scavenging and delivering iron.

Lipocalin 24p3, also known as lipocalin 2 (Lcn2) or siderocalin, is a member of the
lipocalin family of proteins. This family includes more than 20 small, secreted proteins that
transport and deliver small hydrophobic molecules such as lipids and steroids. The lipocalin
family of proteins influence many cellular responses because they deliver their cargo to cell
surface receptors (42, 43). Iron binding in lipocalin 24p3 is mediated by a cofactor, presumably
2,5-dihydroxybenzoic acid (DHBA) (44), similar to E. coli enterobactin siderophore that
consists of three 2,3-DHBA and three serine molecules used for iron scavenging (45).
Considering that mitochondria are evolutionary relics of aerobic bacteria, the presence of a
phylogenetically conserved siderophore-like molecule whose structure and biogenesis are

evolutionarily linked to archaea siderophores is unsurprising.

Regulation of Cellular Iron Homeostasis
Transcriptional and post-transcriptional mechanisms regulate iron acquisition and

storage. The mechanism of post-transcriptional control of ferritin and TfR1 involves iron-
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regulatory proteins (IRPs) (46, 47). When iron is limiting, IRPs bind iron-regulatory elements
(IREs), which are evolutionarily conserved stem-loop structures of 25-30 nucleotides that are
found in non-coding regions of mRNAs that encode proteins involved in iron metabolism. The
binding of IRPs to IREs in the 5’-untranslated regions (UTRs) of mRNA blocks translation.
Conversely, binding at the 3’-untranslated region stabilizes the mRNA and prevents
degradation. TfR1 mRNA contains multiple IREs within their long 3 UTR, while the mRNAs
encoding H- and L-ferritin contain a single IRE in their 5> UTRs (48).

In iron deficiency, IRPs bind with high affinity (K4 ~ 10" M) to target IREs. Binding
to the 3’ UTR results in stabilization of TfR1 mRNA and binding to the 5 UTR causes steric
inhibition of ferritin mRNA translation. Under these conditions, accumulation of TfR 1
promotes the uptake of cellular iron from plasma Tf, while inhibition of ferritin biosynthesis
prevents storage of iron, allowing metabolic utilization of iron. Conversely, in response to
excess cellular iron, IRPs are inactivated, which leads to TfR1 mRNA degradation and ferritin
mRNA translation. This process minimizes further internalization of iron via TfR1, and

promotes the storage of excessive intracellular iron in ferritin (49) (see Figure 1.4).

Iron Response Proteins (IRPs).

Two IRP molecules, IRP1 and IRP2, have been identified. IRP1 and IRP2 are
homologous to mitochondrial aconitase, which catalyzes the isomerization of citrate to
isocitrate and uses an iron-sulfur cluster (ISC) in the active site of mitochondrial aconitase.
Under increased iron levels, IRP1 assembles an ISC and functions as cytosolic aconitase. The

ISC keeps IRP1 in a closed conformation, which prevents access of IREs. Iron deficiency
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promotes loss of the ISC and a conformational change enabling IRE binding activity. Thus,
IRP1 is regulated by an ISC switch (317, 50).

Regardless of IRP2’s extensive homology with IRP1, IRP2 does not assemble an ISC
and is regulated by a distinct mechanism. IRP2 remains stable in iron-starved or hypoxic cells
and undergoes ubiquitination and proteasomal degradation in response to iron and oxygen. This
mechanism involves FBXLS5 (F-box and leucine-rich repeat protein 5), an E3 ubiquitin ligase
that contains an N-terminal hemerythrin-like domain (57, 52). Iron deficiency and/or hypoxia
leads to disassembly of the diiron unit in the hemerythrin-like domain, which destabilizes
FBXLS5 and allows proteasome-mediated degradation of FBXLS5, inversely promoting
accumulation of IRP2. The IRE-IRP system is a highly integrated system used by mammals to

maintain iron homeostasis.

Hormonal Regulation of Bioavailable Iron by Hepcidin

Iron entry into plasma either from intestinal absorption or from macrophage iron
recycling is regulated in response to various physiological inputs. For example, in the gut, iron
absorption is tuned based on iron need and availability, and is increased in response to
ineffective erythropoiesis or hypoxia (53). In response to inflammation, iron export to plasma is
decreased. The trafficking of iron into plasma is largely controlled by the iron-regulatory
hormone hepcidin. This liver-derived peptide binds to ferroportin on the plasma membrane of
enterocytes, macrophages, hepatocytes, and other cells, promoting its JAK-dependent
phosphorylation and internalization that leads to lysosomal degradation of ferroportin (54).
Ferroportin is the only known exporter of iron in mammalian cells. Consequently, inactivation

of ferroportin causes intracellular iron retention (55, 56). Hepcidin has also been shown to
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promote proteasomal degradation of DMTT1 (responsible for iron uptake/absorption) (55) (see
Figure 1.5).

Hepcidin is generated in hepatocytes and other cell types, as a precursor propeptide of
84 amino acids (57, 58). Hepcidin negatively regulates iron transport into plasma by binding to
ferroportin, causing ferroportin to be phosphorylated, internalized, ubiquitinylated, and
degraded in lysosomes (54, 59). Removal of ferroportin from the cell surface prevents iron
export, leading to increased levels of cytosolic iron, which is stored in ferritin. Iron export is
reduced by the removal of cell-surface ferroportin, not the inhibition of iron-transport activity
(60).

Hepcidin levels can also be negatively regulated. Hypoxic conditions decrease hepcidin
expression, resulting in increased iron export into the plasma (67). Hypoxia is primarily sensed
in vertebrates by the hypoxia-inducible factor (HIF) family of transcription factors. In the
absence of oxygen or iron, HIF proteins are stabilized and are capable of regulating
transcription. Under normal conditions, hydroxylation of HIF by an iron-containing prolyl
hydroxylase results in HIF recognition by an ubiquitin ligase, von Hippel-Lindau (VHL) factor,
which targets HIF for degradation. (62). The dominant factor that negatively regulates
mammalian hepcidin expression is erythropoiesis. Defective erythropoiesis results in increased

iron export from enterocytes regardless of the status of liver iron stores (63).

Disorders of Iron Metabolism: Overload and Deficiency
Iron-overload disorders.
Iron-overload results when the amount of absorbed plasma iron exceeds the binding

capacity of transferrin (64, 65), and arises from the inability to down-regulate iron absorption
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appropriately in response to increased iron stores. Hereditary hemochromatosis (HH) is a term
describing iron-overload disease that occurs as a result of genetic dysregulation of iron
acquisition. Presently, HH has been associated with defects in four genes; three are recessively
inherited disorders and a fourth shows dominant inheritance. All three recessive disorders result
from inadequate hepcidin production relative to body iron stores (57). Based on current
understanding, the molecular pathogensis of hemochromatosis can be divided into three
classes. First, mutations in the hepcidin gene itself cause hemochromatosis by preventing the
production of functional hepcidin protein (66). Second, mutations in the genes encoding human
hemochromatosis protein (HFE), TfR2, and hemojuvelin inactivate signaling pathways that
normally up-regulate hepcidin expression. Finally, mutations in the gene encoding ferroportin
can cause hemochromatosis by rendering the transporter unresponsive to hepcidin regulation

(60, 67).

Iron-deficiency disorders.

Iron deficiency anemia continues to be a major public health problem worldwide, with
an estimated 2 billion people (30% of the world’s population) affected. The vast majority of
cases of iron deficiency are acquired, resulting from blood loss (e.g., from intestinal
parasitosis), from insufficient dietary iron intake, or both (68). In addition, rare genetic defects
can also cause iron deficiency anemia. Mutations in the genes encoding DMT1 (SLC11A2) and
glutaredoxin 5 (GLRXS) are associated with autosomal recessive anemia (69, 70). Another
anemia, hypotransferrinemia is deficiency of serum transferrin, due to mutations in the TF gene
(71) which interrupt iron delivery to erythroid precursors, triggering a massive but futile

increase in intestinal iron absorption and consequent tissue iron deposition. Deficiency of
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another major plasma protein, ceruloplasmin, also causes mild iron deficiency anemia resulting
in iron accumulation in the liver and brain (72); in this case, iron deficiency stems from a lack
of ferroxidase activity needed to mobilize iron from storage. A final type of anemia, termed
“anemia of chronic disease,” is an acquired disorder of iron homeostasis. A common
explanation for this type of anemia in chronically ill patients is associated with
proinflammatory cytokines (73). Hepcidin secretion is increased in response to inflammatory
cytokines, inducing internalization of ferroportin and preventing the export of iron from

cellular iron stores, and thereby lowering the amount of bioavailable iron.

Iron Regulation Conclusions

Mammalian cells have evolved sophisticated mechanisms for coping with the
challenges of iron acquisition and handling, and remarkable progress has been made in
understanding the biochemical processes that regulate mammalian iron metabolism. Mammals
primarily control dietary iron absorption and bioavailable iron trafficking via hepcidin, a
hormonal peptide that responds to physiological stimuli. Cellular iron uptake, storage, and
utilization are regulated by the IRE-IRP system, and fine-tuning is achieved by further
regulatory pathways, which operate at the systemic and cellular levels. Yet, while the basic
mechanisms for mammalian iron homeostasis are fairly well understood, several key issues
remain unanswered: 1) How is iron sensed by hepcidin and the IRE-IRP pathways? 2) What is
the iron trafficking network inside cells? and 3) What is the significance of the mammalian
siderophore 24p3? Future studies on mammalian iron homeostasis will undoubtedly focus on at

least these areas.
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Physiological Importance of Copper

Copper, another transition metal that lies in the d-block of the periodic table, is a
micronutrient that plays essential roles in human physiology due to copper’s redox-active
properties. The physiologically relevant oxidation states of copper are the oxidized Cu®" state
and the reduced Cu’" state. The coordination chemistry of copper is dependent upon oxidation
state, with Cu®" preferring nitrogen donors such as histidine or oxygen donors such as
glutamate or aspartate, whereas Cu’ prefers sulfur donor ligands, such as cysteine or
methionine (74, 75). The variability of oxidation states and ligand environments allows copper
to serve as a catalytic and structural cofactor for enzymes that function in a variety of processes
such as energy generation, iron acquisition, oxygen transport, cellular metabolism, peptide
hormone maturation, blood clotting, and even signal transduction. However, similar to iron, the
process of shuttling between the Cu®" and Cu” oxidation states may generate hydroxyl radicals
through adventitious Fenton-like chemistry (Scheme 1.1). Hydroxyl radicals can damage
proteins, nucleic acids, and lipids (76). Therefore, elaborate mechanisms are used to tightly
regulate acquisition and distribution of copper, providing cells protection against copper

toxicity.

Copper Entry into Cells
Absorption of copper.

Dietary copper is acquired via the small intestine through a process that is not fully
understood. One mode for specific copper import into eukaryotic cells is through the high-
affinity copper uptake protein 1 (Ctrl), an integral membrane protein that is structurally and

functionally conserved from yeast to humans (77-79). A single Ctrl polypeptide harbors three
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transmembrane domains, a methionine-rich N terminus, a cysteine-histidine cluster in the C
terminus, and a MX3M motif in the second transmembrane domain. This MX3M motif is
essential for copper uptake (80) (Figure 1.6). There is substantial evidence that Ctr1 is highly
specific for Cu' based on studies of yeast Ctrl that have shown a requirement of a cell surface
Cu”"/Fe’" metalloreductase, Frel and Fre2, for maximal activity (87). The Frel and Fre2
proteins are analogous to mammalian STEAP proteins. STEAP proteins are localized to both
the plasma membrane and intracellular membranes suggesting the possibility that human Ctrl
might function in concert with a metalloreductase for Cu” movement across membranes (26).
How Cu' is maintained in its reduced state in the presence of oxygen before uptake by Ctrl is
not currently understood.

Perhaps Ctr]l might function in Cu" transport both at the plasma membrane and on
intracellular vesicles, considering that Ctrl is found predominantly on the plasma membrane or
intracellular vesicles in different cells and tissues (82, 83). A similar mode of action has been
proposed for the Fe*-transporting DMT1 protein (84). Ctrl may both deliver Cu” across the
plasma membrane and mobilize Cu" out of the endosomal compartments into the cytosol,

where Cu” may be made available to cytosolic copper transporters.

Copper Chaperones

Relatively little is known about how eukaryotic cells store and mobilize copper. The
current model for copper homeostasis suggests that upon entry into the cell through Ctrl,
copper binds to one of three specialized cytosolic copper chaperones: CCS (copper chaperone
for superoxide dismutase), Atox1 (antioxidant protein 1) or Cox17 (cytochrome ¢ oxidase

copper chaperone); these chaperones then transfer copper to the specific cellular destinations.
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CCS activates cytosolic Cu/Zn-dependent superoxide dismutase (SOD1) by direct insertion of
the copper cofactor. Atox1 transfers copper to the copper-transporting ATPases in the secretory
pathway. And Cox17 initiates a series of transfer reactions that result in copper delivery to

cytochrome ¢ oxidase (CCO) in the mitochondria (85) (see Figure 1.7).

Controlling cytosolic copper.

When Cu/Zn superoxide dismutase (Cu/Zn SOD1) is lacking copper the enzyme is
catalytically inactive for superoxide disproportionation, and thus organisms lacking either Ctr1l
or SOD1 lack protection from oxidative stress (86, 8§7). Copper delivery to Cu/Zn SOD1
requires CCS docking with either the apo or zinc-loaded monomer of SOD. In an oxygen-
dependent mechanism accompanied by Cu/Zn SOD intramolecular disulfide bond formation,
and a series of ligand exchange reactions between CCS and Cu/Zn SOD, copper is transferred
from CCS to four histidine ligands of Cu/Zn SOD, with water as the fifth ligand bound to Cu**
in square pyramidal coordination geometry (86, 89) (see Figure 1.8). Both CCS and Cu/Zn
SOD are localized in the mitochondrial intermembrane space as well as in the cytoplasm,
where active Cu/Zn SOD protects cells from the significant quantities of superoxide given off

from the incomplete reduction of oxygen during mitochondrial electron transport (90-92).

Copper delivery to secretory compartments.

The Atox1 copper chaperone binds a relatively solvent-exposed Cu” atom for delivery
to the secretory compartment (93, 94). The Cu' ion is transferred from the surface of Atox1 to a
metal binding domain in the N-termini of the Cu’-transporting ATPases of ATP7A and

ATP7B; these domains contain repeat the consensus sequence of GMTCXXC, and the copper
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ion is bound via the electron-rich cysteine ligands (95, 96). Transfer of copper to the ATPase
occurs via a series of interprotein ligand-exchange reactions. ATP hydrolysis couples the
movement of Cu” across the transmembrane helices in both ATP7A and ATP7B, ultimately
leading to efflux across the basolateral membrane of intestinal epithelial cells for bile excretion
(ATP7A) or out of hepatocytes (ATP7B) (97). Currently unknown are the mechanisms by
which Cu" is transferred from the N-terminal Cu’-binding domain of the ATPases to the
transmembrane domain for transfer across the membrane. However, the current consensus in
the field is that the N-termini simply “sense” the presence of Cu’ but that these copper atoms
are not actually the ones pumped across the membrane. According to this theory, Atox1 then

brings more Cu' to the enzyme that is now “primed” for pumping copper across the membrane.

Copper delivery to mitochondria.

Mitochondria may serve as organelles of copper storage. Recently, the steady state
copper levels in the mitochondrial matrix were found to be nearly an order of magnitude above
that predicted to be required for the activation of the abundant mitochondrial Cu-dependent
enzyme cytochrome c oxidase (CCO) (98). The Cu" chaperone, Cox17, originally identified in
yeast as required for cytochrome oxidase assembly (99), is a small cysteine-rich protein that
has been reported to coordinate between one and four Cu” atoms (100, 101). The proposed
mechanism of copper delivery to CCO requires the Cug site of the Cox1 subunit to be inserted
by the sequential transfer of copper from Cox17 to the integral membrane protein Cox11 that
facilitates copper insertion into Cox1. The Cuy site on the Cox2 subunit is filled via a Cox17
transfer to Scol (102) (see Figure 1.8 and Figure 1.9). Exactly how copper is moved from the

site of transport via Ctrl to the mitochondrial intermembrane space is not well understood.
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Regulation of Copper Transport

Human copper transporters change their cellular location in response to various stimuli
(103-105). The trafficking to/from specific compartments represents an important mechanism
through which mammalian cells allocate copper and modulate intracellular copper levels. When
copper levels are diminished, Cu-specific ATPases are found in the Golgi network (protein
packaging machinery). Increased copper levels allow Cu-specific ATPases to relocate to
endosomes (/05) where they are thought to sequester copper in the vesicles. These vesicles
then fuse with the plasma membrane and copper is released to the extracellular medium.
Interestingly, copper, unlike iron, can be eliminated in bile. Only a small fraction of the total
Cu-specific ATPases are found at the plasma membrane (/06), likely due to rapid endocytosis
(107). Recycling of these Cu-specific ATPases may provide a mechanism for acute regulatory

response to changes in copper levels.

Disorders of Copper Homeostasis

Defects in copper homeostasis are directly responsible for human diseases and are
implicated in additional pathophysiologies. For example, mutations in ATP74 or ATP7B genes,
encoding Cu’-transporting ATPase pumps, cause Menkes and Wilson’s diseases, respectively.
Menkes disease (ATP7A) is an X-linked lethal disorder. The clinical hallmarks of the disease
are intestinal copper hyperaccumulation causing severe copper deficiency in peripheral tissues
with subsequent deficits in Cu-dependent enzymes (/08). Mutations in ATP7B leads to
Wilson’s disease, an autosomal recessive disease characterized by hepatic and neuronal copper
overload, hepatotoxicity, neuropsychological and other defects. Wilson’s disease can be

managed with therapies to enhance copper excretion or reduce copper absorption (/08).



20

Dysregulation of copper is also responsible for a familial form of amyotrophic lateral sclerosis
(ALS) characterized by metal-free mutant forms of Cu/Zn SOD prone to unfolding and
aggregation. The aggregation of the SOD protein is not believed to be toxic in ALS cases;
rather, the lack of superoxide scavenging activity is believed to exert toxicity leading to motor
neuron death. (/09).

In addition to these genetically determined diseases of copper dysregulation, alterations
in copper homeostasis have been linked to changes in senile plaque deposition in Alzheimer’s
disease (110, 111). Copper binding to a-synuclein has also been linked to the aggregation of
this protein, which is strongly correlated with instances of Parkinson’s disease (712, 113).
Furthermore, N-terminal octapeptide repeats in the prion protein (PrP) have been demonstrated
to serve as high-affinity Cu" binding sites that inhibit conversion to fibrils associated with
prion disease (//4-117). There is considerable investigation into whether transition-metal

dysregulation is a cause or a consequence of these neurodegenerative diseases.

Copper Regulation Conclusions

The fundamental components that mediate copper acquisition and distribution have
been recently identified. However, many questions remain to be answered with respect to
mammalian copper homeostasis; specifically: 1) How do copper chaperones bind Cu’, and is
this process prioritized depending on the needs of cells? 2) How is the import of copper tuned
with subsequent mobilization from intracellular stores? 3) What is the chemical nature of
copper ligands that shuttle copper around cells and throughout the bloodstream or across the

blood brain barrier? There are more questions than answers with respect to copper homeostasis.
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Further investigation of the fundamental biochemistry, genetics, cell biology, physiology and

chemistry of copper will be critical to answering these and other questions that will emerge.

Iron and Copper in Neurodegenerative Diseases
Introduction.

The brain is the command center for cognitive and motor function; therefore, it may not
be surprising that the brain demands the highest concentrations of metal ions in the body (//8,
119) and has the highest consumption of oxygen in the body on a per-weight basis (/20). For
example, in humans, the brain constitutes only 2% of total body mass but consumes 20% of the
oxygen that is taken in through respiration (/20). Due to the high oxygen demand and cellular
complexity, relatively high metal levels pervade all regions of the brain and central nervous
system. The d-block metals are significant components in both neurophysiology and
neuropathology, particularly with respect to aging and neurodegenerative diseases. Abnormal
accumulations of metals such as iron, copper and zinc have been reported in neurological
pathologies, most notably, Alzheimer’s (AD), Parkinson’s (PD) and prion diseases. These
metal ions play very important roles in neurodegeneration and have an impact on both protein
structure (folding/misfolding) and oxidative stress (generation of reactive oxygen species
(ROS) by iron and copper). Yet, metal ions are required to sustain a large number of cellular
functions, including neuronal processes. For example, in the central nervous system iron,
copper and zinc are required for many enzymatic activities, mitochondrial function,
neurotransmission, in addition to learning and memory (/217). In order to maintain metal ion
homeostasis, cells employ sophisticated machinery whose failure might lead to disease states

including neurodegenerative disorders. Metal binding affects the aggregation process of
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amyloid  (AB) and a-synuclein (aS) in AD and PD, respectively. In both AD and PD, copper
and iron are associated with ROS generation via Fenton-like reactions that form the highly

reactive hydroxyl radical (/22-126) (refer to Scheme 1.1).

Iron.

Iron is essential for normal neurological function due to the role of iron both in
oxidative metabolism and as a cofactor in the synthesis of neurotransmitters and myelin. The
high requirement for iron in the brain is consistent with the massive energy needs of the brain;
there is a considerable demand for ATP to maintain membrane ionic gradients, synaptic
transmission and axon transport (/27). Iron is an essential component of cytochromes,
cytochrome oxidase and iron-sulfur clusters in the oxidative metabolism pathway producing
ATP. The synthesis of neurotransmitters requires enzymes where iron is a cofactor,
specifically, tyrosine hydroxylase (conversion of Tyr to L-DOPA) and tryptophan hydroxylase
(involved in synthesis of serotonin) (/27). In addition, iron-dependent enzymes include
ribonucleoside reductase, the rate-limiting enzyme of DNA synthesis, and succinate
dehydrogenase and aconitase of the Krebs cycle. Finally, iron is essential for the biosynthesis
of lipids and cholesterol, important substrates in the synthesis of myelin, essential to
propagating impulses in the nervous system (/28).

How the brain regulates fluxes and storage of iron in neurons, astrocytes and glial cells
is still unclear (/29). Generally, the brain regions responsible for motor functions have more
iron than non-motor related regions; unsurprisingly, movement disorders are often associated
with iron loading. Interestingly, as an individual ages, iron concentration in the brain is

observed to increase (/30). Transferrin receptors seem to control iron uptake in the gray matter,
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whereas, ferritin receptors seem to control iron uptake in the white matter. In AD and PD, iron
levels are higher than expected due to normal aging, but the mechanisms associated with such
accumulation are still elusive (/37). In addition, altered metal transport in the brain has been
proposed to result in unutilized iron in the intracellular space where the metal exists as a labile
iron pool (LIP) of Fe*" and Fe’*. Because iron is a redox active metal and may participate in
Fenton-like chemistry, iron may adventitiously react with hydrogen peroxide, generated for
instance by monoamine oxidase (MAQO) during dopamine metabolism, initiating hydroxyl
radical generation. These hydroxyl radicals may initiate a cascade of deleterious reactions
leading to neurological oxidative stress and tissue degradation (/32).

Oxidative stress is associated with the progression of PD, a severe, progressive motor
disorder caused by changes in the CNS that are associated with degeneration of dopaminergic
neurons. Inherited forms of PD are linked to mutations in genes encoding a-synuclein, the key
Parkinson’s disease protein. The hallmark of this disease is the presence of the Lewy bodies
that house fibrous a-synuclein deposits (/33). No consensus has been reached for the role of a-
synuclein, and the mechanism initiating conversion of a-synuclein to species tending to
aggregate remains a puzzle. The most likely factors involved in aggregation are interactions
with transition metal ions (/34). Altered metal homeostasis has been reported in patients
afflicted with PD, as are reduced expression levels of ferritin. In theory, the reduced expression
of ferritin compromises the ability of neurons to sequester iron and results in elevated levels of
labile, redox active iron (/35). Elevated iron levels may contribute to oxidative stress and

deposition of intracellular inclusion bodies, facilitating the progression of PD pathology.
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Copper.

Copper is required for cellular respiration, peptide amidation, neurotransmitter
biosynthesis, pigment formation and connective tissue strength. The central nervous system is
dependent on copper as a cofactor for numerous enzymes (/08). Again, owing to the oxidative
metabolism and large oxygen capacity of brain tissues, neurons and glia alike require copper
for the basic respiratory and antioxidant enzymes cytochrome ¢ oxidase and Cu/Zn superoxide
dismutase, respectively (/36). In addition, copper is a necessary cofactor for many brain-
specific enzymes that control homeostasis of neurotransmitters and neuropeptides. Included are
dopamine-B-hydroxylase (converts dopamine to norepinephrine), peptidylglycine a-amidating
mono-oxygenase and tyrosinase (rate limiting for controlling production of melanin). There are
other enzymes dependent on copper in the brain including, the ferroxidases ceruloplasmin and
hephaestin responsible for the oxidation of Fe*" to Fe*™ (137).

Understanding of copper transport within the CNS is incomplete, although the proteins
involved in copper homeostasis in peripheral tissues have been shown to be present in the brain
(138, 139). The distribution of copper within the CNS varies according to species. In humans,
the highest copper concentration is in the hippocampus (/40), an organ responsible for long-
and short-term memory. As with iron, copper concentration increases with aging. Copper is
also a redox-active metal that may participate in Fenton-like chemistry. In Alzheimer’s-like
dementia, copper content in the CNS is 2-fold higher than in age-matched controls (/41, 142).
The harmful side reactions that occur due to copper’s redox activity, coupled with higher
accumulations of copper in the CNS during aging, may contribute to neurodegenerative

diseases.
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Alzheimer’s disease, the most common form of dementia, is characterized by the
extracellular deposition of amyloid plaques and tau tangles. Amyloid plaques are formed by
aggregated amyloid B peptide, which is generated upon cleavage from its parent integral
membrane precursor protein (APP). Tau tangles are formed by hyperphosphorylation of tau
proteins (/43). Although the function of APP is unknown, there is recent evidence APP may
play a role in maintaining copper homeostasis, possibly by employing its ferroxidase-like
activity (/44-146). The synapses of the hippocampus are the chief point of amyloid deposition
(147, 148). Copper and iron are found at amyloid plaques in relatively high concentrations of
400 uM and 1 mM, respectively (/49). The interplay of copper is not limited only to A} but
extends through all the key Alzheimer’s disease proteins. Initially, Cu’ binds the N-terminal
extracellular domain of APP promoting its export out of neurons. The C-terminal domain of -
secretase, involved in APP processing, binds Cu’, thereby allowing B-secretase to interact with
the Cu chaperone, CCS1, which delivers Cu" to Cu/Zn-SOD (150). The physiological
implications of these metal—protein interactions remain unclear.

The implications of metal-protein interactions are also unclear in human prion diseases,
a group of fatal neurodegenerative disorders that share a common pathogenic agent, the
protease-resistant prion protein (PrP*¢) (1517). There are five known human prion diseases:
Creutzfeld-Jakob disease (CJD), Gerstmann Straussler Scheinker disease, kuru, new variant
CJD and fatal familial insomnia. Prion diseases are unusual because they can be transferred
both between individuals and between species. These diseases are characterized by neural
spongiosis and a deposition of amyloid-like plaques (/52). It has been proposed that prions are
self-propagating and replicate by fiber fragmentation that act as templates for monomer

recruitment, thus generating (and propagating) amyloid-like plaques (/53). Although the exact
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mechanism by which the prion protein (PrP) causes neurodegeneration and cell death is
unknown, the soluble form of the PrP is a known copper-binding protein (/75, 117). The
present understanding of prion diseases is that Cu>" binding to PrP protects against aggregation.
The Cu®" ion is believed to interact with the disease-causing isoform of the prion protein
(PrP5°). Not much is understood about the role of Cu*" interacting with PrP%, but ions of Cu”"

have been implicated in conversion of PrP to the protease-resistant species PrP*° (154).

Conclusions

The d-block metals, iron and copper, are major contributors to the complex chemistry
and biology of the brain. Owing to the unique physiology, specialization, and complexity of
brain tissues, iron and copper are required at unusually high levels compared with the rest of
the body. The redox active capabilities of iron and copper are particularly important due to the
tremendous oxygen consumption and oxidative capacity of the brain cell neurons and glia.
Tightly bound forms of these metals are found as cofactors in essential metalloenzymes
throughout the brain and central nervous system, and labile metal ion pools are present in all
brain cells. Metals accumulate in the brain as a function of aging, and misregulation of brain
metal-ion pools is linked with several neurodegenerative conditions, including Parkinson’s and
Alzheimer’s diseases, where oxidative stress, protein misfolding and aggregation are hallmarks
of their pathology. The understanding of the role of metal ions in the brain, including the
mechanisms by which metal ions are tightly regulated, is an expanding area of research and,

presently, there are more questions than answers.
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Figure 1.1. Intestinal absorption of iron. Iron from food is first reduced from Fe’™ to Fe** by a
ferrireductase, duodenal cytochrome b, before Fe*" is transported into intestinal cells by DMTI.
Once iron is internalized by the enterocyte, iron is either bound by ferritin or exported to the
plasma through ferroportin. Export of iron to the blood plasma requires the reoxidation of iron
from Fe*" to Fe** by hephaestin or its homologue ceruloplasmin. Once in the blood plasma,

Fe’* is bound by transferrin for transport to either the liver or bone marrow. Figure adapted

from (1595).
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Figure 1.2. Lifecycle of transferrin. In the plasma, transferrin (Tf) binds to two atoms of Fe**
(holo-Tf). Holo-Tf binds to TfR on the membrane. The Fe**-Tf-TfR complex is rapidly
internalized by receptor-mediated endocytosis through clathrin-coated pits. Once inside the
cell, the complex localizes to an endosome that is acidified to pH 5.5 by a proton pump.
Acidification induces a conformational change resulting in release of Fe*'; released Fe'" is then
reduced to Fe* by STEAP3. DMT1 transports Fe*" across the endosomal membrane into the
cytosol where iron is either stored in ferritin or utilized for heme or Fe-S cluster synthesis.
Meanwhile, at acidic pH apo-Tf remains bound to TfR. The complex is recycled to the cell
surface where the neutral pH results in dissociation of the apo-Tf-TfR complex and apo-Tf is
free to bind Fe’*, initiating additional rounds of receptor-mediated endocytosis. Figure adapted

from reference (/56).
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Figure 1.3. The heme biosynthetic pathway. The initial, rate-limiting step of heme synthesis is
the condensation of glycine and succinyl-CoA by d-aminolevulinic acid synthase (ALAS2) in
the mitochondrion. An unknown mechanism transports 6-ALA to the cytosol for a series of
reactions forming coproporphyrinogen, which is then transported back across the mitochondrial
membrane by ABCB6. The final step in heme synthesis is the insertion of Fe** into

protoporphyrin IX by ferrochelatase (FECH).
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Figure 1.4. Regulation of iron response element (IRE) containing mRNAs by iron response
proteins (IRPs). IRPs bind to IREs on either the 5’ or 3* untranslated regions of specific
mRNAs. When iron is limiting, IRPs bind with high affinity to 5° IRE mRNAs of ferritin and
ferroportin repressing translation and bind to 3° IRE mRNAs of TfR1 and DMT]1 stabilizing the
mRNAs. When iron is abundant, IRPs do not bind IREs resulting in the translation of 5’ IRE-
containing mRNAs and the degradation of TfR1 and DMT1 mRNA. Abundant iron enables

aconitase activity of IRP1 and promotes ubiquitin-dependent degradation of IRP2. Figure from

reference (157).
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Figure 1.5. Hepcidin hormonal regulation of iron metabolism. (A) In iron-replete conditions,
the liver senses Fe stores based on transferrin saturation levels and releases high levels of the
iron-regulatory hormone hepcidin. Hepcidin binds to ferroportin (FPN1), an Fe exporter,
resulting in FPN1 internalization and degradation. (B) In iron-deficient conditions, the liver
ceases to produce hepcidin in response to the low levels of circulating Fe thus eliminating
hepcidin-dependent degradation of FPN1. (C) In iron-replete conditions, the Tf/TfR1 cycle
transports additional Fe into the intracellular iron pool for enhanced red cell production and
heme synthesis. Increased hepcidin expression likely blocks FPN1 from exporting Fe out of
cells. (D) In iron-depleted conditions, because of decreased Fe uptake from the Tf/TfR1 cycle
and increased Fe export from FPN1, diminished Fe availability results in anemia characterized

by decreased production of red blood cells and heme. Figure from reference (/58).
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Figure 1.6. Ctrl Cu’ transporter model. (A) Copper uptake protein 1 (Ctrl) has two
methionine-rich (green) domains at the N-terminus that enhance Cu" uptake. Three domains
(orange) span the plasma membrane, and one transmembrane region has a MX;M motif in the
second domain that is essential for Cu" transport. The C-terminus has a cysteine-histidine motif
(purple) of unknown function. (B) Crtl functions as a homotrimer (each monomer represented
in a different color) that collectively spans the phospholipid layer of the plasma membrane in a
barrel-like fashion. The arrangement of Ctrl generates a pore for Cu’ (copper shown in blue)

transport into cells. Image from reference (1/59).
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Figure 1.7. Schematic depiction of cellular copper chaperons. Ctrl is dependent on an
unidentified metalloreductase (possibly Frel or Fre2) for reduction of Cu*" to Cu" prior to
import. Once inside, cellular copper is trafficked by at least three specific chaperones: CCS,
Atox1 or Cox17. CCS delivers copper to Cu/Zn superoxide dismutase (SOD1). Atox1 is
responsible for delivery of copper to two Cu-specific ATPases, ATP7A and ATP7B. These
ATPases are necessary for delivery of copper to the Golgi for incorporation into proteins or
export of copper out of the cell into the bile. Cox17 is involved in an intricate pathway resulting
in delivery of copper to the mitochondria for insertion into cytochrome ¢ oxidase (CCO). Image

modified from reference (/60).
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Figure 1.8. Coordination of copper ions in essential copper homeostasis enzymes. Copper is
coordinated by three histidine nitrogen atoms, one histidinate nitrogen atom and one water
ligand in Cu/Zn SOD. In the conserved GMTCXXC metal-binding motif of Cu-specific
ATPases, the two cysteine sulfurs are responsible for binding copper. CCO has two copper
centers: Cuy in the Cox2 subunit and Cug in the Cox1 subunit. In the binuclear copper A center
(Cua), the two copper atoms are coordinated by two histidines, one methionine, a protein
backbone carbonyl oxygen, and two bridging cysteine residues. In the copper B center (Cug),

the copper atom is coordinated by three histidines.
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Figure 1.9. Schematic depiction of the loading of copper into mitochondrial cytochrome
oxidase (CCO). How cytosolic copper imported through Ctrl is shuttled to the mitochondria is
understood. The working hypothesis is copper is delivered to Cox17 in the intermembrane
space (IMS) by an unknown ligand (L). Cox17 delivers Cu" to either Cox11, which delivers
copper to the Cug site of Cox1 subunit, or Scol, which delivers copper to the Cuy site of Cox2

subunit of CCO. Image modified from reference (/59).
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Scheme 1.1. The Fenton-like chemistry of iron and copper. Iron and copper are both redox
active and are capable of generating reactive oxygen species (ROS). (A) Reduced Fe** reacts
with the potent oxidant hydrogen peroxide (H,O,) producing hydroxide ( OH), the hydroxide
radical (HO") and oxidizing iron to Fe**. Incomplete reduction of O, in aerobic cellular
respiration is a source of superoxide (O," ). Subsequently O, reduces Fe’" regenerating Fe*"
to participate in additional Fenton-like reaction cycles. (B) Reduced Cu" reacts with H,O,
producing "OH, HO" and oxidized Cu®". Regeneration of Cu” is accomplished by reduction of
Cu”* by O,"; Cu' is then available for additional Fenton-like reaction cycles. The cyclical and
perpetual nature of reactive oxygen species generation is detrimental; consequently, cells have

evolved extremely rigorous pathways for controlling iron and copper homeostasis.
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Chapter Two
Investigating the Disruption of Structure and
Protein Cleavage by [Cu(1.,4,7-triazocyclononane)|Cl, —

Looking into Fibril Formation

This chapter is in preparation for submission. The authors are:

Paulsen, K. M. F_; Statz, D. A.; Polzin, G. M.; Gu, W.; Burstyn, J. N.

The in-gel trypsin digestion of aldolase fragments and identification of sites where
Cu([9]aneN;)Cl; cleaves aldolase were performed by Dr. Gregory Polzin in the laboratory of
Professor Judith N. Burstyn at the University of Wisconsin-Madison. KMFP analyzed the
Cu([9]aneN3;)Cl,-incubated BSA, aldolase and GAPDH samples using CR EA, ThT
fluorescence assay, CD spectroscopy and EM. Data interpretation and writing on this pre-

manuscript were done KMFP.
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Introduction

Metal ions influence the process of pathogenic aggregation of proteins in
neurodegeneration. Hallmarks of certain neurodegenerative diseases are protein misfolding and
conformational changes triggering the formation and deposition of toxic protein oligomers. The
primary event in pathogenesis is the aggregation of the protein into cytotoxic soluble
oligomers, and then into insoluble fibrils (/). The formation of structurally disorganized
oligomers facilitates deleterious interactions of exposed amino acid side chains with cellular
components. Examples of such deleterious interactions include: 1) exposure of amyloidogenic
stretches with the potential to seed fibril formation; or 2) aberrant metal binding sites that can
promote either peptide cross-linking or the formation of reactive oxygen species (ROS) via
Fenton-like reactions involving Fe*'/Fe*" and/or Cu**/Cu” cycling (2, 3). Disruption of protein
secondary structure by metal ions has been implicated in both Parkinson’s and Alzheimer’s
diseases. In Parkinson’s, examination of post-mortem brain material has revealed changes in
normal iron and antioxidant concentrations, and current opinion is that iron might initiate ROS-
dependent oxidative stress in dopaminergic neurons (4, 5). The mechanism for formation of
amyloid-B (AP) peptide aggregates, the proposed neurodegenerative agent in Alzheimer’s
disease, is not entirely understood, though metal ions such as Fe(III), Cu(Il) and Zn(II) have
been shown to facilitate AP aggregation (5-7).

Metal ions are capable of affecting oligomerization, aggregation and fibril deposition in
a number of amyloidogenic proteins associated with protein misfolding (8-17). In addition,
labile metal ions are key components in neurotransmission. These labile metal ion pools
represent potential risk factors because proteins directly involved in the formation of toxic

aggregates, such as the AP peptide, a-synuclein and the prion protein, have known metal-
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binding properties. An example is copper-loaded AP fibrils (3, 72, 13). Metal ions are one of
the most important factors in AP folding and aggregation; the binding of metal ions to AP
induces amorphous or amyloid-type aggregation, and is dependent on metal type and
stoichiometry. At physiological pH, AP binds up to two copper ions through N-terminal side
chain residues (/4, 15). In the presence of sub-stoichiometric Cu%, APi.42 assembles into
amyloid fibrils (/6-18); however, at higher stoichiometries, AB;.40 and AB;.4; form large
insoluble cytotoxic amorphous aggregates (/9-22) that are unable to seed fibril formation of
AB1-42(106).

Not only do metal ions influence conformational changes in the proteins associated with
neurodegeneration, synthetic metal-complexes provide alternatives to enzymatic proteases in
cleaving proteins and peptides. Metal complexes with labile ligands may bind to the side chains
of amino acid residues such as Asp, Glu, His, Lys, Trp, Cys or Met; such coordination may
function as an anchor to position the metal complex for controlled hydrolysis of the protein’s
amide backbone (23, 24). In general, Pd(II) and Pt(Il) coordination compounds have proven to
be the most useful metal ions for cleaving peptides at defined sites. For example, various
polypeptides and intact proteins are cleaved at X-Y bonds in X-Y-His and X-Y-Met sequences
by Pd(IT) complexes, and at Met-Z bonds by Pt(II) complexes (where X, Y and Z represent
amino acid residues with non-coordinating side chains) (25-27). Pd(II) and Pt(II) complexes
spontaneously bind to either His or Met side chains and promote nucelophilic attack of water at
the aforementioned scissile peptide bonds (see Scheme 2.1). Pd(II) complexes have been used
for site-specific cleavage of cytochrome c at the His'®-Thr'® bond (24, 28). Site-specific
cleavage is attributed to the binding of the Pd(II) complex to His'® followed by hydrolysis of

the adjacent amide bond. Moreover, Pd(II) complexes also have the ability to cleave proteins in
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the presence of detergents, a feature useful for proteomic studies of membrane proteins where
detergents are plentiful (29).

More abundant and less expensive transition metals have also proven to be useful
metalloproteases. For example, Co(III) complexes induce selective N-terminal hydrolysis of
lysozyme when the Co(III) reagent is anchored to the Trp'® side chain (30). Another
alternative for sequence-specific cleavage is aqueous Ni(Il). The Ni(Il) ion has a strong
preference for a square planar geometry and may be bound by three preceding backbone amide
nitrogen atoms, while also being anchored at a His residue. The fourth anchoring backbone
amide nitrogen belongs to either a Ser or Thr residue, thus allowing the hydroxyl group to act
as a nucleophile toward peptide bond cleavage (37, 32). Recently, a Mo(V]I) cluster has been
shown to selectively cleave pepsin, under mild conditions without reducing agents, into three
peptides with cleavage between Leu''>-Tyr'"?, Leu'*®-Leu'®” and Leu'™™-Asn'" (33). In contrast
to the Mo(VI) cluster, polymers that contain Cu(Il) complexes promote non-specific cleavage
of immunoglobulins (34, 35). Copper ions also rapidly promote site-specific cleavage of FLAG
fusion immunoglobulins (36). Previous work in our lab demonstrated that the metal complex,
[Cu(1,4,7-triazocyclononane)]|Cl,, also known as Cu([9]aneN3)Cl, (see Scheme 2.2 for
structure), promotes the cleavage of bovine serum albumin (BSA) (37). Thus, metal complexes
are capable of promoting both specific and non-specific cleavage of proteins.

Herein we report that Cu([9]aneN3)Cly, 1, rapidly cleaves, with limited specificity,
three commercially available proteins, BSA, aldolase and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Previously published results demonstrated that 1 was capable of
promoting hydrolysis of BSA at near neutral pH (37). Although the specificity was promising,

the rate of hydrolysis was low, resulting in only 15% cleavage after thirteen days. In the
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previous studies, BSA precipitated after only a few minutes of incubation with 1; we speculated
that the reaction conditions were inappropriate, resulting in denaturation of the protein. Upon
further investigation, our hypothesis was that the observed protein aggregation was the result of
an exposure of the hydrophobic protein core upon cleavage, disrupting the protein structure.
Here we report in-gel trypsin digestion of Cu([9]aneN;)Cl,-cleaved aldolase fragments may be
used to identify multiple cleavage sites. Mapping these sites onto the aldolase crystal structure
revealed that the sites of Cu([9]aneN;)Cl,-promoted cleavage are buried, internal sites. In light
of protein aggregation during the cleavage reaction with 1, identification of internal cleavage
sites, and the role of metal ions in amyloid- fibril formation, we used a variety of
spectroscopic techniques sensitive to fibril detection to investigate whether the copper complex
was inducing fibril formation using. Congo Red electronic absorption, thioflavin T (ThT)
fluorescence, circular dichroism (CD) spectroscopy, and electron microscopy revealed that
incubating the proteins with Cu([9]aneN3)Cl, results in cleavage and protein aggregation via

disruption of secondary and tertiary structures, but does not induce fibril formation.
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Materials and Methods

Materials. The proteins bovine serum albumin (BSA), aldolase, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and lysozyme were purchased from Sigma Aldrich in the highest
purity available. Aldolase and GAPDH were purchased as isolated from rabbit muscle and sold
as an essentially salt-free powder containing approximately 85% protein. Purchased BSA was
isolated by cold alcohol precipitation with minimum protein content of 99% as determined by
electrophoresis. Purchased lysozyme was isolated from chicken egg white containing 90%
protein. All reagents used in electrophoresis were of electrophoresis grade and purchased from
Sigma Aldrich. Gels were stained with PageBlue™ Protein Staining Solution from Thermo
Fisher. Unless otherwise stated, all other chemicals were purchased from Sigma and used as

received.

Synthesis of [Cu(1,4,7-triazocyclononane)]Cl,. The metal complex Cu([9]aneN3)Cl,, 1, was
prepared by the literature procedure, (38) with slight modification (see Scheme 2.2).
CuCl*2H,0 (2 mmol, 0.341 g) and triazacyclononane (TACN or [9]aneNHj3, 2 mmol, 0.477 g)
were completely dissolved in 5 mL 18 MQ H,0O. While stirring the reaction mixture was made
basic by dropwise addition of 5 M NaOH to pH ~8. The reaction solution stirred for 5 minutes
at room temperature before it was concentrated to half its volume. NaCl was selectively
precipitated with 50:50 ethanol:water. The precipitate was removed by centrifugation then the
concentration and precipitation process was repeated. The supernatant was then evaporated to
dryness to yield a blue solid. The blue crystals were recrystallized from ice cold 18 MQ H,O.

Yield of the metal complex Cu([9]aneNs)Cl, was 85%.
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Protein Incubation Reactions. All protein incubations were performed in sealed 1.5 mL
microcentrifuge tubes at either 37 °C or 50 °C in a volume of 1 mL. For each incubation
sample, 0.6 mg protein was combined with varying concentration of Cu([9]aneN3)Cl, from 0.13
mM to 25.0 mM in 300 mM HEPES, pH 7. Samples were placed in an incubator at the
appropriate temperature and allowed to incubate for the desired time (t =4, 6, 12, 24 and 48
hrs). After incubation the samples were removed from the incubator and immediately stored at
-20 °C until electrophoresis was performed.

The samples used for the Congo Red assay, ThT assay, CD spectroscopy and EM
imaging were incubated using 0.6 mg protein with 0.625 mM Cu([9]aneN3)Cl, in either 300
mM HEPES, pH 7.4 or 300 mM phosphate buffer, pH 7.4. Samples were placed in an incubator
at the appropriate temperature and allowed to incubate for the desired time (t =4, 6, 12, 24 and
48 hrs). Upon completion of incubation the samples were removed from the incubator and

immediately stored at -20 °C until spectroscopic evaluation.

SDS-PAGE Electrophoresis. Separation of the protein cleavage fragments resulting from
incubation with Cu([9]aneN3)Cl, was performed by denaturing, sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli (39). Either 12% or
18% resolving gels overlaid with 6% stacking gels were used. All incubation samples were
boiled with 20 pL 10x loading buffer for 5 minutes prior to loading into the gel. The 10x
loading buffer was prepared as follows: 4.0 mL of 50% (w/v) SDS, 3.0 mL glycerol, 0.5 mL of
0.1% (w/v) bromophenol blue, 0.5 mL B-mercaptoethanol and 2.0 mL of 0.5 M Tris pH 6.8.
Each gel well was loaded with 15 pL of sample to ensure an amount of cleavage product

sufficient for detection by Coomasie staining. All gels were run with a molecular weight
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marker lane that was loaded with ColorPlus Prestained Protein Marker, Broad Range (New
England BioLabs). The gel running chamber was placed on ice while the gels ran for 60
minutes at 95 V. When electrophoresis was stopped the gels were stained according to

ThermoFisher’s PageBlue™ protein staining protocol.

In-Gel Trypsin Digestion of Protein Fragments. In-gel digestion by trypsin was carried out
according to a previously published procedure with some modification (40). After successful
SDS-PAGE of the protein incubation sample, the gel was stained. The bands of interest were
identified and excised using a sterilized scalpel. These bands were then washed twice for one
hour each at 37 °C with 50 mM NH4HCOs:acetonitrile (1:1) to remove buffer, SDS and stain.
The washings were discarded and the gel slice was dried completely in a vacuum centrifuge.
The gel was rehydrated in the presence of trypsin (2 ng/mL dissolved in 50 mM NH4HCO3)
and incubated at 37 °C for 30 minutes. After initial incubation the excess solution was removed
and replaced with fresh 50 mM NH4HCOj; and heated at 37 °C overnight. The reaction was
then stopped by the addition of trifluoroacetic acid (TFA) to a final concentration (v/v) of 1%.
The supernatant was saved and the gel was washed twice with 0.1% TFA:acetonitrile (2:3) with
heating to 37 °C for at least 30 minutes. The volume of the combined washings was reduced
using a vacuum centrifuge for 2 hours under medium heat. The sample was then ready for

MALDI-MS analysis.

MALDI-TOF Sample Preparation. Following in-gel digestion by trypsin, the supernatant was
lyophilized and redissolved in acetonitrile/0.1% TFA (1:1). On the MALDI target plate, 1 pL of

the sample solution was spotted and 1 pL of matrix was spotted on top of the sample. The
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matrix used was a saturated solution containing a—hydroxy-4-hydroxycinnamic acid (Aldrich
Chemical Co.) dissolved in methanol:H,O (2:1). After evaporation of the volatiles, the target

was ready for data acquisition.

MALDI-TOF Acquisition Conditions. MALDI-TOF was performed on a Bruker REFLEX II
equipped with a 377 nm laser, a reflectron, delayed extraction and an acceleration voltage of 25
kV. Spectra were processed by the X-tof data system. Calibration was performed by the use of
trypsin peaks from the autolysis of trypsin and verified by trypsin peaks located within the
sample. Protein fragment identification was performed using General Protein Mass Analysis for
Windows (GPMAW) version 4.02 (demo) published by Lighthouse Data © 1999. Web based
search results for tryptic digestion fragments of aldolase were performed on the Peptide Mass
program located on the EXPASy (Expert Protein Analysis System) proteomics server of the
Swiss Institute of Bioinformatics. The sequence used in both programs was ALDOA RABIT
(UniProt accession number PO0883). All modifications were considered and all mass searches

were based on the monoisotopic mass.

Modeling of Cu([9]aneN3)Cl, Cleavage Sites. The Cu([9]aneN3)Cl, cleavage fragments
identified by MALDI-MS analysis were mapped on the crystal structure of rabbit muscle

aldolase chain A (PDB 1ZAH) using UCSF Chimera software (47).

p-Fibril Formation Control. Lysozyme was used to generate fibrils following the literature
protocol (42). Briefly, a 1 mM lysozyme solution was prepared in 18 MQ H,0. To induce fibril

formation, 0.5 mL of the 1 mM lysozyme stock was combined with 8.3 mL of 2 M NaCl and
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7.8 mL 18 MQ H,O in an Erlenmyer flask and acidified to pH 2 using 1 M HCI. The solution
was incubated at 37 °C with shaking at 310 rpm for 24 hours to induce fibril formation.

Induced lysozyme fibrils were stored at -20 °C.

Congo Red Electronic Absorbance Assay. The Congo Red assay was adapted from the
literature with slight modification (43). In sealed 1.5 mL microcentrifuge tubes, 1 nM Congo
Red was incubated with 100 pL. of Cu([9]aneNs)Cl-incubated protein samples for 15 minutes
at room temperature in 20 mM potassium phosphate buffered saline, pH 7.4. Electronic
absorption (EA) spectra were recorded on a double-beam Varian Cary 4 Bio spectrophotometer

set to a spectral bandwidth of 0.5 nm.

Thioflavin T Fluorescence Assay. Modifying the protocol published by Levine (44), samples
were prepared in clear, disposable plastic cuvettes. The induced lysozyme fibrils were always
assayed for control. Specifically, 2 uM induced lysozyme fibrils was combined with 0.1 uM
Thioflavin T in 300 mM HEPES, pH 7.8. The Cu([9]aneN3)Cl:-incubated protein samples were
assayed at 0.3 mg/mL with 0.1 uM Thioflavin T in 300 mM HEPES pH 7.8. Fluorescence
measurements were taken on an ISS PC1 photon counting fluorometer (ISS Instruments, Inc.,
Champaign, IL) at room temperature. Emission spectra were recorded from 460 to 600 nm with
an excitation wavelength of 442 nm using 1 mm slit widths for both emission and excitation

monochromators.

Circular Dichroism (CD) Spectroscopy. CD experiments were performed with a MOS-450

spectropolarimeter from BioLogic (BioLogic Science Instruments, Claix, France). Lysozyme
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and induced lysozyme fibrils were used as controls. CD data were collected on samples
containing 0.3 mg/mL aldolase, BSA and GAPDH and 0.3 mg/mL aldolase, BSA and GAPDH
incubated with 0.625 mM Cu([9]aneN3)Cl; for 4 hrs in 300 mM phosphate buffer, pH 7.4. A
0.1 cm path length quartz cuvette was used (Hellma, Mlilheim, Germany). Wavelength
scanning was performed in the 200-260 nm far-UV spectral region. Data were collected in 1
nm steps, with acquisition time of 20 s/nm. The instrument measures CD as ellipticity in units

of millidegrees.

Transmission Electron Microscopy (TEM). The Cu([9]aneNs)Cl, incubated samples of BSA,
aldolase, GAPDH and the control lysozyme induced fibrils were stained with NanoW negative
stain (Nanoprobes.com, Yaphank, NY), and placed on a pioloform coated grid support film
(Ted Pella Inc., Redding, CA). Images were taken with a Philips CM120 transmission electron
microscope (FEI Corp., Eindhoven, The Netherlands) at the UW SMPH Electron Microscope

Facility.
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Results

Cleavage of Bovine Serum Albumin (BSA) by Cu([9]aneN3)Cl,. When BSA is incubated with
Cu([9]aneN3)Cly, 1, at 50 °C, cleavage is observed by SDS-PAGE. Upon mixing BSA with 1 at
concentrations above 1 mM, noticeable precipitation is observed. No precipitation is observed
in either the control sample without the copper complex or the reactions of BSA with lower
concentrations of 1. Cleavage of BSA by 1 is concentration dependent as seen in Figure 2.1.
With an increase in concentration of 1 from 0.63 mM to 10.0 mM, the extent of cleavage
proceeds to nearly 100%. Over 24 hours at 50 °C, BSA is completely cleaved in the presence of
10.0 mM 1. The SDS-PAGE results reveal BSA cleavage product bands at 50, 46, 30 and 25
kDa, seen clearly in lanes 6 and 7 (Figure 2.1), corresponding to 5.0 and 10.0 mM 1,

respectively.

Cleavage of Aldolase by Cu([9]aneN3)Cl;. When aldolase is incubated with Cu([9]aneN3)Cl,
noticeable precipitation is observed within 90 minutes of incubation at 37 °C, independent of
buffer composition or concentration of Cu([9]aneNs)Cl,. No precipitation is observed in the
control samples of aldolase incubated in HEPES or phosphate buffer without 1. Incubating
aldolase for 24 hours with various concentrations of 1 at 37 °C results in cleavage detected by
SDS-PAGE as shown in Figure 2.2. Of note is the formation of 5 distinct cleavage fragments
with nominal weights of approximately 32, 25, 23, 21 and 20 kDa with 2.5 mM 1, as observed
in lane 6 of Figure 2.2. As the concentration of 1 is increased to 12.5 mM, only three bands at
approximately 33, 29, and 27 kDa are observed, as shown in lane 7 of Figure 2.2. Increasing
the concentration of 1 corresponds to an increase in rate and loss of specificity in protein

cleavage. At a concentration of 25 mM 1, aldolase has been completely converted to lower
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molecular weight fragments; however, no specific bands are observed in lane 8§ of Figure 2.2.
As seen in Figure 2.3, we observe time-dependent cleavage of aldolase by Cu([9]aneN3)Cl,.
The amounts of the three fragments observed for incubation of aldolase with 12.5 mM
Cu([9]aneN3;)Cl, increase until 48 hours, at which time the amounts of the fragments begin to

decrease until nearly all of the protein has been degraded.

Cleavage of Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) by Cu([9]aneN3)Cl..
During cleavage of GAPDH by 1, similar to the cleavage of aldolase by 1, the protein is prone
to precipitation regardless of buffer, in either HEPES or phosphate. When GAPDH is incubated
for 24 hours with various concentrations of 1 at 37 °C, cleavage is observed ( Figure 2.4). In
addition, similar to the cleavage of aldolase by 1, the increase in the concentration of 1 results
in an increase in protein cleavage. At 25 mM 1, the highest concentration studied (shown in
lane 8 of Figure 2.4), nearly all of the protein has been converted into fragments. As with the
cleavage of aldolase, five GAPDH cleavage bands are formed (see lane 7 of Figure 2.4). with

approximate weights of 30, 25, 24, 23, and 21 kDa.

Identification of Sites Where 1 Cleaves Aldolase. Five distinct protein fragment bands are
present on the SDS-PAGE gel at estimated masses of 32, 25, 23, 21 and 20 kDa when aldolase
is incubated with 2.5 mM Cu([9]aneN3)Cl, at 37 °C for 24 hours. Use of in-gel tryptic digestion
resulted in identification of the peptides corresponding to those protein fragment bands. The
resultant mass spectra were analyzed and the observable ions, both from trypsin and aldolase,

were identified.
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For each of the 5 aldolase protein fragments resulting from incubation with 1, in-gel
trypsin digestion was used to identify the sites of cleavage by Cu([9]aneN3)Cl,. In order to
identify peaks corresponding to the autolysis of trypsin, a gel slice without protein was
subjected to the identical tryptic digestion protocol. For ease of analysis, the peaks
corresponding to the autolysis of trypsin were manually subtracted. The resultant subtraction
spectrum contains only fragments that can be attributed to in-gel tryptic digestion of the
aldolase protein fragment. Identification of mass peaks not corresponding to either trypsin
autolysis or tryptic cleavage of aldolase, results in the location of cleavage by 1.

Cleavage of aldolase between Gly” and Val’®

is the direct result of cleavage by 1,
generating SDS-PAGE bands observed at 32, 25 and 23 kDa. For the 32 kDa protein fragment,
multiple tryptic digestion sites are identified but only a single Cu([9]aneN;)Cl, cleavage site is
identified (Figure 2.5). The protein fragment with the approximate mass of 25 kDa contained
multiple trypsin digestion sites and two copper complex cleavage sites. In Figure 2.6, the first
cleavage site by 1 is identified between Gly” and Val’®, followed by a second cleavage site
between GIn®” and Ala®®’. Figure 2.7 displays the fragments of two copper cleavage sites in

the aldolase protein fragment with approximate mass of 23 kDa between Gly” and Val’®

followed by cleavage between Asn®** and Leu™®

. In the 21 and 20 kDa protein fragments of
aldolase, only single sites corresponding to cleavage by 1 are identified among numerous
tryptic digestion sites. The single 1 cleavage site in the 21 kDa protein fragment is identified

191 192
between Leu ™ and Pro

, (Figure 2.8), whereas for the 20 kDa protein fragment species 1
cleaves between Ile'®* and Val'*, (Figure 2.9). The limited cleavage specificity of

Cu([9]aneN3)Cl, on aldolase protein fragments is summarized in Table 2.1.
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Modeling of Cu([9]aneN3)Cl; Cleavage Sites on Aldolase. Mapping the locations of
Cu([9]aneN3;)Cly-promoted cleavage on the crystal structure of aldolase revealed that the
copper complex had access to buried protein residues during cleavage. In Figure 2.10A, the
sites of 1 cleavage were mapped in red on the blue ribbon crystal structure of aldolase. The
space filling structure of aldolase emphasizes the ability of Cu([9]aneN3)Cl; to access sites
buried in the interior of aldolase for cleavage (Figure 2.10B). Looking at the secondary
structure of aldolase and considering the sites of Cu([9]aneNs)Cl,-promoted cleavage, the
Gly"-Val’® and the Ile'®-Val'® points of cleavage are located on beta strands, whereas the
Asn***-Leu*” and the GIn**°-Ala®®" points of cleavage are located on alpha helixes, and the
Leu'”'-Pro'? point of cleavage is in an unstructured portion of aldolase. Therefore, it does not
appear that Cu([9]aneN3)Cl, has specificity for a particular secondary structural motif (i.e., o

helices, 3 sheets or random coils).

Spectral and EM Characterization of Control Lysozyme Fibrils. Lysozyme fibrils were used as
a positive control to establish protocols for detecting fibrils spectroscopically using the Congo
Red electronic absorption assay, the ThT fluorescence assay, CD spectroscopy and electron
microscopy. The Congo Red electronic absorbance spectrum of induced lysozyme fibrils
(Figure 2.11) displays the characteristic broad, red-shifted shoulder at ~540 nm notably
indicative of fibril formation (43). Figure 2.12 displays binding of ThT to the induced fibrils of
lysozyme, resulting in enhancement of fluorescence intensity at 482 nm, as has been previously
observed in amyloidogenic AP synthetic peptides (44). ThT selectively localizes to fibrils,
resulting in enhancement of fluorescence. CD spectroscopy was used to probe the secondary

protein structure. The crystal structure of lysozyme (PDB 1DPX) reveals the secondary
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structure is 41% a-helical with 10% B-sheets and the remainder random coils. In CD
spectroscopy, different structural elements give rise to characteristic CD signatures; a-helical
character produces negative bands at 222 nm and 208 nm, proteins with well-defined
antiparallel B-sheets have a negative band at 218 nm while disordered proteins have a negative
band near 195 nm (45). The CD data provides a clear contrast between lysozyme before
incubation and post fibril formation. The CD spectrum in Figure 2.13B (lower panel) support
the predominately a-helical character of lysozyme in solution with the presence of two negative
absorption bands, ~222 nm and ~208 nm. After incubation to induce fibril formation, the CD
spectrum in Figure 2.13A (upper panel) reveals a single negative absorption peak at ~218 nm,
indicative of the presence of fibrils. EM images of the induced lysozyme fibrils revealed short,

wide fibrils that stack on one another (Figure 2.14).

Spectral and EM Characterization of Aldolase, GAPDH and BSA Post-Incubation with 1.
Aldolase and GAPDH revealed similar spectral characteristics indicative of protein
aggregation, while spectral characterization of BSA did not reveal protein aggregation. For
aldolase and GAPDH the Congo Red electronic absorbance spectra displays light scattering
evidenced by high baseline absorbance in the 600-650 nm region. Detection of light scattering
is an expected observation; aldolase readily aggregates when incubated with 1, while GAPDH
visibly aggregates at longer incubation times periods. Due to the light scattering in the
electronic absorbance spectra of both proteins it is difficult to determine whether or not a red-
shifted shoulder is forming near 540 nm; presence of a red-shifted shoulder at ~540 nm would
be indicative of the formation of fibrils (43). To determine whether or not aldolase and GAPDH

were forming fibrils during cleavage with 1 we used the ThT fluorescence assay, a more
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sensitive probe of fibril formation. Combining ThT with incubated samples of aldolase and
GAPDH did not result in enhancement of fluorescence, suggesting that fibrils were not present.
The aggregated states of the aldolase and GAPDH samples after incubation with 1 did not
permit CD characterization of the samples. We used electron microscopy to characterize the
aggregated structures of aldolase and GAPDH. The EM data revealed that aldolase aggregates
into big, thick protein globules, while GAPDH adopts a beads-on-a-string morphology, neither
of which is similar to fibril structures (Figures 2.15 and 2.16, respectively). Taken together,
these results indicate that the copper complex 1 is disrupting the protein structure, but it either
1) does not induce the formation of fibrils or, 2) induces fibril formation too transiently to be
detected by conventional methods.

BSA was more tolerant of the incubation conditions with 1, even after 48 hrs of
incubation at 50 °C. The electronic absorbance Congo Red assay did not reveal light scattering
in the 600-650 nm region, indicating that the BSA cleavage products remain soluble. The CR
spectrum in Figure 2.17 reveals a slight red-shifted shoulder near ~540 nm indicating possible
fibril formation. The red-shifted absorbance feature of BSA is not as pronounced as the spectral
shift observed for the lysozyme induced fibrils (see Figure 2.11). Using the ThT fluorescence
assay on l-incubated BSA, which is more sensitive to fibrils, did not result in enhancement of
fluorescence (data not shown). CD data for BSA (Figure 2.18) supports the ThT assay data:
fibrils are not formed during incubation and cleavage by 1. A recent structure of BSA was
solved and revealed nearly 74% a-helical character (PDB 3V03) (46). The CD spectrum of
non-incubated BSA exhibits two negative absorption bands near 222 nm and 208 nm indicative
of the predominantly a-helical structure of the protein. The CD spectrum of BSA incubated

with 1 is identical to the CD spectrum of non-incubated BSA (Figure 2.18). Spectral
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characterization of incubated BSA indicates the copper complex does not induce the formation
of fibrils. The lack of fluorescence enhancement in the ThT assay, and the CD data revealing
that the a-helical structure is unperturbed, suggests 1 is not inducing fibril formation upon
incubation with BSA. However, EM imaging of BSA incubated with 1 reveals that
Cu([9]aneN3)Cl, does disrupt the protein structure; BSA forms snowflake-like aggregates
(Figure 2.19). Both the aggregation observed in the EM images of incubated BSA and the
broad absorption of Congo Red may explain the slight shoulder observed in the Congo Red

electronic absorption assay (Figure 2.17) (47).

Spectral and EM Characterization of Lysozyme Post-Incubation with 1. Lysozyme does not
form fibrils during incubation with Cu([9]aneN3)Cl,. The ability of lysozyme to form amyloid
fibrils under denaturing conditions at acid pH with high temperature is well-established (42);
thus, we examined whether or not our copper complex was inducing fibril formation. The ThT
fluorescence assay did not result in enhancement of fluorescence (data not shown) indicating
fibrils were not present after incubating lysozyme with 1. Lysozyme, prone to fibril formation,
does not form fibrils under incubations conditions suggesting fibrils are not being formed or are
formed too transiently for detection by conventional methods. These results indicate the copper

complex 1 is disrupting the protein structure without inducing the formation of fibrils.
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Discussion

Metal ions have a significant influence on the unfolding and/or aggregation processes
of proteins associated with neurodegenerative diseases (48-50). In particular, divalent metals
play a role in protein aggregation due to their ability to both bind proteins either in inter- or
intra-molecular modes and provide electrostatic buffering capacity allowing protein residues to
get close enough to interact (57, 52). Those factors enable proteins to assemble into aberrant
states. Accumulation of peptide aggregates and neurofibrillary tangles in the brain are the key
pathological markers of Alzheimer’s disease (AD) (6). The World Health Organization
estimates more than 35.6 million people worldwide have AD, and that this population is
expected to double by 2030 (53). Elevated levels of metals such as Cu, Zn and Fe have been
shown to localize with senile plaques, mainly composed of AP peptides (7, 54-56). With the
understanding that metal ions can exert deleterious affects on protein conformation stability, we
used a variety of spectroscopic techniques to probe the influence of Cu([9]aneN;)Cl, on the
secondary and tertiary structures of aldolase, GAPDH and BSA after incubation. Incubating
these proteins with Cu([9]aneN3)Cl, results in cleavage and disruption of the protein structure.

Cu([9]aneN3;)Cl, did not induce fibril formation; however, the copper complex does
exert an adverse effect on the structures of aldolase, GAPDH and BSA during cleavage.
Aldolase began to aggregate within 90 minutes of incubation with 1, forming large protein
globules (imaged by EM). Similar to aldolase, GAPDH was susceptible to protein aggregation
in the presence of 1, adopting a beads-on-a-string morphology (Figure 2.16). Spectroscopic
characterization of BSA revealed that the protein secondary structure was not perturbed during
incubation with Cu([9]aneN3)Cl,; significantly, the CD spectrum of 1-incubated BSA was

identical to that of native BSA. Although the secondary structure of BSA appeared unperturbed
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based on spectroscopic characterization, electron microscopy revealed that the tertiary structure
of BSA was disrupted. Incubation of BSA with Cu([9]aneN3)Cl, induces the formation of
snowflake-like aggregates.

The general understanding of metal-promoted cleavage of proteins is that metal
complexes containing labile ligands may bind to the side chains of the amino acid residues Asp,
Glu, His, Lys, Trp, Cys or Met. Coordinating to oxygen, nitrogen or sulfur side chains may
function to anchor and position the metal for controlled hydrolysis of the protein backbone (29-
31). Our metal complex, Cu([9]aneN3)Cl,, bears Cu”" with two labile CI ligands; Cu*" has a
preference for coordinating with oxygen and amine ligands. Considering that Cu([9]aneN3)Cl,-
promoted aldolase cleavage products reveals Glu residues present in the cleavage fragments or
nearby the sites of 1 cleavage (summarized in Table 2.1). If the copper complex anchors itself
to aldolase prior to cleavage, it may do so by binding to the carboxyl of Glu residues. The
presence of a Glu residue is an exception for the 25 kDa fragment resulting from cleavage
between GIn®” and Ala®"’"; instead of a Glu residue, the fragment contains a Trp residue with a
Lys near the site of cleavage. Interaction of Cu® with the positively charged side chain of Lys
is unlikely due to charge repulsion, therefore, 1 may interact with the electron-rich indole of
Trp to position itself for cleavage between GIn**® and Ala®”’. The presence of metal-binding
residues within or nearby aldolase sites of Cu([9]aneN;)Cl,-promoted cleavage suggests the
amino acid environment may be more important in controlling cleavage rather than the identity
of the individual metal complex used to promote cleavage (57, 58).

Lysozyme is known to form amyloid fibrils under denaturing conditions at acid pH with
high temperature (42). The process of fibril formation and the properties of lysozyme fibrils

have been studied extensively (59, 60). Formation of lysozyme amyloid fibrils is implicated
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both in the global protein as well as in a specific protein region (6/). Recently, a peptide
located in a hydrophobic cluster, the K peptide, corresponding to residues 54-62, was identified
as the core for the amyloidogenesis of lysozyme (62). The aromatic Trp residue at position 62
is believed to be crucial for fibrillation (63). Lysozyme is a well-characterized model protein
for fibril formation; therefore, we probed whether or not Cu([9]aneN3)Cl, induces fibril
formation during incubation leading to protein cleavage. The ThT assay did not result in
enhancement of fluorescence indicating fibrils were not induced by Cu([9]aneN3)Cl, during
incubation. (We still need to characterize the lysozyme 1-incubated samples by CR electronic
absorption, CD, EM and SDS-PAGE.) Incubating lysozyme, a fibril prone protein, with 1 does
not result in fibril formation, indicating Cu([9]aneN3)Cl, disrupts protein structures without
inducing fibrils during protein cleavage.

Understanding how synthetic metal complexes facilitate amide cleavage has shifted
efforts toward developing small molecules capable of modulating metal-induced A
aggregation. The strategy being employed is to design bifunctional agents that contain
structural moieties for metal chelation and A interaction/recognition (55, 64). For example, Li
et al designed a small molecule, cyclen-curcumin, where cyclen offers metal chelation while
curcumin interacts/targets AP peptides (see Figure 2.20). In vitro AP cleavage activity has been
observed with Cu(Il)-cylcen-curcumin, suggesting an additional effect in the cyclen-curcumin
system (63, 66). The goal is to understand how metal ions associate with A} peptides in the
brains of AD patients through the use of chemical reagents that can target metal-Af species,
thereby elucidating the relationship between metal-AB-induced events and the
development/pathogenesis of AD. The ability to understand how a metal complex facilitates

cleavage of a peptide bond might lead to the design of metal complexes that can specifically



target AP fibrils, induce subsequent cleavage, and prompt eventual degradation of amyloid

fibrils.
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Future Directions

We have demonstrated the ability of Cu([9]aneNs)Cl, to cleave bovine serum albumin
(BSA), aldolase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In-gel trypsin
digestion of the aldolase cleavage fragments revealed the ability of Cu([9]aneN3)Cl, to access
internal, buried sites during cleavage. The process of cleavage with Cu([9]aneN3)Cl; results in
protein precipitation during incubation. Using Congo Red electronic absorption, Thioflavin T
(ThT) fluorescence assay, circular dichroism (CD) spectroscopy and imaging with electron
microscopy (EM) revealed Cu([9]aneN3)Cl, disrupts the protein structures during cleavage but
does not induce fibril formation. Whether or not Cu([9]aneN3)Cl, cleaves with any specificity
remains to be elucidated. A proteomics experiment could be utilized to establish whether or not
Cu([9]aneN;)Cl; cleaves with specificity by incubating cell lysate material with the copper

complex followed by trypsin digestion and analysis by mass spectrometry.
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Table 2.1. Summary of aldolase cleavage locations by Cu([9]aneN3)Cl, identified using in-gel

tryptic digestion and MALDI-MS. The Cu([9]aneN3)Cl; cleavage fragments are shown in red

with specific sites of cleavage underlined (final row of table).

Molecular Cu (I[gf]:ggg\?d) Cl Calculated
Weight from Cleava 3e 2 | Molecular Weight Cleavage Fragment Sequence
SDS-PAGE vas (Da)
Location(s)
32 kDa Gly” and Val™ 31032 VILFHETLYQK
Gly” and Val” VILFHETLYQK
25 kDa 306 307 25094
GIn”™ and Ala PWALTFSYGRALQ
Gly” and Val” VILFHETLYQK
23 kDa 282 283 22395
Asn”® and Leu TVPPAVTGVTFLSGGQSEEEASIN
21 kDa Leu'! and Pro'* 20677 YASICQQNGIVPIVEPEIL
20 kDa Ile'® and Val'® 19996 YASICQQNGIVPI

1 PHSHPALTPEQKKELSDIAHRIVAPGKGILAADESTGSIAKRLQSIGTENTEENRRFYRQ

61 LLLTADDRVNPCIGGVILFHETLYQKADDGRPFPQVIKSKGGVVGIKVDKGVVPLAGTNG

121 ETTTQGLDGLSERCAQYKKDGADFAKWRCVLKIGEHTPSALAIMENANVLARYASICQQN

181 GIVPIVEPEILPDGDHDLKRCQYVTEKVLAAVYKALSDHHIYLEGTLLKPNMVTPGHACT

241 QKYSHEEIAMATVTALRRTVPPAVTGVTFLSGGQSEEEASINLNAINKCPLLKPWALTEFS

301 YGRALQASALKAWGGKKENLKAAQEEYVKRALANSLACQGKYTPSGQAGAAASESLFISN

361 HAY
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Figure 2.1. Effect of varying concentrations of 1 on the cleavage of bovine serum albumin
(BSA) at pH 7.8. All reactions were incubated at 50 °C for 24 hours with the following
conditions: 30 mM BSA in 50 mM HEPES, pH 7.8 and various concentrations of 1. Imaged is a
12% denaturing polyacrylamide gel (SDS-PAGE) of the appropriate incubation conditions. Lane
1: MW Ladder, lane 2: BSA control with no metal after incubating for 24 hours, lanes 3-7 show
increasing concentrations of 1: 0.63 mM, 1.25 mM, 2.5 mM, 5.0 mM, and 10.0 mM,

respectively.

Lane: 1 2 3 4 5 6 7

66 kDa

50 kDa
45 kDa 46 kDa
36 kDa
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Figure 2.2. Effect of varying concentrations of 1 on the cleavage of aldolase. All incubations
were performed at 37 °C for 24 hours with the following conditions: 30 mM aldolase in 50 mM
HEPES, pH 7.8 and various concentrations of 1. Imaged is an 18% denaturing polyacrylamide
gel (SDS-PAGE) of the appropriate incubations. Lane 1: MW ladder, lane 2: aldolase control
with no metal, lanes 3-8 show increasing concentrations of 1: 0.13 mM, 0.25 mM, 1.25 mM, 2.5

mM, 12.5 mM, and 25.0 mM, respectively.
Lane: 1 2 3 4 5 6 7 8

48 kDa

36 kDa

29 kDa

24 kDa
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Figure 2.3. Time-dependent cleavage of aldolase by 1. All incubations were performed at 37 °C
with the following conditions: 30 mM aldolase in 50 mM HEPES, pH 7.8 with 12.5 mM

Cu([9]aneN3)Cl; and various durations. Imaged is an 18% denaturing polyacrylamide gel (SDS-
PAGE) of the appropriate incubation. Lane 1: MW ladder, lane 2: aldolase control with no metal

after 48 hours, lanes 3-7 show increasing time: 0 h, 6 h, 12 h, 24 h, and 48 h, respectively.

Lane: 1 2 3 4 5 6 7

48 kDa

36 kDa

29 kDa

24 kDa
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Figure 2.4. Effect of varying the concentration of 1 on the cleavage of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). All incubations were performed at 37 °C for 24 hours with
the following conditions: 30 mM GAPDH in 50 mM HEPES, pH 7.8 at various concentrations of
1. Imaged is an 18% denaturing polyacrylamide gel (SDS-PAGE) of the appropriate incubations.
Lane 1: MW ladder, lane 2: GAPDH control with no metal, lanes 3-8 show increasing
concentrations of 1: 0.13 mM, 0.25 mM, 1.25 mM, 2.5 mM, 12.5 mM, and 25.0 mM,

respectively.

Lane:

1
66 kDa ‘
45 kDa —
36kDa W e
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Figure 2.5. Determination of the aldolase protein fragment identity with the approximate mass
of 32 kDa. Fragments identified as the result of cleavage by trypsin are listed in green and those
resulting from cleavage by 1 and trypsin are shown in red. The sequence of aldolase is displayed
with cleavage fragments displayed in the corresponding color. From these data the 32 kDa
protein fragment is identified as the result of cleavage by 1 between amino acids Gly” and Val’.

The resulting protein fragment has been underlined and has a predicted mass of 31032 Da.
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181 GIVPIVEPEILPDGDHDLKRCOYVTEKVLAAVYKATLSDHHIYTEGTLLKPNMVTPGHACT

241 QKYSHEEIAMATVTALRRTVPPAVTGVTEFLSGGOSEEEASTINLNAINKCPLTLKPWALTES

301 YGRALOASATLKAWGGKKENLKAAQEEYVKRATANSLACOGKYTPSGOAGAAASESLETSN
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Figure 2.6. Identification of the aldolase protein fragment with the approximate mass of 25 kDa.
Fragments identified as the result of cleavage by trypsin are listed in green and those resulting
from cleavage by 1 and trypsin are shown in red. The sequence of aldolase is displayed with
cleavage fragments displayed in the corresponding color. From these data the 25 kDa protein
fragment is identified as the result of cleavage by 1 between the amino acids Gly”” and Val’®

followed by cleavage between amino acids GIn’” and Ala®®’. The resulting protein fragment has

been underlined and has a predicted mass of 25094 Da.
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Figure 2.7. Identification of the aldolase protein fragment with the approximate mass of 23 kDa.

Those fragments identified as the result of cleavage by trypsin are listed in green and those

resulting from cleavage by 1 and trypsin are shown in red. The sequence of aldolase is displayed

with cleavage fragments displayed in the corresponding color. From these data the 23 kDa

protein fragment is identified as the result of cleavage by 1 between the amino acids Gly” and

Val” followed by cleavage between amino acids Asn*™ and Leu

8 The resulting protein

fragment has been underlined and has a predicted mass of 22395 Da.
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Figure 2.8. Identification of the aldolase protein fragment with the approximate mass of 21 kDa.

Those

fragments identified as the result of cleavage by trypsin are listed in green and those

resulting from cleavage by 1 and trypsin are shown in red. The sequence of aldolase is displayed

with cleavage fragments displayed in the corresponding color. From these data the 21 kDa

protein fragment is identified as the result of cleavage by 1 between the amino acids Leu'' and

192
Pro .
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2.9. Identification of the aldolase protein fragment with approximate mass of 20 kDa.

Those fragments identified as the result of cleavage by trypsin are listed in green and those

resulting from cleavage by 1 and trypsin are shown in red. The sequence of aldolase is displayed

with cleavage fragments displayed in the corresponding color. From these data the 20 kDa

protein

fragment is identified as the result of cleavage by 1 between the amino acids Ile'® and

Val'®®, The resulting protein fragment has been underlined and has a predicted mass of 19996

Da.
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Figure 2.10. A) Location of Cu([9]aneN;)Cl, cleavage sites mapped on the structure of
aldolase. Cleavage sites are denoted in red, remainder of the protein backbone is denoted in blue.
Structure modeled from PDB file 1ZAH, chain A. B) A space-filled representation of the
cleavage sites with 60% transparency is presented in B to emphasize the internal cleavage

locations.
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Figure 2.11. Congo Red electronic absorption spectrum of lysozyme with induced fibrils. The
solid trace (—) is the absorbance of the dye. When the Congo Red dye interacts with fibrils the

absorbance feature red shifts to lower energy resulting in a shoulder near 540 nm, dotted trace

(..).
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Figure 2.12. ThT fluorescence detection of lysozyme’s induced fibrils. Fibrils were induced
with high salt at low pH. The emission spectrum of the ThT-fibril complex (...) is significantly
enhanced at 482 nm when the sample is excited at 443 nm, a hallmark of the presence of fibrils

(44). The solid trace (—) is lysozyme fibrils without ThT.
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Figure 2.13. Comparison of the CD spectra of induced fibrils of lysozyme and non-treated
lysozyme. The upper panel (A) is induced fibrils; the single negative absorption peak ~220 nm is
evidence of the formation of B-fibrils (45). The lower panel (B) is non-treated hen egg white

lysozyme in phosphate buffer.
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Figure 2.14. Transmission electron microscopy image of lysozyme induced fibrils. Imaged are

short, wide fibrils stacking on one another.
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Figure 2.15. Transmission electron microscopy image of aldolase incubated with

Cu([9]aneN3;)Cl,. Aldolase is forming thick globules of protein upon incubation with 1. The

black area is protein with the background in gray.
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Figure 2.16. Transmission electron microscopy image of GAPDH incubated with
Cu([9]aneN;)Cl. Imaged is the beads-on-a-string morphology GAPDH adopts during incubation

with 1. The arrow is pointing to an example of the beads-on-a-string morphology.
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Figure 2.17. Congo Red electronic absorbance assay of BSA incubated with 1. The solid trace

(—) is the absorbance of the dye. The dotted trace (...) is the result of mixing the Congo Red dye

with copper complex incubated BSA, a slight red shift to lower energy resulting upon mixing

suggests the formation of possible fibrils.
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Figure 2.18. CD spectroscopy comparison of BSA in phosphate buffer to BSA incubated with
Cu([9]aneN3)Cl,. The solid trace (—) is BSA in phosphate buffer. The dotted trace (...) is BSA
after incubating with 1 for 48 hrs at 50 °C. Both BSA spectra display two virtually identical

negative absorbance features at 208 and 222 nm indicating the a-helical structure of BSA is not

altered during incubation with Cu([9]aneN3)CI2.
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Figure 2.19. Transmission electron microscopy image of BSA incubated with Cu([9]aneN3;)Cl,.

Imaging of the incubated BSA sample reveals the protein has started to form snowflake-like

aggregates.
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Figure 2.20. Example of the bifunctional small molecule cyclen-curcumin. The cyclen moiety

chelates metals through the nitrogen atoms while the curcumin moiety is for targeting/interacting

with A.

/TN O o
NH N/ﬁ‘/
O P AN
NH HN |

/

Cyclen Curcumin

O O



109

Scheme 2.1. Possible mechanisms by which metal complexes promote the hydrolysis of amide

bonds. Scheme taken from (67).
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Scheme 2.2. Synthetic of Cu([9]aneN3)Cl,. Reaction of 2 mmol CuCl,*H,O with 2 mmol TACN

basified with NaOH results in the synthesis of Cu([9]aneN3)Cl,.
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Chapter Three
Mass Spectral Characterization of Rhodospirillum rubrum
Carbon Monoxide Oxidation Activator (CooA) Protein and

Drosophila melanogaster Cystathionine B-Synthase (CBS)

Some data from this chapter were included in:
Su, Y.; Majtan, T.; Freeman, K. M.; Linck, R.; Ponter, S.; Kraus, J. P.; Burstyn, J. N. (2013)
Comparative Study of Enzyme Activity and Heme Reactivity in Drosophila melanogaster and

Homo sapiens Cystathionine B-Synthases, Biochemistry, 52, 741-751.

The H/D exchange mass spectrometry experiments and data analysis were performed by Duc
Tran and Jagat Adhikari in the laboratory of Professor Michael C. Fitzgerald at Duke
University. The CBS expression and purification was performed by Dr. Tomas Majtan in the
laboratory of Professor Jan P. Kraus at the University of Colorado. KMFP attempted in-house
H/D exchange MS before expressing and purifying CooA for our collaborators at Duke
University. The mass spectrometry analysis of hCBS and DmCBS were performed by KMFP.

This chapter was written by KMFP.
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Introduction

The importance of protein allostery is reinforced by the observation that allostery is
ubiquitous. Allosteric proteins possess a wide range of structures and functions all governed by
a single principle: a binding event in one region of the protein is transmitted to another region,
thereby modulating activity or function (/-5). Proteins are inherently dynamic, and this
characteristic is essential for the allostery they exhibit. Allostery is more prevalent and diverse
(6) than previously thought. In fact, many examples of allosteric regulation remain to be
discovered. (7, 8). The new view of allosteric regulation incorporates thermodynamics and
dynamics, replacing the static structure-based models (3, 9-77). The new view expands its
definition to include: 1) proteins exist in ensembles rather than just two distinct conformational
states, 2) it emphasizes allostery as a thermodynamic phenomenon, and 3) the existence of
multiple conformational and dynamic states indicates multiple pathways through which energy
is released from the allosteric site after a perturbation event.

One class of allosteric proteins is the heme-dependent gas sensors that respond to NO,
O and CO (/2-14). An example is the heme protein carbon monoxide oxidation activator
(CooA), a CO responsive transcription factor that induces the expression of a provisional CO-
oxidation system found in the anaerobic CO-metabolizing bacterium Rhodospirillum rubrum
(15-17). CooA is a 50 kDa homodimer with each monomer consisting of two domains: a helix-
turn-helix DNA-binding domain, and a C-terminal effector-binding domain that contains a
heme cofactor (Figure 3.1) (18, 19). Two long a-helices (termed the C-helices) form a leucine
zipper/coiled-coil motif at the dimer interface of the protein. Each heme is bound by two
protein-derived ligands, and changes in the identity of these ligands are associated with CO-

dependent DNA-binding (Figure 3.2) (16, 17). In the Fe(IIl) state, the heme ligands are the N-
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terminal proline (Pro”), which comes from the opposite monomer of the homodimer, and a
cysteine thiolate (Cys’) (20). Upon reduction to the Fe(I) the heme undergoes a concomitant
ligand switch where Cys’” is replaced by His'’ and Pro” is retained (21, 22). In the Fe(II) state,
the protein is poised for activation by CO, thus, CO replaces the less tightly bound Pro® ligand
(23-26). CO binding concomitant with release of Pro” is the key event believed to be associated
with the onset of DNA binding. Evidence to date suggests that the allosteric mechanism
involves a structural change, including repositioning of the heme, the C-helices, and the DNA
binding domain (see Figure 3.1) (26, 27).

Covalent-modification-coupled mass spectrometry is an excellent tool to gain
knowledge about the structural and biophysical properties of proteins and protein-ligand
complexes. Proteins fold into intricate three-dimensional structures in native solution
conditions. However, it is important to recognize that solution-phase structures of proteins are
not static. Proteins sample a gamut of conformational states in solution. An understanding of
the structures, kinetics and thermodynamics involved in the conformational changes that
proteins undergo in solution and during interactions with ligands is essential for gaining
knowledge about the biological processes regulated by proteins. In the last decade, protein
amide H/D exchange and oxidation reactions have been exploited in a number of different MS-
based studies to characterize the conformational properties of proteins and protein-ligand
complexes (28-30). Two such tools are stability of unpurified proteins from rates of H/D
exchange (SUPREX) (30-32) and stability of proteins from rates of oxidation (SPROX) (33,
34). Those techniques provide a way to probe the mechanism of heme-dependent gas sensor
allostery wherein binding of a small gas molecule to the heme cofactor initiates the allosteric

mechanism. An advantage of the covalent-label-based mass spectrometry methods SUPREX or
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SPROX is that they are sensitive to backbone amides or reactive side chains that undergo
changes in solvent accessibility upon denaturation. In SUPREX, changes in H/D exchange as a
function of denaturant concentration are used to extract unfolding free energies, AG. The
SUPREX H/D exchange experiment is relatively insensitive to back exchange because the
experiments are done under unfolding equilibrium conditions where dilution into a MALDI
matrix or protease digestion buffer refolds the protein and protects the exchanged deuterons
(Figure 3.3). Any back exchange that does occur decreases the overall change in mass, but the
sensitivity of the method is such that only a few protected sites are required to obtain a
SUPREX denaturation curve. Because the modified sites are protected upon refolding,
SUPREX is compatible with digestion by most proteases (32, 35). Complementary unfolding
free energies, AG, can be obtained using SPROX, in which limited oxidation by hydrogen
peroxide is used to follow exposure of methionine residues as a function of denaturant
concentration (33, 34). The SPROX method exploits the ease of methionine oxidization to a
sulfoxide, by selectively oxidizing methionine residues that are exposed to solvent (Figure
3.4.). SPROX has several advantages: mass sensitivity, since each added oxygen atom
contributes 16 mass units to the peptide in which it is located and irreversibility, since there is
no potential for back exchange of the added oxygen. The hydrogen peroxide-mediated
oxidation reaction is easily quenched by the addition of catalase, after which the modified
protein may be digested with any desired protease. For ease of separation, immobilized catalase
and proteases are employed (30). SUPREX and SPROX are complementary covalent-
modification-coupled mass spectrometry tools being currently being used to correlate

thermodynamic changes in the heme Fe(III) state with changes in protein structure and
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dynamics. Ideally the SUPREX and SPROX methodologies will be expanded to include
investigation of the Fe(II), Fe(II)-CO and Fe(II)-CO DNA-bound states of CooA.

Another allosterically regulated heme protein is cystathionine f-synthase (CBS). CBS is
the only known enzyme to have both a pyridoxal-5’-phosphate (PLP) and a heme cofactor. The
catalytic chemistry of CBS (Scheme 3.1) can be explained by a typical PLP-dependent
mechanism (see Scheme 3.2) (36). The allosteric activator, S-adenosyl-L-methionine
(AdoMet), increases CBS activity three-fold (37). The specific activity of human CBS (hCBS)
for the condensation of homocysteine and serine in the canonical reaction (Scheme 3.1) is
109+4 units/mg protein compared to 424+27 units/mg protein when AdoMet is added to the
reaction (38). It is of interest to know whether there is a connection between heme binding,
enzyme activity and allosteric regulation by AdoMet. While the heme does not have a catalytic
role, there is clear evidence that changes in the heme environment in hCBS affects enzymatic
activity. For example, even though heme is not responsible for the catalytic chemistry, hCBS
requires heme to achieve maximum activity (39). Furthermore, in all cases studied, disruption
of the bond between the heme and its cysteine-thiolate ligand results in loss of enzyme activity
(40-45). One plausible hypothesis is that heme and AdoMet regulation act in concert to regulate
PLP affinity and enzyme activity. For example, yeast CBS (yCBS) does not bind heme and is
not regulated by AdoMet (46-48), whereas hCBS has heme and responds to AdoMet
stimulation with a 3-fold increase in activity. Yeast CBS has a significantly lower in vitro
affinity for PLP than hCBS, and an hCBS variant with the heme binding N-terminal domain
deleted exhibits a similarly low affinity for PLP (39, 48). Despite these correlations, the exact
function of heme in CBS remains unknown.

To determine if there is a connection between heme binding, enzyme activity and
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AdoMet regulation, response to AdoMet stimulation was probed in CBS of Drosophila
melanogaster (DmCBS). DmCBS is similar to yet different from hCBS. Unlike hCBS, which is
a tetramer, DmCBS is a dimer as shown by X-ray crystallography (49) and native gel
electrophoresis. The catalytic core region (residues 40-380) of DmCBS exhibits high sequence
similarity (85% homology, 62% sequence identity) to hCBS; the C-terminal domain (residues
381-522) of DmCBS is almost the same size as that of hCBS but is less conserved (59%
homology, 24% sequence identity); and the N-terminal domain (residues 1-39) of DmCBS is
significantly shorter, but does contain analogous residues to those that serve as heme ligands in
hCBS (Figure 3.5). In the recently reported crystal structures of DmCBS, heme indeed is
coordinated to Cys** and His** (analogous to Cys** and His® in the human enzyme). Although
the DmCBS crystal structure does not contain AdoMet we analyzed the DmCBS enzyme by
mass spectrometry to determine whether or not the enzyme is purified with or binds to the

allosteric regulator AdoMet.
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Materials and Methods
Materials. Unless otherwise stated, all chemicals used were purchased from Sigma-Aldrich

and were used as received.

Expression and Purification of CooA. Briefly, E. coli VIS6737 (50) bearing the pEXT20
expression vector containing the CooA gene (57) was cultivated in rich medium supplemented
with 40 uM ferric citrate. Protein expression was induced by addition of isopropyl -D-
thiogalactopyranoside (IPTG) to 7 uM (final concentration), and cells were incubated for 18-20
h at 28°C. Cells were pelleted by centrifugation (10,000 x g, 10 min), resuspended in lysis
buffer (50 mM MOPS, pH 7.5, 500 mM KClI and 0.5 mM DTT) and lysed by passage through a
French press. A Ni-NTA column (Qiagen, 8 mL resin volume) was pre-equilibrated with 10
mM imidazole, 50 mM MOPS pH 7.5, 500 mM KCI. The cell supernatant (30 mL) was applied
slowly, and the column was washed successively with 10 mM imidazole (2 column volumes)
and 50 mM imidazole (1 column volume), in the same buffer. Finally, protein was eluted by
addition of 220 mM imidazole. The protein was precipitated at 55%-saturated (NH4)2SO4 (v/v)
with incubation on ice for 30 minutes and brief centrifugation. The protein pellet was dissolved
in 500 pL 25 mM MOPS, pH 7.4 and 500 mM KCl, applied to a buffer-equilibrated Sephadex
G-25 column, and eluted in the same buffer. The desalted protein was stored at -80 °C. Protein
concentrations were determined using the BCA method (Pierce, Rockford, IL); SDS-PAGE
verified protein purity was >90%; heme content was determined using the pyridine
hemochromogen assay (52).

The expression and purification of CooA for use in the H/D exchange unfolding

experiments was the same as above except the protein pellet was solubilized and buffer-



118

equilibrated in 25 mM MES, pH 7.4, 100 mM NaCl. For the SPROX mass spectrometry
experiments, the CooA protein was buffered exchanged using a Sephadex G-25 column into 30
mM phosphate buffer, pH 7.1 with 50 mM NaCl. Following determination of protein
concentration by the BCA method (Pierce, Rockford, IL) and verification of protein purity with
SDS-PAGE, protein samples were flash-frozen with liquid nitrogen. Frozen CooA protein
samples were shipped on dry ice to Duke University for SUPREX and SPROX mass

spectrometry analysis.

Mass Spectrometry of CooA. A pre-packed 10 mL Sephadex G-25 column (Pharmacia Biotech
AB Uppsala, Sweden) was equilibrated with 10 mM ammonium acetate (NH4Ac). As-isolated
CooA (30 uL) was loaded on the column (13 pg/uL protein in 25 mM MOPS pH 7.4, 500 mM
KCl). The sample was buffer exchanged using gravity and eluted in 10 mM NH4Ac. The eluted
sample was either stored on ice for immediate analysis or stored at — 80 °C until analyzed.
Mass spectrometry data were acquired using a 7T linear trap/FT-ICR (LTQ FT Ultra)
hybrid mass spectrometer (Thermo Scientific Inc., Bremen, Germany) equipped with an
automated chip-based nano-ESI source (Triversa NanoMate, Advion BioSciences, Ithaca, NY).
The spray voltage was 1.3-1.7 kV relative to the inlet of the mass spectrometer. To aid
ionization samples were mixed with acetonitrile (ACN) and acetic acid, 1% acetic acid in 60:40

HPLC-grade ACN to 10 mM NH4Ac, prior to analysis.

SUPREX Mass Spectrometry Analysis of CooA. Denaturant stocks of 8 M and 0 M guanidine
hydrochloride (GdnHCI) were prepared in 25 mM MES. The GdnHCI buffers were prepared

using serial dilutions from the 0 M and 8 M GdnHCI stocks. Deuteration of the GdnHCI buffers
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was achieved by dissolving 19 g guanidine hydrochloride in 25 mL D,O. The final GdnHCl
concentration was calculated using a refractometer for refractive index and Nozaki’s equation
(53). Samples were prepared by diluting 2 pL of 23 uM CooA protein into 16 phL SUPREX
buffer with [GdnHCI] of 0, 1.27, 2.27, 3.24, 3.74, 4.27, 4.64, 5.27, 5.76, 6.25, 6.75 and 7.81 M.
After 3 days of incubation in the SUPREX buffer 2 uL of sample was quenched with 6 pL 1M
HCI. The sample was digested with 1.4 pg pepsin for 1 minute followed by the addition of 2,5-
dihydrobenzoic acid matrix. MALDI mass spectra were collected on a Voyager DE
Biospectrometry Workstation (Perspective Biosystems, Inc., Framingham, MA) in linear mode

using a nitrogen laser (337 nm).

SPROX Mass Spectrometry Analysis of CooA. We modified the published SPROX protocol
(54) to analyze Fe(III) CooA. The denaturing buffer was prepared with 30 mM phosphate
buffer, pH 7.1, 50 mM NaCl containing an increasing gradient of denaturant ranging from 0 to
5.6 M GdnHCI. Specifically, 8 uL aliquots of denaturant buffers were prepared with GdnHCI
concentrations: 0, 1.4, 2.0, 2.5, 2.9, 3.2, 3.6, 3.8, 4.3, 4.7, 5.2 and 5.6 M. To each aliquot of
denaturant buffer 170 pmols of Fe(IIl) CooA was added and allowed to incubate at room
temperature for 2.5 hours. The SPROX reaction was initiated by adding 1 pL of 9.8 M (30%
wt/wt) H,O,. After 3 minutes the reaction was quenched by the addition of 200 pL of 300 mM
L-methionine. An overnight tricholoracetic acid (TCA) precipitation was performed with 200
uL of 100% TCA solution. To pellet the protein the samples were centrifuged for 30 minutes.
The supernatant was discarded and the pellet was washed twice with ethanol. Upon evaporation
of ethanol, 10 pL of 0.1% RapiGest (Waters, Milford, MA) in 50 mM NH4sHCOs3, pH 8.0 was

added. RapiGest is a surfactant that unfolds proteins so the sites of enzymatic cleavage are
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freely accessible for digestion. Pellets were suspended with two rounds of vortexing and
sonication for 10 minutes. Disulfide bonds in the samples were reduced with 10 mM DTT
followed by alkylation with 20 mM iodoacetamide. Samples were digested overnight at 37 °C
with 0.5 pg of trypsin. Following trypsinolysis, mass spectrometry data was acquired using a
Q-TOF mass spectrometer (Agilent, Santa Clara, CA) equipped with a Chip Cube interface

and an autosampler.

Cloning of DmCBS. The DmCBS sequence was subcloned into a pGEX-6P1 vector following
a similar strategy to that used for the human CBS expression construct (55). The resulting
pGEX-6P1-DMCBS enabled us to express DmCBS as a fusion protein with glutathione-S-
transferase (GST), from which GST could be cleaved off with HRV 3C protease (AG
Scientific) leaving a single extra residue (Gly) at the N-terminus of DmCBS polypeptide.
Briefly, the DmCBS sequence was amplified by PCR from a first strand cDNA using a forward
primer containing an Apal site (5'- ctagGGGCCCcaaccgaagccatacgagagg) and a reverse primer
containing a Notl site (5'-ctagGCGGCCGCgatcagaactggagaacgc). After cleavage with Apal
and Notl (NEB Biolabs), the DmCBS fragment was purified and isolated by excision from a
1% agarose gel, and cleaned up using QIAquick gel extraction kit (Qiagen). Subsequently,
DmCBS was ligated into the Apal-Notl linearized pGEX-6P1 vector, in which an internal Apal
site was abolished previously by site directed mutagenesis (55). The construct pGEX-6P1-
DMCBS was transformed into E. coli XL1-Blue cells (Stratagene) and its authenticity was
confirmed by DNA sequencing. Verified plasmid was transformed into E. coli Rosetta2 (DE3)

expression host cells (Novagen).
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Expression and Purification of CBS. Human CBS (hCBS) was expressed and purified as
described previously (56). DmCBS was purified in an otherwise identical fashion with the
following specific modifications. After cleavage of the fusion protein with HRV 3C protease,
GST was removed chromatographically on DEAE Sepharose Fast Flow (GE Healthcare). The
column was equilibrated in 15 mM potassium phosphate pH 7.2, | mM EDTA, 1 mM DTT and
10% ethylene glycol. Under these conditions, both GST and DmCBS proteins bind to the
DEAE Sepharose resin. The separation of the GST from DmCBS was achieved by elution with
a linear gradient from 15 to 75 mM potassium phosphate pH 7.2, 1 mM EDTA, 1 mM DTT and
10% ethylene glycol. Unlike hCBS, DmCBS elutes prior to the GST. Protein-containing
fractions were analyzed by electrophoresis on 9% SDS-PAGE. The DmCBS-rich fractions
were pooled and subsequently concentrated on YM-30 membrane (Millipore). The buffer was

exchanged by pressure dialysis to 20 mM HEPES pH 7.4, I mM TCEP and 0.01% Tween 20.

Mass Spectrometry of CBS. As-isolated and AdoMet-treated DmCBS and hCBS were analyzed
by mass spectrometry for the presence of AdoMet. Proteins were diluted directly into 0.1%
acetic acid in 5:95 (v:v) methanol/water. AdoMet-treated DmCBS and hCBS were diluted into
and incubated with 0.36 mM AdoMet in 200 mM Tris (pH 8.6) buffer at 37°C for 20 min. All
samples were then desalted at room temperature using two consecutive detergent removal spin
columns (Pierce, Rockford, IL) according to manufacturer instructions. Columns were pre-
equilibrated with 0.1% acetic acid in 5:95 methanol/water, and the CBS samples were eluted
off the column into the same solvent. Prior to mass spectrometry analysis, the CBS samples
were diluted with acetic acid and methanol to achieve 1% acetic acid in 50:50 (v:v)

methanol/aqueous sample. Mass spectrometry data were acquired using a 7T linear trap/FT-
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ICR (LTQ FT Ultra) hybrid mass spectrometer (Thermo Scientific Inc., Bremen, Germany)
equipped with an automated chip-based nano-ESI source (Triversa NanoMate, Advion
BioSciences, Ithaca, NY). The spray voltage was 1.3-1.5 kV relative to the inlet of the mass

spectrometer.
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Results

Mass Spectral Characterization of CooA To determine sample-handling conditions for CooA
the as-isolated protein was analyzed by mass spectrometry. The sample requires a 60:40 ratio
of acetonitrile to 10 mM NH4Ac with 1% acetic acid to maintain a steady ionization current.
The ion trap (IT) mass spectrum is shown in Figure 3.6A. Upon ionization the heme cofactor
dissociates resulting in a mass peak at 616. The predominant mass peak from the IT spectrum,
980, was isolated for Fourier transform (FT) analysis. Figure 3.6B. displays the isotopic
distribution of the 980 mass peak resulting from FT. The FT data reveals a mass of 25463 Da
for a single 7-histidine-tagged CooA monomer (calculated mass 254478 Da). These data reveal
the use of a Sephadex G-25 column as an efficient means to desalt the as-isolated protein

without precipitation or loss of sample during mass spectrometry sample preparation.

SUPREX Mass Spectrometry Analysis of CooA To explore the thermodynamics of CooA’s
conformation stability the protein was analyzed by SUPREX. Establishing experimental
conditions for the analysis of CooA was challenging. The high salt concentration in the
standard CooA purification buffer (500 mM KCl, 25 mM MOPS, pH 7.4) interfered with
MALDI detection of protein signal after H/D exchange. Therefore, CooA was purified in 100
mM NacCl, 25 mM MES, pH 7.4 to determine if decreasing the salt concentration yielded a
better MALDI signal. When 2,5-dihydroxybenzoic acid was used as the matrix rather than
sinapinic acid there was detectable protein signal. Because CooA is a multidomain protein the
samples were digested with pepsin after the H/D exchange step to generate peptide fragments
from the different domains. The purpose of the SUPREX experiment was to probe the

thermodynamic properties of the global unfolding/refolding events. To probe an individual
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protein domain unfolding/refolding event using SUPREX with protease digestion, the domain
must undergo a large motion (i.e., exposure/burial of a substantial area of the protein). Peptides
from regions of a protein’s structure that undergo relatively small motion (i.e., only local
unfolding) do not exhibit a denaturant dependent H/D exchange behavior in the SUPREX with
protease digestion experiment. Figure 3.7 displays the SUPREX curves data from Fe(III) CooA
after a 3-day H/D exchange. Two peptides from the DNA-binding domain were identified to
undergo large changes in exposure/burial of surface area resulting in denaturant-dependent H/D
exchange. From these curves the C'’* (the concentration of guanidine hydrochloride at the
transition midpoint) values of 4.4 and 4.5 M GdnHCI were determined. The C'* values were

used to estimate a AG of 64 kJ/mol for the DNA-binding domain.

SPROX Mass Spectrometry Analysis of CooA Surveying the thermodynamics of Fe(IIl) CooA,
the protein was analyzed by SPROX. While all methionine residues within a protein are
susceptible to oxidation, SPROX probes the buried methionine residues. Just like the H/D
exchange rates of globally protected amide protons in SUPREX, the oxidation rates of the
globally protected methionine residues in SPROX are denaturant dependent. Analysis of the
SPROX data revealed oxidation of Met'** from the helix rod connecting the DNA-binding and
heme domains. The peptide was found to have a C' of 4.2 M, from which a AG of 28.65

kJ/mol may be estimated (Figure 3.8).

Mass Spectral Characterization of CBS To test whether DmCBS binds to AdoMet, as-isolated
and AdoMet-treated DmCBS samples were analyzed by mass spectrometry. Ion trap mass

spectra of DmCBS, with and without preincubation with AdoMet, are shown in Figure 3.9. The
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Fourier transform data (Figure 3.10) reveal a mass of 56870 Da for the DmCBS protein; the
calculated mass of the heme-free protein is 56882 Da. From these data, it is evident that heme
dissociates upon ionization; furthermore, free heme may be seen in the mass spectrometry data
and appears as a characteristic mass peak at 616 (FePPIX calculated mass 616.48). Control
AdoMet solutions under similar experimental conditions exhibit a peak at m/z 399 (AdoMet
calculated mass 398.14). Contrasting with the heme dissociation neither DmCBS sample
showed a mass peak at 399, demonstrating that DmCBS does not bind to AdoMet and
suggesting that DmCBS is not natively isolated with the same allosteric effector as hCBS.
Incubating DmCBS with an excess of AdoMet did not result in binding, evidenced by lack of a
mass peak at 399, the mass of AdoMet, indicating DmCBS is not responsive to AdoMet
stimulation. A similar mass spectrometric analysis was performed using hCBS as a control,
since hCBS is known to bind AdoMet. The AdoMet mass peak was absent in the as-isolated
hCBS spectrum, but present in the AdoMet-treated hCBS spectrum (data not shown). These
results confirm that DmCBS and hCBS are purified free of AdoMet; moreover, they
demonstrate that upon incubation with AdoMet, hCBS was capable of binding AdoMet

whereas DmCBS was not, even under saturating conditions (i.e. [AdoMet] >> [DmCBS]).
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Discussion

Previous work has characterized CooA’s three distinct conformations, Fe(III), Fe(Il),
and Fe(II)-CO, by measurement of their structural stabilities using guanidine hydrochloride
(GdnHCI) denaturation (57). Using visible absorption, fluorescence and CD spectroscopies,
Lee et al. (57) identified independent unfolding processes for each domain of CooA. All 3
CooA coordination states (Fe(Ill), Fe(Il), and Fe(I1)-CO) undergo unfolding of the DNA-
binding domain between 2 and 3 M GdnHCl with a free energy of unfolding of ~17 kJ/mol.
Unfolding of the heme domain is variable and dependent on the heme coordination state.
Between 3 and 4 M GdnHCI, the heme domain unfolds and the protein reaches a second
intermediate conformation. The free energy of heme domain unfolding is ~26 kJ/mol.
Concentrations above 4 M GdnHCI, result in the final unfolding of the effector domain and
dissociation of the monomers, with a free energy of ~54 kJ/mol. Our goal is to understand how
CO binding to heme induces the change in protein conformation using mass spectrometry
techniques to probe the dynamics of CooA.

CooA requires high salt concentration to stabilize the protein in solution therefore, the
protein is purified in 500 mM KCI, 25 mM MOPS at pH 7.4. The high salt concentration
presents a problem for mass spectrometry, since all the salt must be removed from the sample
prior to analysis. Further, not only does CooA require high salt concentration, CooA also tends
to stick to surfaces, a phenomenon compounded during the removal of salt from the protein.
Use of a C4 column such as the commercially available Bruker-Michrom MicroTrap™™ column
results in protein precipitation and loss of protein sample. The process of desalting the protein
with the MicroTrap column appeared to increase the protein’s affinity for the column in

preference to any elution solution tested. A combination of methanol/water, acetonitrile/water
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and gradients of ammonium acetate were tested as elution solutions. When using the Bruker-
Michrom MicroTrap™ C4 trap column, removal of CooA from the column requires column
flushing with 70:30 formic acid to isopropyl alcohol; extremely harsh conditions that result in
denaturation of the protein. To avoid loss and denaturation of CooA during sample preparation
a Sephadex G-25 column was used for buffer exchange and desalting. Considering CooA’s
solubility in high salt conditions, ammonium acetate, a volatile salt at low pressure, is used for
buffer exchange and desalting. Figure 3.6 provides evidence using a Sephadex G-25 column
with ammonium acetate elution results in successful desalting of as-isolated CooA.

Successful sample preparation procedures were followed by initial attempts at using
H/D exchange in collaboration with Michael C. Fitzgerald’s research group at Duke University.
The goal is to use H/D exchange and oxidation-based mass spectrometry measurement methods
to probe the structure, dynamics and thermodynamics of Fe(IIl) CooA. The techniques
SUPREX and SPROX allow the measurement and correlation among thermodynamic and
structural changes associated with the relevant CooA states: Fe(Ill), Fe(II), Fe(II)-CO and
Fe(II)-CO DNA-bound. Preliminary SUPREX data identify DNA-binding domain peptides
with similar C'* values of ~4.5 M GdnHCI that estimate a AG of 64 kJ/mol. The preliminary
SPROX unfolding data reveal oxidation of Met'**, located in the helix rod connecting the
DNA- and heme-binding domains, resulting in C'* values of ~4.2 M GdnHCI, an estimated AG
of 28.65 kJ/mol. The preliminary covalent-modification-based mass spectrometry results
provide more evidence the DNA-binding and heme-binding domains of CooA are
independently folded domains (57). It remains to be seen if changes in relative position and/or

mobility of those domains regulate CooA activity. More work is required to understand the
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thermodynamic and structural changes associated the states of CooA; our work with the
Fitzgerald laboratory is ongoing.

DmCBS contains heme but does not respond to AdoMet stimulation, suggesting that
these two characteristics are not correlated with one another. DmCBS is isolated as a heme-
containing protein; the crystal structure reveals that His** and Cys™ are ligands to the heme,

3% and the amide backbone of Trp** within hydrogen

with the guanidinium group of Arg
bonding distance of the Cys™ thiolate moiety (58). This coordination sphere and associated
hydrogen bonding network, as well as the spectral characteristics of Fe(III) DmCBS reported by
Su et al (38), are essentially identical to those of Fe(III)hCBS. DmCBS is active in all three
reactions (Scheme 3.1) tested, but the enzyme does not respond to AdoMet stimulation in
catalyzing any of these reactions. In this regard, DmCBS is more like yeast CBS, which also
does not respond to AdoMet stimulation. The lack of response to AdoMet, combined with the
fact that DmCBS contains heme, suggests that heme and AdoMet are not functionally or
evolutionarily connected.

The reported evidence herein reveal that DmCBS does not bind AdoMet. There are
multiple reasons why this CBS enzyme may appear unresponsive to AdoMet stimulation: 1) it
may be unable to bind AdoMet; 2) it may be locked in a conformation that cannot be activated
even though AdoMet binds, or 3) it may have a high affinity for AdoMet such that the molecule
is always bound and it therefore does not respond to exogenous AdoMet but remains stimulated
or hyperactive. For example, the C431S variant of hCBS is not activated by AdoMet because it
does not bind AdoMet (59). However, the hCBS S466L variant binds AdoMet, but because this

variant enzyme is constitutively activated, its activity does not increase in response to AdoMet

binding (60). Yeast CBS is more similar to S466L hCBS, where constitutively high activity is
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paired with high AdoMet binding affinity but no AdoMet-dependent activation (61, 62). There
is no example yet known of a CBS protein where AdoMet is tightly bound at all times. No
evidence of AdoMet was seen in the DmCBS crystal structure (58); furthermore, when an
AdoMet molecule was docked into the C-terminal domain of the protein, there was insufficient
space to accommodate the AdoMet molecule (58). Thus, DmCBS is not crystallized with a
tightly bound AdoMet molecule and the crystallography implies that AdoMet may not bind at
all. Our mass spectrometry experiments confirm DmCBS is isolated free of any tightly-bound
AdoMet molecule. In addition, we see no evidence of AdoMet-binding when DmCBS is
incubated with AdoMet. These results suggest that the high activity of DmCBS is an intrinsic
property of the enzyme and not a consequence of the enzyme being saturated by AdoMet when
isolated. The mass spectroscopy results suggest that DmCBS does not respond to AdoMet
stimulation because the enzyme cannot bind AdoMet; however, we cannot rule out low affinity

binding that does not survive the sample preparation procedures.
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Future Directions

Carbon monoxide oxidation activator (CooA), is an allosterically regulated CO
responsive transcription factor found in the anaerobic CO-metabolizing bacterium
Rhodospirillum rubrum. Our goal is to elucidate the thermodynamics and dynamics of CooA.
The application of mass spectrometry techniques to CooA has been challenging due to CooA’s
affinity for salt; the presence of salt interferes with ionization and data analysis. We utilize
concentrated samples of CooA to ensure there is enough protein to generate a signal at the
detector. Additional experiments are needed to determine if we are using enough guanidinium
hydrochloride to unfold CooA. In conjunction with Fitzgerald group at Duke University, we
have preliminary evidence that the DNA-binding and heme-binding domains of CooA are
independently folded domains. Due to CooA’s high affinity for salt, not surprising since CooA
is a DNA binding protein, spectroscopic techniques, such as spin-labeling EPR, that permit the
use of salt, may offer a more appropriate option for elucidating the thermodynamics and

dynamics of CooA.
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Figure 3.1. Sequence map and structures of inactive, “off’-state Fe(Il) Rr CooA (63) and
active “on”-state Fe(I1)-CO Ch LL-CooA (64). One monomer is shown as a ribbon, the other as
a strand. The “on” structure is of a protein missing heme (red) in one monomer. The DNA-
binding F-helices are colored blue, the 4/5 loop is green, and the hinge region is yellow. These
regions change shapes or orientations between the “on” and “off” structures. The F-helices are
in an orientation that prevents contacts with DNA in the “off” structure. An F-helix is exposed

for DNA binding in the “on” structure.
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Figure 3.2. Coordination changes associated with CO sensing in CooA. Fe(III)CooA contains
Cys” as one ligand to the heme; Cys”” is replaced by His”’ upon reduction to Fe(II)CooA. CO
replaces Pro”, and this change in heme coordination drives a global conformational change in

the protein.
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Figure 3.3. A schematic outline of the basic SUPREX (stability of unpurified proteins from
rates of H/D exchange) method (30).
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Figure 3.4. A) Schematic of the basic SPROX (stability of proteins from rates of oxidation)

protocol (33). B) Locations of the five methionine residues on the structure of Fe(II) CooA.
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Figure 3.5 Sequence alignment of hCBS (UniProt ID P35520) and DmCBS (UniProt ID
Q9VRD?Y). The PLP and heme binding residues are marked with A. The residues hydrogen
bonded to the PLP or heme in the crystal structures are marked with e. The residues hydrogen

bonded to the substrates/products in the crystal structures are marked with o.

ek o A
hCBS 46 PDAPSRCTWOLGRPASESPHHHTAPAKSPKILPDILKKIGDTPMVRINKIGKKFGLKCEL
DmCBS 16 PGKPSKCKWHLGTA-EKSPHIHRGIAHRQQITPNILEVIGCTPLVKLNNIPASDGIECEM
* ok ek kehk LokkRx X . Ko sk hakkhe Rk Kk ghe ek . ¥rokk
A 00 ®0
hCBS 106 LAKCEFFNAGGSVKDRISLRMIEDAERDGTLKPGDTIIEPTSGNTGIGLALAAAVRGYRC
DmCBS 76 YAKCEFLNPGGSVKDRIGYRMVODAEEQGLLKPGYTIIEPTSGNTGIGLAMACAVKGYKC
**‘k**:* **‘k*****' **::**‘k':* ok kR ***‘k**‘k****‘k**‘k:*'**:**:*
oe
hCBS 166 IIVMPEKMSSEKVDVLRALGAEIVRTPTNARFDSPESHVGVAWRLKNEIPNSHILDQYRN
DmCBS 136 TIVMPEKMSNEKVSALRTLGAKIIRTPTEAAYDSPEGLIYVAQQLORETPNSIVLDQYRN
*********_***._**:***:*:****:* :*‘k‘k*' H * :*:_* * ok w :*‘k****
® 0000

hCBS 226 ASNPLAHYDTTADEILQQCDGKLDMLVASVGTGGTITGIARKLKEKCPGCRIIGVDPEGS
DmCBS 196 AGNPLAHYDGTAAEILWQLDNKVDMIVVSAGTAGTISGIGRKIKEQVPSCQIVGVDPYGS

h Kkkhkhkk Ak khkk Kk Kk Kakkak Kk kk kkhaokk Akaokks Kk Kaekashkhkk kk

o o
hCBS 286 ILAEPEELNQTEQTTYEVEGIGYDFIPTVLDRTVVDKWFKSNDEEAFTFARMLIAQEGLL
DmCBS 256 ILARPAELNKTDVQFYEVEGIGYDFPPTVFDDTVVDVWTKIGDSDCFPMSRRLNAEEGLL

Hhk ok whkk ook Ahdhkkhhdhh hhk sk dhkkdh * % * I I I A

.
hCBS 346 CGGSAGSTVAVAVKAAQELQEGQORCVVILPDSVRNYMTKFLSDRWMLQKGFLK 389 hCBS
DmCBS 316 CGGSSGGAMHAALEHARKLKKGORCVVILPDGIRNYMTKFVSDNWMEARNFKE 367 DmCBS

Hhhd sk oo JKaee HeaohkeshHhhhhhdhd kb dhdhks ok %%k : *



Figure 3.6. Ion trap mass spectrum of CooA (A) and Fourier transform mass spectrum of
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CooA (B). The mass peak at 616 is heme in the ion trap spectrum. The low mass peaks, at 436

and 527, were present in the respective background solvent samples. FT data acquired on

predominant IT peak, 980, for 500 scans with resolution set to 400,000. FT spectrum displays

the isotope distribution of CooA’s 980 mass peak.
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Figure 3.7. Mass spectrometry-based SUPREX assay of wild type Fe(Ill) RrCooA. 23 uM
RrCooA protein H/D exchanged for 3 days with increasing guanidinium hydrochloride
(GdnHCI) gradient (0-5 M). Pepsin digestion of the quenched SUPREX reaction followed by

MALDI analysis resulted in identification of 2 DNA-binding domain peptides (depicted in

gray).
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Figure 3.8. Mass spectrometry-based SPROX assay of wild type Fe(IlI) RrCooA. 17 uM

RrCooA protein oxidized with 1 M H,O; for 3 minutes with increasing gradient of GdnHCI.

124

Trypsin digestion of the sample revealed Met “* (fushia residue) was oxidized.
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Figure 3.9. Ion trap mass spectra of as-isolated (A) and AdoMet-treated (B) DmCBS. The
mass peak at 616 is heme. Lack of a mass peak at 399 indicates the absence of AdoMet. The

other low mass peaks, including those at 239 and 409, are common plasticizers that were

present in the respective background solvent samples.
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Figure 3.10. Fourier transform mass spectra of as-isolated (A) and AdoMet-treated (B)
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DmCBS. The multiple charge states correspond to enzyme molecular weight of 56,870 Daltons

for both as-isolated (A) and AdoMet-treated (B) DmCBS.
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Scheme 3.1. CBS-catalyzed reactions. The canonical enzymatic reaction (top) condenses
homocysteine and serine to form cystathionine. Alternative cysteine synthesis CBS-catalyzed
reactions (bottom): the condensation of hydrogen sulfide with serine to form cysteine (Rxn 1)

and the B-replacement reaction between hydrogen sulfide and O-acetylserine to form cysteine

(Rxn 2).
nonical Reaction - hionine Synthesi
COOH
HS NH; NH, CBS S NH,
+ HO > HN + H0
COOH COOH COOH
Homocysteine Serine Cystathionine
Cysteine Synthesis
NH CBS NH
H,S + HO 2 ———> s 2+  H0 Rxn 1
COOH COOH
Serine Cysteine
(0]
)J\ NH, CBS NH,
H,S + o —> gs + CH;COOH Rxn 2
COOH COOH

0-Acetylserine Cysteine



Scheme 3.2. Simplified PLP-dependent catalytic mechanism of cystathionine B—synthase
(CBS) (65). In the canonical reaction (shown), CBS catalyzes the B—replacement reaction

between homocysteine and serine to form cystathionine.
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Chapter Four
Identification of Cys94 as the Distal Ligand to the Fe(IlI)
Heme in the Transcriptional Regulator RcoM-2 from

Burkholderia xenovorans

This chapter was published as:
Smith, A. T.; Marvin, K. A.; Freeman, K. M.; Kerby, R. L.; Roberts, G. P.; Burstyn, J. N.
(2012) Identification of Cys94 as the distal ligand to the Fe(IIl) heme in the transcriptional

regulator RcoM-2 from Burkholderia xenovorans, J. Biol. Inorg. Chem. 17, 1071-1082.

All mutagenic work was performed by Dr. Robert L. Kerby in the laboratory of Professor Gary
P. Roberts at the University of Wisconsin—Madison. Aaron T. Smith and Katherine M. Marvin
performed the spectroscopic characterization of the RcoM-2 variant proteins. A prepublication

version of this manuscript was included in Aaron T. Smith’s dissertation. KMFP expressed and

purified the RcoM-2 variants. KMFP prepared the final published manuscript.
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Introduction

Small, gaseous diatomic molecules, such as O,, NO and CO, are important signaling
molecules in biological systems; one method nature employs to sense these gases is interaction
of the diatomic molecule with a heme cofactor (/-6). Dioxygen binding to heme in Mb and Hb
is a well-known paradigm. Examples of heme-based O, sensor proteins, in which the dioxygen-
binding heme domain regulates function, include Rhizobium meliloti FixL (7), Bacillus subtilis
HemAT (8) and Escherichia coli DOS (9). NO is produced endogenously by nitric oxide
synthase; at physiological levels, NO plays a role in both neurotransmission as well as vascular
regulation (/0). Examples of heme-containing NO sensors include the bacterial H-NOX
proteins (/7), mammalian sGC (/2), heme-regulated elF2a kinase (/3), and the putative NO-
sensors Drosophila melanogaster DHRS51 (14), D. melanogaster E75 (15), and Pseudomonas
aeruginosa DNR (16). CO is also believed to function as a neurotransmitter in mammals,
where it is endogenously produced by heme oxygenase (/7). Examples of CO sensors include
mammalian NPAS2 (/8) and bacterial Rhodospirillum rubrum CooA (19, 20) as well as the
putative CO sensors D. melanogaster E75 (15) and D. melanogaster DHRS51 (14).

Recently, a new prokaryotic transcriptional regulator of CO metabolism (RcoM) was
isolated from the aerobic, polychlorinated biphenyl (PCB)-degrading bacterium Burkholderia
xenovorans (LB400) (21, 22). Two homologous proteins, BxRcoM-1 and BxRcoM-2, were
identified in this bacterium and share 93% sequence similarity. These proteins contain a N-
terminal PAS domain and a C-terminal LytTR domain. PAS domains frequently function as
sensors of environmental signals through the binding of small molecules and may bind various
cofactors (23). LytTR domains are DNA-binding domains that commonly function within

transcriptional regulators and may be found in conjunction with PAS sensor domains (24). In
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BxRcoM-1 and BxRcoM-2, the N-terminal PAS domain binds a b-type heme cofactor that
controls CO-dependent DNA binding (25).

Studies of BxRcoM-1 and BxRcoM-2 revealed the ligation and oxidation state changes
that occur at the RcoM heme. The BxRcoM-1 and BxRcoM-2 homologues were first isolated
under aerobic conditions, yet they each contained a six-coordinate Fe(II)CO-bound heme (21).
Aerobic photolysis of the Fe(II)CO species resulted in conversion to a six-coordinate, low-spin
Fe(IIT) heme. Site-directed mutagenesis of BxRcoM-1 identified His’* as the proximal ligand,
and spectral characterization of Fe(III) BxRcoM-2 definitively demonstrated that the protein
bears a cysteine(thiolate) ligand frans to a neutral ligand, presumably the same His’*. BxRcoM-
2 was shown to undergo a redox-mediated ligand switch in which the cysteine(thiolate) ligand
is lost upon heme reduction. The spectral signatures of Fe(II) BxRcoM-2 were consistent with
the presence of methionine frans to His'*; mutagenesis data suggested that the distal Fe(II)
ligand for BxRcoM-1, and by analogy BxRcoM-2, is Met'™ (21, 26). Methionine, a weaker
ligand than histidine, may be more easily replaced by CO; consistent with this understanding,
resonance Raman data of the heme-CO adduct in BxRcoM-2 were indicative of CO binding
trans to the proximal His"* (26). Thus, the proximal ligand His’* remains constant during
redox- and CO-binding events while the distal ligand is exchanged in order to allosterically
modulate BxRcoM DNA-binding behavior to initiate transcription. Although the mutagenesis
studies were on BxRcoM-1 and the spectroscopic studies were on BxRcoM-2, the presence of
His"* and Met'" in the N-terminal PAS domains of both proteins implies that the same amino
acids are the Fe(II) ligands in these two closely related homologues.

The identity of the cysteine ligand remained in question. Only three cysteine residues

are found in the sequences of BxRcoM-1 and BxRcoM-2: Cys®*, Cys'* and Cys'*’. All three
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cysteine residues were considered as potential Fe(III) ligands, since they all occur within the
heme-binding PAS domain. We examined sequences of 16 homologous RcoM proteins to
determine the degree of conservation of these three cysteine residues (27). Cys™ and Cys'?’ are
not well conserved. Cys’* appears in only three proteins, BxRcoM-1, BxRcoM-2, and the RcoM
homologue of Alkalilimnicola ehrlichei. Cys'*’ appears only twice, in BxRcoM-1, BxRcoM-2.
In contrast, Cys"" is moderately conserved, appearing in 8 of the 16 RcoM homologues. Thus,
amino acid conservation suggests that Cys'” is the most likely candidate for the cysteine
ligand. Examination of sequences of other Burkholderia species revealed evidence for two
putative RcoM proteins in Burkholderia cepacia. Sequence alignments of BxRcoM-1 and -2
with the postulated RcoM proteins from B. cepacia strains CH1-1 and BH160 show 88% and
85% amino acid identity, respectively (Figure 4.1). Two of the three cysteines are conserved

0 Tn place of Cys'*" is Ser'*” in the B. cepacia BH160

among all four proteins: Cys’* and Cys
sequence, suggesting that Cys'?’ is least likely to be the heme ligand in the BxRcoM proteins.
Both Cys” and Cys"* are conserved, and are therefore more likely candidates.

Herein, we present identification of Cys’* as the cysteine(thiolate) ligand to the Fe(III)
heme in BxRcoM-2. Because there were only three cysteines, we chose to isolate variants in
which each of the three was altered; surprisingly, the evidence unequivocally identifies Cys* as
the thiolate ligand. Spectroscopic signatures of the three BxRcoM-2 variants—C94S, C1278,
and C130S—were studied using electronic absorption, resonance Raman (rR) and electron
paramagnetic resonance (27) spectroscopies. The Fe(IIl) C94S variant exhibits differences in
its spectroscopic features from those of WT Fe(Ill)BxRcoM-2 and the other variants, and the

spectral signatures of Fe(III) C94S are inconsistent with coordination of a cysteine(thiolate)

ligand to the Fe(III) heme.
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Materials and Methods

Materials. Glycerol (>99.5%) and all chemicals used in buffer preparation (>99.5 %) were
purchased from Sigma-Aldrich and used as received. Potassium ferricyanide (K;[Fe(CN)g])
(certified ACS grade) was purchased from Sigma-Aldrich and used as received. Sodium
dithionite (NaxS,04, 85%) was purchased from Fluka and stored under Ar, at -20 °C until

used. A CO gas (99.5%) cylinder was obtained from AGA.

Mutagenesis, Isolation, and Purification of BxRcoM-2 Variants. Variant proteins were
generated by mutagenesis of the cloned BxRcoM-2 (21) according to the QuikChange protocol
(Agilent Technologies [Stratagene], Santa Clara, CA). Sequences of all constructs were verified
with BigDye v. 3.1 reaction chemistry (Life Technologies [Applied Biosystems], Carlsbad,
CA) and subsequent analysis by the University of Wisconsin—Madison Biotechnology Center
DNA sequencing facility.

Isolation and purification of the BxRcoM-2 variants was similar to our previous reports
(21, 26). Briefly, E. coli VIS6737 (28) bearing the pEXT20 expression vector (29) for the
appropriate variant was cultivated in rich medium supplemented with ferric citrate. Isopropyl -
D-thiogalactopyranoside (IPTG) 7 uM was used to induce expression for 18-20 h at 28°C.
Cells were pelleted by centrifugation (10,000 x g, 10 min), resuspended in lysis buffer (50 mM
MOPS, pH 7.5, 500 mM KCI and 0.5 mM DTT) and lysed by passage through a French press.
A Ni-NTA column (Qiagen, 8 mL resin volume) was pre-equilibrated with 10 mM imidazole,
50 mM MOPS pH 7.5, 500 mM KCIl. The cell supernatant (25 mL) was applied slowly, and the
column was washed successively with 10 mM imidazole (2 column volumes) and 50 mM

imidazole (1 column volume), in the same buffer. Finally, protein was eluted with 220 mM
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imidazole. The protein was precipitated at 55%-saturated (NH4)2SO4 (v/v) with incubation on
ice for 30 minutes and brief centrifugation. The protein pellet was dissolved in 500 pL 25 mM
MOPS, pH 7.4 and 500 mM KCI, applied to a buffer-equilibrated Sephadex G-25 column, and
eluted in the same buffer. The desalted protein was stored at -80 °C. Protein concentrations
were determined using the BCA method (Pierce, Rockford, IL); SDS-PAGE verified protein

purity was >90%; heme content was determined using the pyridine hemochromogen assay (30).

Electronic Absorption Spectroscopy. Electronic absorption (EA) spectra were recorded on a
double-beam Varian Cary 4 Bio spectrophotometer set to a spectral bandwidth of 0.5 nm.
Spectra were acquired at room temperature for samples of protein prepared, as indicated in the
figure legends, in either 25 mM MOPS buffer, pH 7.4, or 25 mM EPPS buffer, pH 8.0, with
500 mM KCIl. Oxygen was removed from anaerobic samples by flowing argon gas through the
headspace of a septum-sealed cuvette for at least 10 minutes. Reduction of Fe(IIl) protein
samples was accomplished either by adding an anaerobically prepared stock solution of sodium
dithionite to achieve a final sample concentration of 1-5 mM or by adding a few solid crystals
of sodium dithionite to the protein sample solution with argon gas flowing in the cuvette
headspace. The Fe(I)CO adducts were prepared by the injection of CO via gas-tight syringe
into the headspace of a septum-sealed cuvette containing the Fe(III) or as-isolated protein,
followed by gentle agitation of the sample and addition of the dithionite reductant. Final protein
and heme concentrations ranged from 7-10 uM, and 100-200 pL of CO gas was injected, as

appropriate, to give complete conversion to the Fe(II)CO adduct.
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Reoxidation of the Fe(Il) BxRcoM-2 variants. Protein that was present in the Fe(Il) state to a
significant extent after purification was reoxidized using potassium ferricyanide, K3;[Fe(CN)s].
A stock solution of potassium ferricyanide (500 pL, 25 mM) was prepared by dissolving 4-5
mg of solid K3[Fe(CN)¢] in 500 pL of 25 mM MOPS pH 7.4 with 500 mM KCI. This stock
solution was added to the protein sample to a final concentration of 1-2 mM. The mixture was
allowed to react for 20-30 minutes. The protein solution was loaded onto a YM-30 Amicon
Ultra spin concentrator (Millipore) and washed 4 times by concentration and dilution into fresh
MOPS buffer (25 mM pH 7.4, 500 mM KCI) using a table-top centrifuge (RCF 15,000 x g) to
remove excess K;[Fe(CN)g]. Final heme and protein concentrations were determined using the

pyridine hemochromogen (30) and BCA assays (Pierce, Rockford, IL), respectively.

EPR Spectroscopy. X-band electron paramagnetic resonance (27) spectra were collected on a
Bruker ELEXSYS E500 equipped with an Oxford ESR 900 continuous flow liquid helium
cryostat and an Oxford ITC4 temperature controller maintained at 10 K. The microwave
frequency was monitored using an EIP model 625A CW microwave frequency counter. Protein
samples were prepared, as indicated in the figure legends, in either 50 mM borate, pH 8.0, or in
25 mM MOPS, pH 7.4, with 500 mM KCI. Samples were transferred to a quartz EPR tube via
small-bore tubing (connected to a gas-tight syringe) and frozen in liquid nitrogen. Samples of
approximately 150 pL had a final concentration range of 80-250 uM heme. For all samples,

scans of 0 - 10,000 Gauss revealed no signals other than those reported.

Resonance Raman Spectroscopy. Resonance Raman (rR) spectra were obtained with an

excitation wavelength of 413.1 nm from a Coherent I-302C Kr" laser. Low incident laser
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powers of <20 mW were focused with a cylindrical lens onto the sample. The frozen protein
samples, prepared as described for EPR (vide supra), were placed in a quartz dewar and
maintained at 77 K in liquid nitrogen to reduce local heating. Light was scattered in an
approximately 135° geometry (relative to the sample) and dispersed by an Acton Research
triple monochromator with gratings of 2400 grooves/mm. Scattered light was detected using a
liquid nitrogen-cooled CCD camera (Princeton instruments) under computer control using
Spectrasense software. Peak positions were calibrated relative to the ice peak at 228 cm™ or a
Na,SO4 peak at 981 cm’’. Windows centered at 650, 1250 and 1850 cm’' were overlaid for a
total frequency range of 150-2250 cm™'. IGOR Pro software v. 6.0 (Wavemetrics, Inc.) was
used to import and process all spectral data. Spectral deconvolutions were achieved using
IGOR Pro software v. 6.0. Peaks were generated by direct combination of a series of Gaussian
curves; the amplitudes and frequencies of the Gaussian curves were manually adjusted until the
residuals between the native peak and the fitted peak were minimized. Major vibrational modes
are assigned based on comparison with those of other heme proteins and the work of Kitagawa

and Spiro (37-35).
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Results

Characterization of C127S and C130S BxRcoM-2. The electronic absorption spectra of
purified C127S and C130S BxRcoM-2 are most consistent with a low-spin, six-coordinate
Fe(III) heme ligated by a cysteine(thiolate) and a neutral ligand, presumably His’* as in WT
BxRcoM. Thiolate-to-low spin Fe(Ill) charge transfer gives rise to an intense 8 band and two
low-energy ligand-to-metal charge transfer (LMCT) transitions, and these characteristic
features are present in the electronic absorption spectra of C127S and C130S. The spectrum for
C127S (Figure 4.2¢) displays a well-resolved delta (8) band at 354 nm; a sharp, intense Soret
(v) peak at 422 nm; a broad, asymmetric absorption envelope consisting of a and § bands at
562 and 537 nm, respectively; and a pair of weak LMCT transition bands at 648 and 728 nm.
Peak positions for C130S are similar (Figure 4.2b). The electronic absorption spectra of these
variants differ only marginally from those of WT, suggesting that the heme environments are
similar (Figure 4.2, Table 4.1). Reduction (via addition of sodium dithionite) and CO binding to
either C127S and C130S results in spectral changes nearly identical to those observed in WT
BxRcoM-2 (Table 4.1), suggesting that the reduction and CO binding behaviors of these
variants are also similar to those of WT.

Comparison of the resonance Raman spectra of C127S and C130S to that of WT
Fe(Il)BxRcoM-2 (Figure 4.3) support the presence of a low-spin, six-coordinate Fe(IIl) heme
with a cysteine(thiolate) ligand in each variant. Porphyrin stretches in the mid-frequency region
(1300-1700 cm™) are sensitive to the oxidation state of the heme iron (v4), its spin state and
coordination number (vs va, vio) (33, 34). Assignments for these bands in WT Fe(Ill)BxRcoM-2
were reported previously (26), and the high-frequency spectrum of C127S variant bears a

striking resemblance to that of WT (Figures 4.3c and 4.3a, respectively). Similarly, the
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spectrum of the as-isolated C130S protein overlaps closely with that of Fe(III) WT BxRcoM-2
(Figures 4.4b and 4 4a, respectively); however, additional bands indicate there is a mixture of
Fe(III) and Fe(I) in the as-isolated sample. The spectrum of C130S oxidized with potassium
ferricyanide (Figure 4.3b) is almost identical to that of WT Fe(III)BxRcoM-2, and is most
consistent with a six-coordinate, low-spin Fe(III) heme; a shoulder persists in the oxidation-
state marker band, v4, indicative of residual Fe(Il) even after oxidation. Based on comparisons
to rR spectra of other cysteine(thiolate)-ligated hemoproteins (36-38), an iron-sulfur stretching
mode, Vre-s, was tentatively identified in the low-frequency region of the WT Fe(Ill)BxRcoM-2
rR spectrum at 310 cm’! (26). A similar, broad vg.s band is observed at 308 cm for C127S
(Figure 4.5¢) and at 309 cm™ for C130S (Figure 4.5b).

Electron paramagnetic resonance (27) spectroscopy is also indicative of a low-spin, six-
coordinate Fe(III) (S = '2) heme with a cysteine(thiolate) ¢rans to a second, neutral ligand in
both C127S and C130S. The EPR spectrum of Fe(IlI) C127S (Figure 4.6¢) displays a
characteristic rhombic signal with g values of 1.91, 2.27, and 2.44 corresponding to gx, gy and
gz, respectively. Similarly, the thombic EPR signal of Fe(III) C130S (Figure 4.6b) exhibits g
values of 1.88,2.27, and 2.50. For each variant, the g values are comparable to those obtained
for WT Fe(IlI)BxRcoM-2 (Figure 4.6a, Table 4.2). Slightly more basic pH and altered buffer

conditions may account for differences in the observed g values among the variants and WT

BxRcoM-2. A second minor EPR signal with an axial g anisotropy (g; = 5.8) is also observed

for the variants C127S and C130S (both as-isolated and reoxidized). This signal is due to a
small amount of high-spin Fe(IIl) heme present, consistent with rR spectra where a small five-

coordinate high-spin band is observed at approximately 1490 cm™ (v;) for both variants (Figure
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4.3). Taken together, the electronic absorption, rR and EPR data for the Fe(IIl) C127S and

Fe(IIT) C130S variants affirm the native His/Cys(thiolate) ligation motif is maintained.

Characterization of C94S BxRcoM-2. Electronic absorption spectroscopy of purified C94S is
strongly suggestive that Cys’* is the Fe(IIl) heme ligand in WT BxRcoM-2. Unlike the C127S
or C130S variants, electronic absorption spectra of C94S are most similar to those of Fe(III)
hemes lacking a cysteine(thiolate) ligand (Figures 4.2d and 4.2¢; Table 4.1). The as-isolated
C94S Soret band at 418 nm is broader than that of WT BxRcoM-2, and the a/f bands at 561
and 532 nm, respectively, are more well-defined than those expected for a six-coordinate, low-
spin Fe(III) heme with Cys/His axial ligands. The pronounced, characteristic 6 band of thiolate
ligation is absent; in its place is a weak Soret shoulder near 360 nm. Only one LMCT band at
640 nm is observed, again suggesting that thiolate ligation is absent. Like the C130S variant, rR
analyses initially indicated that C94S was purified as a mixture of the Fe(II) and Fe(III)
oxidation states. In contrast to the C130S variant, however, only a weak EPR signal was
initially detected (vide infra). Unlike the C130S variant, oxidation of the C94S variant by
potassium ferricyanide resulted in a 3-nm blue-shift of the Soret band to 415 nm, a slight
decrease in the intensity of the § band shoulder, and slight shifts in the o/f3 band positions to
562 and 530 nm, respectively. Additionally, a band at 632 nm appeared suggesting that a high-
spin Fe(IIT) heme was formed (39). The observed electronic absorption spectral features are
most similar to proteins with a mixture of high- and low-spin Fe(IIl) hemes and without a
cysteine(thiolate) ligand, such as metMb, AXPDEA1H and M¢DosH (39, 40). Electronic

absorption spectra of Fe(II) and Fe(I[)CO C94S are virtually identical to those of WT BxRcoM
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(Table 3.1), suggesting that the reduction and CO binding behaviors of the C94S variant are
unperturbed.

The 1R spectrum for as-isolated C94S (Figure 3.4d) displays oxidation and spin-state
marker bands consistent with a mixture of oxidation states, similar to those of the C130S
variant. Addition of potassium ferricyanide to as-isolated C94S results in a sharpening of the
oxidation state marker band with one major frequency exhibited at 1371 cm™ (Figure 4.3d),
indicative of Fe(III) as the majority heme iron oxidation state. A v3 shoulder, likely due to
residual Fe(II), persisted in all of the studied samples. The high-frequency region that contains

the spin and coordination-state marker bands (v, and v,) displays broadened bands at 1493 and
1503 cm™ (v;) and 1562 and 1577 cm™ (v,). These band positions are indicative of a mixture of
low-spin and high-spin Fe(IIl) hemes, which is most similar to what is observed in the met
forms of Fe(III)AxPDEA1H and Fe(IlI)MtDosH (40). In addition, the spin-state marker band
V,, 18 not observed in the rR spectrum of C94S, unlike the v,, band of the Fe(Ill) forms of WT,
C130S and C127S BxRcoM-2. Presumably, v,, in C94S is shifted to lower energy and is hidden
due to overlap with the strong, Gaussian-shaped v__, band at 1622 cm™.

Distinct differences in the low frequency region of the resonance Raman spectrum of
C94S support the conclusion that Cys™ is the native cysteine ligand. In the region where vy, g is
typically seen, there is a band at 304 cm™ that is sharpened and downshifted relative to the
comparable band of WT BxRcoM-2 (Figure 4.5). This 304 cm™ mode might plausibly be
attributed to a Fe-S(thioether) stretch, since Met' is the distal Fe(II) ligand; however, we
believe that this mode is actually a porphyrin vibration. Gaussian deconvolution of the broad

Vs bands of Fe(Ill) WT, C130S, and C127S BxRcoM-2 (Figure 4.5) generated best fits with
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three overlapping components. For the C94S spectrum a single Gaussian was sufficient to fit
the sharp band at 304 cm™'. Because the 304 cm™ component peak is present in the low energy
R region of WT BxRcoM-2 and all the variants, we assign this band to a porphyrin mode. We
attribute the two higher-energy components (313 cm™ and 321 cm™) of Fe(IlT) WT, C130S, and
C127S BxRcoM-2 to v, . These vg, g bands overlap with the porphyrin mode centered at 304
cm’, like that of Cys-ligated NPAS2 (41). A new, intense band at 226 cm™ is seen in the rR
spectrum of C94S reacted with potassium ferricyanide, which we tentatively assign as the v, y;,
stretch of the proximal ligand His™. The rationale for this assignment is the large resonance
enhancement of the vy, y;, stretch, which typically appears in the 220-270 cm™' region. This
intense feature is typically observed in five- and six-coordinate ferrous hemoproteins with an
axial His ligand, such as oxyMb, oxy and deoxyHb, microperoxidase, BjFixLH, and MfDosH
(40, 42-44). A similarly intense Fe-His stretch is observed in five-coordinate ferric metMb (45).
EPR characterization of C94S provides confirmation that Cys’* is the sixth ligand to the

Fe(IIT) heme in WT BxRcoM-2. Data collected for the as-isolated C94S revealed no distinct set

of rhombic signals between 2400 — 3800 G; however, a low intensity axial signal at g, = 5.8

was observed, consistent with a high-spin Fe(III) heme. Addition of ferricyanide to the as-

isolated form of C94S resulted in an increase in intensity (Figure 4.6d) of this high spin axial

signal with g, =5.82 and g|| = 2.00. This axial spectrum is typical of high-spin hemoproteins

such as aquo metMb and high-spin cytochrome c oxidase (46, 47). The EPR spectrum of the
C94S protein (Figure 4.6d) also contains small rhombic signal that we attribute to the fraction
of low-spin Fe(III). The g anisotropy of this low spin signal is comparable to those of WT

BxRcoM, C127S and C130S, suggesting that Cys'*’ or Cys'"** may replace Cys’* in a fraction
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of the C94S protein. The fact that the EPR spectrum of C94S exhibits predominantly high-spin
Fe(III), and not low-spin Fe(III) like that of WT BxRcoM-2, is clear evidence that the cysteine
ligand has been lost in this variant. Taken all together, our spectral data implicate Cys™ as the

distal Fe(III) heme ligand in BxRcoM-2.
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Discussion

Numerous heme proteins are implicated in sensing and transport of small molecules (/,
4, 6); discrimination among the gaseous signal transducers O,, NO, and CO requires a
recognition mechanism that is not based on charge, shape, or size because these gases cannot
be readily differentiated by these methods. Instead, heme proteins must modify their affinity for
small molecules by altering the iron redox potential, oxidation state, spin state, distal or
proximal ligands, or interactions of the gas molecule with residues in the heme-binding pocket
(2). Functional activity of gas-sensing heme proteins is frequently linked to the nature of the
heme-binding environment. One element of control utilized to poise the heme for gas binding is
a redox-mediated ligand switch; however, the discriminatory binding of gas molecules is
modulated by a combination of factors that a redox-mediated ligand switch alone cannot
confer. In many cases, a series of events occurs in which the heme iron atom changes oxidation
and ligation states preceding gas binding; the final step of regulation is commonly achieved
upon stabilization of the correct effector molecule in the heme-binding pocket.

In the O, sensor EcDOS, binding of O, to heme regulates phosphodiesterase activity (3,
48). The EcDOS Fe(Ill) heme, bound within a PAS domain, is coordinated by a histidine
residue (His"') and an exogenous water molecule (49). Reduction of the heme to Fe(II) results
in replacement of the coordinated water by a methionine (Met”) as the distal heme ligand (50,
51). O, binding to Fe(I[)EcDOS proceeds via replacement of the weakly-bound Met” thioether
group. Structural and spectroscopic studies have revealed that charge build-up on the
coordinated O,, which does not happen upon CO or NO binding, is neutralized via the

guanidinium group of Arg’’ (49, 51, 52). The environment of the heme-binding pocket in
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EcDOS enables the protein to enhance selectivity for O, over CO or NO and prevents
autoxidation of the heme iron upon O, binding (3, 52, 53).

The heme-regulated elF2a (HRI) kinase, which regulates globin synthesis in
reticulocytes in response to available heme levels, is a multidomain heme protein with two

distinct heme-binding sites, one of which is a low-spin, six-coordinate heme-thiolate center that

409 119 120)

functions as a NO sensor (54, 55). Cys ™ of the kinase domain and a histidine (His "~ or His
of the N-terminal domain serve as ligands to this NO-binding heme. Characteristics of
cysteine(thiolate) coordination are lost following reduction, suggesting that either a ligand
switch or protonation to a cysteine(thiol) occurs to stabilize the more electron-rich Fe(Il) heme
(56, 57). HRI kinase activity is specifically upregulated by formation of a five-coordinate NO
adduct, which occurs due to the strong frans influence of NO and the weakly-coordinating
nature of the His ligand. CO binding opposite the anchoring histidine, forming a six-coordinate
species, suppresses activity in HRI, and reaction with O, results in autoxidation (55). It is
postulated that NO binding releases inhibition by the HRI heme domain, while binding of other
gas signaling molecules does not (56).

RrCooA is the first-known and best-characterized CO gas sensor. This homodimeric
protein binds a heme b cofactor within each monomer and utilizes heme-dependent control to
regulate expression of genes encoding CO-metabolizing enzymes (20, 59, 60). The Fe(III)
heme in RrCooA is low-spin and six-coordinate; the axial ligands to the Fe(IlI) heme are a
cysteine(thiolate) (Cys’) and the N-terminal proline (Pro”) from the other monomer of the
dimer (6/-63). Reduction of the heme iron results in replacement of the cysteine(thiolate)

ligand (Cys’®) with histidine (His”") (63, 64). RrCooA is unusual in that the weakly coordinated

N-terminal proline (Pro?) is retained during the redox exchange and thereafter is replaced by
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the exogenous CO molecule (62, 65). Binding of CO initiates conformational changes that are
propagated along the dimer interface, ultimately resulting in DNA binding (62, 65-68).
Addition of O, to Fe(II)RrCooA results in autoxidation, which reverts the protein to the Cys-
His axial coordination characteristic of the Fe(Ill) heme (20). NO reacts with either Fe(IIl) or
Fe(II) RrCooA to form a five-coordinate Fe(II)-NO heme, which is inactive toward DNA
binding (69). Thus, RrCooA is also able to discriminate between O, CO, and NO, and regulate
the biological response of R. rubrum to its environment.

In a manner similar to R¥CooA, the isolated PAS-A domain of the mammalian CO
sensor NPAS2 bears an Fe(III) heme that is low-spin and is ligated by a His/Cys(thiolate)
motif. Upon reduction of the Fe(III) heme, the cysteine(thiolate) ligand (Cys”o) is replaced

with a strong donor, postulated to be the deprotonated side chain of His'’' (41). One of the

119 171 -

histidines is then released to bind CO: whether this is His' ~ or His " is not clear. CO-
dependent signaling is transduced through the PAS-A domain via disruption of a hydrogen-
bonding network, which ultimately causes dissociation of NPAS2 from its heterodimeric
partner BMAL1. Dissociation of the DNA-binding NPAS2-BMAL1 complex prevents
transcription of per and cry genes, both of which are involved in regulation of the circadian
clock (18, 41, 70). NPAS?2 is reported neither to bind O, reversibly nor to interact with NO
(18). The structural basis for this discrimination is unknown, but it is hypothesized that
secondary interactions in the heme-binding pocket contribute.

Recent spectroscopic studies and in vivo functional assays have linked the heme-
containing BxRcoM proteins to aerobic CO sensing (27, 26). Similar to other small-molecule

sensor proteins that respond to O,, CO, and NO binding, BxRcoM function is modulated by the

oxidation state of the heme iron and by the ligand environment of the heme cofactor. Our prior
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studies demonstrated that BxRcoM-2 is a cysteine-ligated heme protein that undergoes a redox-
mediated ligand switch (26). In the Fe(IIl) state, the proximal ligand is inferred to be His™
based on sequence similarity to and site-directed mutagenesis studies of the homologous
BxRcoM-1 protein (vide supra) (21). The BxRcoM-1 and -2 proteins contain three cysteine
residues as the potential distal ligand to the Fe(IIT) heme: Cys”*, Cys'*” and Cys"*’. Given the
involvement of cysteine(thiolate) residues in redox-mediated ligand switches, which appear to
prime gas-regulated hemoproteins for effector-mediated response, we set out to identify the
Fe(IIT) BxRcoM cysteine(thiolate) ligand.

Herein, Cys’* was identified as the distal Fe(III) heme ligand in BxRcoM-2. Sequence
alignments of putative RcoM homologues suggested Cys'*” was the more likely heme ligand
candidate. Three cysteine-to-serine variants were generated, and unlike the other studied
variants, spectral data strongly suggest that C94S does not possess the native low-spin Fe(III)
heme with His/Cys(thiolate) coordination. The EPR spectrum of C94S was dominated by an
axial signal characteristic of high-spin heme, providing the most compelling evidence that the
strongly donating thiolate axial ligand was absent. A minor low-spin component was also
observed, suggesting that a sixth ligand may bind in place of Cys’* in a small population of the
Fe(III) C94S variant. Give the apparent g anisotropy of this weak low-spin signal, we speculate

1% the most conserved of the three cysteines, or possibly Cys'>’, may replace the

that Cys
native Cys’*. The electronic absorption spectrum of C94S lacked the well-resolved & band and
the two weak LMCT bands in the visible region characteristic of a low-spin thiolate-ligated

heme. Furthermore, rR data suggested that the Fe-S stretch was absent, and a new band at 226

cm’' was tentatively assigned as a vy, ;. mode of a high-spin heme. Thus, all the spectral data

point to Cys™ as the heme ligand in BxRcoM-2 although this residue is not highly conserved
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among RcoM proteins. It remains to be seen whether other RcoM proteins bear heme, whether

they employ cysteine coordination, or whether Cys'”

plays some other role in signal
transduction in these proteins.

In combination with our past results on the BxRcoM proteins, these data illustrate a
mechanism by which the BxRcoM proteins utilize changes in oxidation and ligation states at
the heme cofactor to poise the protein to respond to CO (Scheme 4.1). BxRcoM proteins are
members of a family of cysteine(thiolate)-coordinated heme proteins that undergo redox-
mediated ligand exchange and selective ligand replacement as components of the machinery to
affect protein function. As shown in Scheme 1, reduction of the low-spin, six-coordinate Fe(III)
heme center in BxRcoM results in the loss of the cysteine(thiolate) distal ligand; this ligand is
now known to be Cys”*. Loss of a cysteine(thiolate) ligand from a low-spin six-coordinate
heme serves as a priming reaction that prepares BxRcoM to respond to its effector molecule,
similar to what is observed in R*CooA and NPAS2. BxRcoM Cys™ is replaced by a neutral,
weakly-bound ligand, presumably Met'**; Met'** is then replaced by CO. Met'®* serves an
analogous function to Met” in the heme-PAS O,-sensor EcDOS (49, 71), as the more weakly
bound, more readily replaced ligand in a low-spin six-coordinate heme complex. Thus, the
BxRcoM proteins utilize a hybrid of the strategies seen in RrCooA, NPAS2, and EcDOS to
ready themselves for gas-dependent transcriptional activation. Ultimately, the redox-mediated
ligand switch from Cys94 [Fe(II)] to Met'® [Fe(I)] is crucial to maintaining the sensitivity of
the BxRcoM proteins to CO; however, the exact discriminatory nature of the RcoM proteins for

CO over O, and NO, and the mode of propagation of this signal to the LytTR DNA-binding

domain are still unknown.
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Future Directions

Cys™ is the distal ligand to the Fe(IIT) heme in RcoM-2 and, by analogy, RcoM-1, the
CO-responsive transcriptional regulators from B. xenovorans. In this study we altered all three
cysteines, generating cysteine-to-serine variants (C94S, C127S and C130S). The electronic
absorption, rR and EPR spectra of C127S and C130S variants are similar to those of WT
BxRcoM-2, consistent with retention of a Cys(thiolate) ligand to the Fe(III) heme. By contrast,
the spectral features of the C94S variant spectral features are inconsistent with Cys(thiolate)
ligation at the Fe(III) heme. In combination with our previous results, these data reveal a
complete picture of the redox-mediated ligand switch that occurs at the heme cofactor in the
RcoM proteins; however the mechanism by which CO binding is transmitted to the LytTR
DNA-binding domain to regulate function is yet to be elucidated.

We believe one of the Fe(Il) heme ligands of RcoM is methionine, with the other a
neutral ligand (presumably histidine). To establish methionine as an Fe(Il) ligand, I established
a protocol for minimal media expression of selenomethionine-modified BxRcoM-2.
Incorporating selenomethionine into BxRcoM-2 will enable spectroscopic characterization for
the verification of methionine as one of the Fe(Il) heme ligands. The E. coli VIS6737 (28)
strain bearing the pEXT20 expression vector for BxRcoM-2 requires a robust minimal medium;
the key to cell growth is the presence of Kao and Michayluk vitamin solution (see Appendix for

recipes).
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Table 4.1. Comparison of electronic absorption peak positions (nm) for the CxxS BxRcoM-2

variants with WT BxRcoM-2 in the Fe(Ill), Fe(Il) and Fe(II)CO states.

Electronic Absorption

Fe(III) Ligands S Soret B o LMCT Ref.
WT BxRcoM-2 Cys/His 354 423 541 565 640, 730 (26)
C130S® 356 422 539 561 640, 720 a
C127S* 354 422 537 562 648,728 a
C94S° sh* 418 532 561 640 a
C94S + ferricyanide sh* 415 530 562 632 a
Fe(II)

WT BxRcoM-2 Met/His 425 532 562 (26)
C130S 425 532 562 a
C127S 424 532 562 a
C94S 425 532 562 a
C94S + ferricyanide 426 531 562 a
Fe(INCO

WT BxRcoM-2 His/CO 423 540 570 (26)
C130S 423 540 569 a
C127S 423 539 568 a
C94S 423 540 570 a
C94S + ferricyanide 423 540 570 a

“This work. "This data is provided for the protein as isolated; the sample may contain a
fraction of the Fe(II) form. “Shoulder.
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Table 4.2. Comparison of EPR g values for the CxxS BxRcoM-2 variants with WT BxRcoM-2.

EPR

Protein Ligands g, g g, Ref.

WT BxRcoM-2 His/Cys 2.52 2.28 1.88 pH 8.0 (26)

C130S" BxRcoM-2 2.50 2.28 1.87 pH74 a

C127S BxRcoM-2 2.44 2.27 1.91 pH74 a
g 8l

C94S” BxRcoM-2 5.82 2.00 pH74 a

“This work. "The spectrum was obtained after reaction of the as-isolated protein with

ferricyanide.




Figure 4.1. Sequence alignments of B. xenovorans RcoM-1 (UniProt accession no. Q13YL3;
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NCBI gi:123168453) and -2 (UniProt accession no. Q131Y4; NCBI gi:122969446) with two

putative RcoM proteins from B. cepacia H160 (UniProt accession no. BSWBI7) and B. cepacia

CHI1-1 (UniProt accession no. DSNGO5). All Cys residues are boxed in black; the appropriate

numbering is indicated above an inverted arrow (¥'). The alignments show high amino-acid

conservation among all sequences, including complete conservation of Cys* and Cys'”, but not
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Figure 4.2. Electronic absorption spectra of purified a) WT BxRcoM-2, b) C130S, c¢) C127S, d)
C94S and e) C94S reacted with potassium ferricyanide. Spectra of samples a-d were taken of
the protein as isolated; the spectrum of sample e was taken after oxidation of the protein with
potassium ferricyanide and removal of excess oxidant via a spin concentrator. Sample a)

contained 12 uM heme in 25 mM EPPS pH 8.0 with 500 mM KCIl; samples b-e) contained 8-

10 uM heme in 25 mM MOPS pH 7.4 with 500 mM KCI.
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Figure 4.3. Resonance Raman spectra of a) WT Fe(IlI)BxRcoM-2 compared to b) C130S

reacted with potassium ferricyanide, ¢) C127S and d) C94S reacted with potassium

ferricyanide. Sample a) contained 250 uM heme in 50 mM borate pH 8.0 with 500 mM KClI;

samples b-d) contained 80-170 uM heme in 25 mM MOPS pH 7.4 with 500 mM KCI. Spectra

were acquired with 8-15 mW of power at the frozen (77 K) sample using the 413.1 nm Kr"

laser line. Key porphyrin stretching modes are noted, including major oxidation and spin state

marker bands (v2, v3, v4 and vjo) and the putative Fe-S stretch band (Vge.s).
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Figure 4.4. Resonance Raman spectra of a) WT Fe(Ill) BxRcoM-2 compared to b) C130S
BxRcoM-2, c¢) C127S BxRcoM-2 and d) C94S BxRcoM-2 as isolated. Sample a) contained 250
uM heme in 50 mM borate pH 8.0 with 500 mM KCl; samples b-d) contained 80-170 uM
heme in 25 mM MOPS pH 7.4 with 500 mM KCI. Spectra were acquired with 8-15 mW of
power at the frozen (77 K) sample using the 413.1 nm Kr" laser line. Key porphyrin stretching

modes are noted, including major oxidation and spin state marker bands (v,, v;, v, and v,,) and

the putative Fe-S stretch band (vg.).
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Figure 4.5. Low frequency resonance Raman spectra of a) WT Fe(Ill)BxRcoM-2 compared to
b) C130S reacted with potassium ferricyanide, ¢) C127S and d) C94S reacted with potassium
ferricyanide. Sample a) contained 250 uM heme in 50 mM borate pH 8.0 with 500 mM KClI;
samples b-d) contained 80-170 uM heme in 25 mM MOPS pH 7.4 with 500 mM KCI. Spectra
were acquired with 8-15 mW of power at the frozen (77 K) sample using the 413.1 nm Kr"
laser line. Key stretching modes are noted, including the Gaussian deconvolution of the
putative Fe-S stretch band, vr..s, the overlapping porphyrin mode, vp,r, and the putative Vre.pis
stretch. Peak positions are indicated for the putative porphyrin stretching mode vp,, that

overlaps with Vge.s.

a) WT RcoM-2 =~ >
o ?LO - d‘_)
b c‘f_) ™

b) C130S +
Ferricyanide

c) C127S

Raman Intensity

........

d) C94S +
Ferricyanide

200 240 280 320
Raman Shift (cm )



190

Figure 4.6. X-band EPR spectra of a) WT Fe(IlI)BxRcoM-2 compared to b) C130S reacted
with ferricyanide, ¢) C127S and d) C94S reacted with ferricyanide. Sample a) contained 250
uM heme in 50 mM borate pH 8.0 with 500 mM KCI; samples b-d) contained 80-170 uM
heme in 25 mM MOPS pH 7.4 with 500 mM KCI. The spectra were recorded at 10 K, 9.38
GHz microwave frequency, <5 mW microwave power, 65 dB receiver gain, 8.00 G
modulation amplitude, 100 kHz modulation frequency, 81.92 ms time constant and used 20
added scans, each containing 2048 data points, except for: a) 9.36 GHz microwave frequency,
8.31 G modulation amplitude, 163.84 ms time constant; ¢) 9.36 GHz microwave frequency,

8.31 G modulation amplitude, 10 averaged scans; d) 10.02 mW microwave power.
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Scheme 4.1. Pictorial depiction of the varying heme coordination environments in BxRcoM.
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Chapter Five
Purification and Characterization of
Cystathionine 3-Synthase Bearing a

Cobalt Protoporphyrin

A version of this chapter was published as:
Majtan, T.; Freeman, K. M.; Smith, A. T.; Burstyn, J. N.; Kraus, J. P. (2011) Purification and
characterization of cystathionine B-synthase bearing a cobalt protoporphyrin, Arch. Biochem.

Biophys. 508, 25-30.

All expression, purification, and activity assays of CoCBS were performed by Tomas Majtan in
the laboratory of Professor Jan P. Kraus at the University of Colorado. Aaron Smith performed
electronic absorption measurements. KMFP performed the metal analysis of CoCBS. This

chapter was substantially edited and rewritten from the published manuscript by KMFP.
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Introduction

Cystathionine B-synthase (CBS) is the first enzyme in the transsulfuration pathway in
which the toxic intermediate homocysteine is converted to cysteine and ultimately to
glutathione. A deficiency in CBS activity, primarily due to the presence of missense mutations,
is the most common cause of homocystinuria, an inherited metabolic disease characterized by
elevated plasma homocysteine and methionine levels and by symptoms such as dislocated optic
lenses, vascular manifestations, skeletal deformities and mental retardation (/).

Human CBS is a homotetramer composed of 63 kDa subunits each with 551 amino acid
residues. Each subunit has a modular structure consisting of three domains: an N-terminal heme
binding domain, a highly conserved pyridoxal-5’-phosphate (PLP)-binding catalytic core, and a
S-adenosyl-L-methionine (AdoMet)-binding C-terminal regulatory domain. PLP serves in the
catalytic chemistry of CBS via a well-established mechanism (2-4). AdoMet allosterically
activates the enzyme up to 8-fold. Removal of the C-terminal regulatory domain leads to a
change in oligomeric status from tetramer to dimer and loss of response to AdoMet. Binding of
AdoMet causes a conformational change with displacement of an autoinhibitory region from
the catalytic site (5, 6). As a consequence, the 45 kDa C-terminal truncated enzyme has
comparable activity to the AdoMet-stimulated full-length CBS.

The role of heme in CBS is not clear; however, our previous results demonstrate that
heme does not function in redox sensing, ligand binding or the CBS catalytic step (7-13). The
presence of heme in the CBS enzyme seems to be limited to higher eukaryotes. The crystal
structure of the dimeric 45 kDa truncated human CBS shows that the heme cofactor is
relatively surface-exposed and axially coordinated by Cys’* and His®’, both located on the loop

within the N-terminus, in which the heme is nested (8, /4). The iron is 6-coordinate and low
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spin in both reduced and oxidized states (/5). In oxidized CBS, the Fe(IIl) heme does not bind
exogenous ligands and appears to be a poor target for small molecule-mediated regulation.
However, in reduced CBS, the Fe(II) heme binds CO, NO, CN" and various isonitriles. Binding
affects CBS activity and generally leads to inactivation by disruption of thiolate coordination
(13, 16, 17). The redox properties of CBS heme and its effect on CBS activity suggested that
the heme might function as a redox sensor (14, 15, 18, 19). However, this theory is undermined
by the complex redox behavior of CBS, which exhibits pH and temperature dependence
incompatible with simple redox regulation (/0-12). Taken together, the complex behavior of
the CBS heme iron suggests that allosteric regulation by small molecule ligand binding or
changing heme redox state in CBS is unlikely.

A plausible alternative hypothesis is that heme plays a role in the structural stability of
CBS. When expressed in a S. cerevisiae strain deficient in heme biosynthesis, the CBS enzyme
does not accumulate in the absence of exogenous heme. Remarkably, heme may be replaced by
the metal free protoporphyrin (PPIX) or with various alternate metalloporphyrins to yield
accumulation of the CBS protein. The expression and activity of CBS are almost completely
restored by inclusion of the chemical chaperone trimethylamine-N-oxide (TMAO) in the
growth medium of the heme-requiring yeast cells, which implicates a folding defect in the
absence of heme (20). When expressed in heme biosynthesis-deficient E. coli RP523 cells,
CBS accumulation was similarly dependent on exogenous porphyrins and CBS protein
containing MnPPIX and CoPPIX were isolated. These proteins were functional; however the
yields and activity of CoCBS and MnCBS when anaerobically expressed in the presence of
CoPPIX and MnPPIX, respectively, were lower than for FeCBS isolated from wild type E. coli

cells in the presence of d-aminolevulinic acid. While studying effects of cobalt on E. coli
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metabolism, we have developed a new method for introduction of cobalt into PPIX, which can
be conveniently utilized for preparation of CoPPIX substituted heme proteins (27). Herein we
present the purification and characterization of cobalt-substituted human CBS (CoCBS)

expressed in E. coli.
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Materials and Methods
Materials. Unless stated otherwise, all chemicals were purchased from Sigma or Fisher
Scientific. Protoporphyrins were purchased from Frontier Scientific. L-['*C(U)]-serine was

obtained from PerkinElmer Life Sciences.

Expression and purification of CoCBS. The construct pGEX-6P1-hCBS WT (22) was
transformed into an improved bacterial host, E. coli Rosetta 2 (DE3) (Novagen), for expression.
Cells were grown in M9 minimal medium. Media were always supplemented with 100 pg/ml
ampicillin and 30 pg/ml chloramphenicol for selection of CBS expression plasmid and
pRARE?2 plasmid, respectively. After overnight cultivation, cells were inoculated into fresh M9
minimal medium supplemented with CoCl, at the final concentration of 150 uM and grown
overnight. The cells were passaged seven times (7x) or twelve times (12%) in this medium, and
the last culture served as an inoculum for the large-scale expression. The expression M9
minimal medium (pH 7.4) was supplemented with 0.5% glucose, 0.4% Casamino acids, 2 mM
MgSO4, 100 uM CaCl,, 0.001% thiamine-HCI, 300 uM &-aminolevulinic acid and 150 uM
CoCl. Cells were grown at 30°C to an Ao ~ 1.0, then protein expression was induced with
500 uM IPTG and carried out overnight.

The CBS containing CoPPIX was purified as described previously for wild type FeCBS
(22) with several modifications. Briefly, the cells were harvested in the stationary phase of
growth for preparation of CBS. After cleavage of the fusion protein with PreScission protease,
the GST tag was removed chromatographically on DEAE Sepharose Fast Flow (GE
Healthcare). The column was equilibrated in 15 mM potassium phosphate pH 7.2, 1 mM

EDTA, 1 mM DTT and 10% ethylene glycol. Under these conditions, both GST tag and hCBS



197

proteins bind to the DEAE Sepharose resin. The separation of the GST tag from CBS was
achieved by elution with a linear gradient from 15 mM to 300 mM potassium phosphate pH
7.2, 1 mM EDTA, 1 mM DTT and 10% ethylene glycol. Protein-containing fractions were
analyzed by electrophoresis on 9% SDS-PAGE. The CBS-rich fractions were pooled and
subsequently concentrated on YM-100 membrane (Millipore). The buffer was changed by

pressure dialysis for 20 mM HEPES pH 7.4, 1 mM TCEP and 0.01% Tween 20.

Pyridine hemochromogen assays. The pyridine hemochromogen assay was performed as
described elsewhere (20, 27) using a HP diode array model 8453 spectrophotometer. For
difference pyridine hemochromogen spectra of membrane-bound hemoproteins, the insoluble
fractions of the cell lysates were washed twice with 120 volumes of Tris-saline buffer, pH 8.6.
Difference spectra (i.e. reduced minus oxidized) were recorded from 650 to 380 nm with a

Shimadzu 2401PC spectrophotometer.

Metal content determination. Metal content analysis was performed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) using a Perkin Elmer Optima 2000 DV in
axial-view with an integrated AS-90 autosampler. The relevant measurement parameters were:
plasma flow 15 L/min, auxiliary flow 0.2 L/min, nebulizer flow 0.6 L/min, power 1500 W,
sample uptake 1 mL/min, single measurement mode with peak integration and high-resolution
readout, background correction with manually selected 3-point interpolation, 10 s measurement
time, 5 replicate measurements, 60 s wash between samples, 60 s read delay and 15 s flush
time. Cobalt and iron were determined at commonly used analytical transitions of the atomic

spectrum (228.616 nm for Co, 238.204 nm for Fe). Sample analysis was randomized to
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eliminate systematic bias in the measurement. Each sample was analyzed 3 times allowing
precise measurement with high signal to noise ratios. Data processing was performed

automatically with the integrated instrument software.

Spectroscopic characterization. Electronic absorption spectra were measured on double-beam
Varian Cary 4 Bio spectrophotometer set to a spectral bandwidth of 0.5 nm at 25°C. Solutions
containing 10 uM of enzyme were in 500 mM CHES pH 9.0, 100 mM NaCl. CBS is isolated in
the oxidized form i.e. with the metal ion in protoporphyrin cofactor oxidized (either
Co(IINPPIX or Fe(IIN)PPIX). Samples were kept under argon atmosphere in septum-sealed
cuvettes. Reduction of oxidized samples was carried out by adding an anaerobically prepared

stock solution of sodium dithionite to a final concentration of 5 mM.

Activity assay. The CBS activity in the classical reaction was determined by a previously
described radioisotope assay using ['*C] L-serine as the labeled substrate (23). CBS enzyme
(420 ng) was assayed in a 100 uL reaction mixture for 30 min at 37°C. The reaction mixture
contained 100 mM Tris-HCI pH 8.6, 10 mM L-serine, 0.3 uCi L-["*C(U)]-serine and 0.5
mg/mL BSA. The extent of saturation of the enzyme with PLP was tested by running the
activity assay in the presence or absence of 0.5 mM PLP. The reaction was performed in the
presence or absence of CBS allosteric activator AdoMet in a final concentration of 0.3 mM.
The reaction mixture with enzyme was incubated at 37°C for 5 min and the reaction was
initiated by addition of L-homocysteine to final concentration of 10 mM. The colorimetric
assay for the hydrogen sulfide-producing activity of CBS was essentially performed as

described by Kayastha and Miles (24). CBS enzyme (5 ng) was assayed in a 200 pL volume
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for 6 min at 37°C. The reaction mixture contained 50 mM Bicine pH 7.8, 40 mM L-cysteine,
50 mM B-mercaptoethanol and 0.5 mg/ml BSA. One unit of activity is defined as the amount of
CBS that catalyzes the formation of 1 umol of product in 1 h at 37°C under standard assay

conditions.
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Results

Purification of CoCBS. CoCBS was expressed as a GST fusion protein from a pGEX-6P1-
hCBS WT construct transformed into the E. coli Rosetta 2 (DE3) expression stain. Expression
of a GST-CBS fusion protein, where the fusion partner is specifically cleaved by PreScission
protease leaving an extra glycine residue at the N-terminus, enabled us to rapidly isolate large
amounts of highly purified CBS protein in a convenient two-step procedure. Unlike our
previous procedure (22), we utilized a DEAE Sepharose column for the separation of the
cleaved GST tag from CBS. After analysis of the fractions on 9% SDS-PAGE gels, the CBS-
rich fractions were pooled and concentrated. To enhance solubility and prevent protein
aggregation during concentration, we added a non-ionic detergent Tween 20 to a final
concentration of 0.01%. We were typically able to recover 15 — 40 mg of highly purified CBS
(> 97% pure according to inspection of the SDS-PAGE gel; Figure 5.1A) from 12 L of
overnight culture with a 44% recovery from the crude extract (Table 5.1). CoCBS under native
conditions migrated predominantly as a tetramer, as did wild type FeCBS, with some higher

oligomeric forms detectable (Figure 5.1B).

Spectral properties of CoCBS. The visible spectrum of purified CoCBS was compared to the
spectrum of wild type FeCBS. The A442/Axg ratio is 0.93 suggesting purified CoCBS is fully
saturated with CoPPIX. For comparison, the A49/A2g ratio of wild type FeCBS is 0.94. The
band shapes and positions of the peaks corresponding to the electronic absorption spectrum of
CoCBS are distinct from those of wild type FeCBS and are indicative of a cobalt porphyrin in
the +3 oxidation state (25, 26). The Soret peak of Co(III)CBS was red-shifted by 11 nm to 441

nm, relative to that of Fe(II)CBS. The well-resolved a/B-region revealed two discrete peaks at
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587 nm and 553 nm, which are different from the broad absorption envelope of Fe(III)CBS
(Figure 5.2A). The electronic absorption spectrum of Co(III)CBS also displays a distinct and
well-resolved 0 band at 367 nm. The combination of these spectral characteristics make
Co(III)CBS unique among the family of cobalt-substituted heme proteins (27-37). The
reduction of Co(III)CBS was much slower compared to that of wild type Fe(III)CBS. The Soret
peak of Co(II)CBS was blue-shifted by 48 nm to 401 nm, relative to that of Fe(II)CBS. The
broad adsorption envelope of Co(II)CBS around 554 nm with an ill-defined shoulder near 526
nm is different from the well-resolved a/f region of Fe(II)CBS revealing two discrete peaks at

573 nm and 540 nm (Figure 5.2B).

Metalloporphyrin analysis. To confirm the presence of CoPPIX in the isolated CBS enzyme,
we characterized the bis-pyridine adducts of the metalloporphyrin contained within the protein.
The spectra of pyridine hemochromogen adducts were recorded in the oxidized and reduced
states and compared with appropriate standards, i.e. oxidized or reduced FePPIX and CoPPIX,
respectively (Figure 5.3). The pyridine hemochromogen spectra of the protoporphyrins released
from CoCBS closely resemble the spectra of the CoPPIX standard (Figure 5.3, Table 5.2).
Similarly, the pyridine hemochromogen spectra of wild type FeCBS were almost identical with
the spectra of the FePPIX standard (Figure 5.3, Table 5.2). The presence of iron and cobalt,
respectively, in FeCBS and CoCBS is clearly visible from the positions of the Soret, o and 8
peaks of the oxidized (Figure 5.3A) and reduced (Figure 5.3B) pyridine hemochromogen

spectra (Table 5.2).
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Metal content analysis. Quantitative determination of iron and cobalt content in CoCBS was
carried out using ICP-OES analysis (Table 5.3). CoCBS 7x protein was expressed in cells
subjected to seven passages in cobalt-supplemented minimal medium prior to the induction of
CBS expression. This enzyme was composed of 86.7% cobalt and 13.1% iron. The percentage
of cobalt increased with five additional passages; the CoCBS 12x protein bore 92.4% cobalt
and 7.6% iron. For comparison, wild type FeCBS expressed in cells similarly grown in the
presence of 150 uM FeCl; contained only small amounts of cobalt. This minimal amount of
cobalt may be attributed to cobalt in the growth medium; direct measurement of the minimal
medium before supplementation with FeCls by ICP-OES revealed 1.38 ppb Co and 2.15 ppb

Fe.

The CoCBS activity measurements. Our previous results suggested that CoCBS prepared from
cells grown under anaerobic conditions had 60% of the activity of FeCBS prepared from
similarly cultivated cells. However, the activity of the wild type FeCBS isolated from
anaerobically grown cells was substantially reduced compared to the wild type FeCBS isolated
from aerobically grown cells (20). CoCBS, isolated after 12 passages of cells through CoCl,-
containing minimal medium, showed similar activity to wild type FeCBS in two different
catalytic assays (Scheme 5.1): the classical condensation of L-serine and homocysteine to L-
cystathionine, and an alternative condensation of L-cysteine and B-mercaptoethanol to yield S-
hydroxyethyl-L-cysteine and hydrogen sulfide (Table 5.4). The CoCBS remains fully
responsive to the allosteric activator S-adenosyl-L-methionine. Furthermore, we conclude that

the presence of the different metalloporphyrin in CBS did not affect the saturation of the
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enzyme with PLP, because similar increases in activity were observed for both CoCBS and

wild type FeCBS when additional exogenous PLP was added.
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Discussion

Mammalian cystathionine B-synthase (CBS) is the only known PLP-dependent enzyme
to also contain heme (FePPIX); the role of heme remains unknown. CBS is principally
responsible for the condensation of serine with homocysteine to form cystathionine. The
catalysis of this reaction is attributed to the PLP cofactor via a classical B-replacement
mechanism (3, 7, 8§, 32, 33). Heme in CBS is not essential for the catalytic reaction, nor is heme
involved in redox regulation or small molecule gas binding (7-13). A powerful approach to
elucidate the role of heme in proteins is replacement of heme with a metalloporphyrin analogue
or a porphyrin bearing different peripheral side chains. Typically, an effective method for
preparing a hemoprotein with a substituted metalloporphyrin is reconstitution of the apoenzyme
with heme analogues (reviewed in (34)); however, this approach relies on removal of the native
heme using partially denaturing conditions and is therefore limited to proteins that can
withstand the harsh replacement conditions. Thus, there is need for a different approach to
replace or substitute heme in hemoproteins sensitive to partial denaturation and/or simultaneous
removal of the heme moiety.

Our previous attempt at heme replacement in CBS employed S. cerevisiae and E. coli
strains deficient in heme biosynthesis (20). The protein does not accumulate when expressing
CBS in the heme biosynthetic-deficient yeast strain. However, addition of a chemical
chaperone, or protoporphyrix IX and its metalloporphyrin analogues rescues CBS expression.
Anaerobic expression of CBS in heme biosynthetic-deficient E. coli produced minimal yields
of manganese-containing CBS and cobalt-containing CBS (20). Therefore, we developed a new
method for aerobic expression of CoCBS dependent on iron-depleted cells in the presence of

CoCl, that yields large quantities of high purity CoCBS sufficient for spectroscopic study.
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We developed an alternative non-native metal insertion technique that uses the
endogenous metal-insertion machinery of E. coli Rosetta2 cells to insert cobalt, in place of iron,
into the PPIX macrocycle. Our strategy only works for cobalt. It fails at incorporating other
divalent metal ions (e.g. Zn, Cu, Mn, Ni) that are not naturally inserted into porphyrin-derived
macrocycles. We speculate that at high cobalt concentrations, cobalt is inserted into PPIX in
place of iron by an endogenous chelatase. However, the nature of the adaptive response in E.
coli Rosetta2 cells that permits cobalt insertion into CBS is not known.

A number of studies have explored the deleterious effects of cobalt on bacterial
metabolism, revealing adaptive responses that occur in response to elevated cobalt
concentration (35, 36). In particular, iron and cobalt compete with one another and elevated
cobalt concentrations may disrupt iron-dependent metabolic processes (37). We observed that
the cobalt-exposed E. coli Rosetta2 cells produce metabolites consistent with fermentative
metabolism under aerobic growth suggesting suppression of iron-dependent pathways, since
cobalt has been shown to inactivate aconitase and other key iron sulfur cluster enzymes in E.
coli (35). The question still remains, how is cobalt inserted into PPIX, a porphyrin that does not
usually contain cobalt? Studies in Salmonella enterica suggest that at elevated cobalt
concentration, cobalt and iron compete for insertion into uroporphyrinogen III, a
protoporphyrin IX precursor, via the CysG chelatase (36). In E. coli, an organism that does not
synthesize cobalamin, CysG inserts iron in the pathway to siroheme, but this enzyme was also
capable of inserting cobalt (37, 38). Human ferrochelatase will insert cobalt into PPIX;
however, ferrochelatase from Bacillus subtilis, a cobalamin synthesizer, will not. The metal
specificity of E. coli ferrochelatase (HemH) is not known (39, 40). There are two plausible

hypotheses to explain cobalt insertion into CoPPIX in the E. coli Rosetta2 cells: 1) CysG
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inserts cobalt into PPIX, as that cofactor builds up in the absence of iron; or 2) cobalt is
inserted into PPIX by ferrochelatase. We do not have sufficient data to determine whether
either mechanism is responsible for cobalt insertion into CoPPIX in E. coli Rosetta2 cells
expressing CBS.

Our new method for expression of CoCBS yielded a protein virtually indistinguishable
from wild type FeCBS with respect to its native conformation, enzyme activity and
responsiveness to AdoMet. The enzymatic activity of CoCBS is practically identical to that of
wild type FeCBS for the canonical and alternative substrate enzymatic reactions (see Scheme
5.1 and Table 5.4). The high activity of CoCBS is not due to FePPIX contamination, since
loading of iron is only 7.6% with 92.4% incorporation of cobalt. Our results demonstrate not
only is heme (FePPIX) not essential for the catalytic activity of CBS, but also that heme can be
replaced by an alternative metalloporphyrin, particularly CoPPIX, without sacrificing
enzymatic activity. Moreover, our data provides additional evidence the porphyrin moiety of
CBS has a structural role (/2, 20). The high yield of CoCBS allowed us to investigate the
structural importance of heme in CBS by characterizing the coordination environment of
CoPPIX in CoCBS with comparison to FePPIX in wild type FeCBS.

In a related spectroscopic study of CoCBS we found that cobalt is coordinated by
Cys/neutral donor (presumably His) (47), the same coordination environment as iron in wild
type FeCBS (Cys/His) (42). Structural similarities between CoCBS and wild type FeCBS
emphasizes the structural significance of the metal-cysteine(thiolate) bond in the role of heme
in CBS. Interestingly, thiolate coordination is not metal-dependent; the enzyme does not
distinguish between cobalt and iron. In addition, substituting iron with cobalt does not perturb

the secondary coordination sphere of the porphyrin in CBS (47). Maximal activity of wild type
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FeCBS requires the electrostatic interaction of Arg*®® with the axial ligand Cys>* (43). The fact
that we observed indistinguishable activity between CoCBS and wild type FeCBS suggests the
secondary coordination sphere is unperturbed. Our results suggest CBS does not discriminate
between iron and cobalt, rather the metal center imparts a specific structure that supports
enzymatic function, which is defined by the presence of a metalloporphyrin with a Cys/His

ligation motif.
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Future Directions

The ability to utilize E. coli for insertion of cobalt into PPIX rather than iron, yielding
cobalt-substituted PPIX, is of interest to the Burstyn group to elucidate the role of heme in our
heme-containing proteins. Using our E. coli VJIS6737 strain (the strain bearing the pEXT20
expression vectors for CooA and RcoM) for expression of cobalt-substituted PPIX proteins will
not yield protein. Cobalt is toxic to our E. coli VIS6737 strain; in addition, the strain requires a
robust minimal media (see Appendix). To express in the presence of cobalt, we need to use E.
coli Rosetta 2 (DE3) cells. Tomas Majtan forced a genetic mutation in the E. coli Rosetta 2
(DE3) cells during expression of CoCBS. We want to use E. coli Rosetta 2 (DE3) cells where
we can induce the mutation(s) enabling incorporation of cobalt into PPIX rather than iron. It
should also be noted that the presence of the CBS expression vector in E. coli Rosetta 2 (DE3)
cells provides a protective benefit to cells growing in the presence of cobalt. If the E. coli
Rosetta 2 (DE3) cells do not grow in the presence of cobalt, we should consider adding CBS to

the expression vector to determine if we observe a protective benefit to our cells.
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Table 5.1. CoCBS 12x purification table.
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Total Total . . . Recovery
. . . . Specific activity .

Fraction activity Protein (U/mg of protein) yield

((8)) (mg) (%)

Crude extract 4520 6955 0.65 100
Glutathione Sepharose flow-through 1013 5279 0.19 22
Glutathione Sepharose wash 259 1140 0.23 6
GST-CBS fusion protein 2815 70 40.2 62
Cleaved fusion protein 3472 90 38.7 77
DEAE pool 1396 70 19.9 31
CoCBS 12x 2000 19 105.2 44




Table 5.2. Pyridine hemochromogen spectral peak positions.

Sample Soret (nm) o/ peaks (nm)
Fe(III)PPIX standard 396 ND*
Oxidized PPIX released from wild type FeCBS 399 ND*
Co(III)PPIX standard 423 534,567
Oxidized PPIX released from CoCBS 429 542,572
Fe(II)PPIX standard 416 522, 555
Reduced PPIX released from wild type FeCBS 419 524, 556
Co(IDPPIX standard 401 554
Reduced PPIX released from CoCBS 404 556

* ND: not detected; bands were broad and indistinct with a maximum beyond the spectral range

recorded
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Table 5.3. Metal content analysis of wild type FeCBS and CoCBS using ICP-OES. For the
CoCBS samples, 7x and 12x denotes number of cell growth passages in minimal medium
supplemented with 150 uM CoCl, prior induction of CBS expression. Metal content is reported

as percentage of total metal content.

Iron content Iron content Cobalt content Cobalt content

Sample
P (uM) (%) (uM) (%)
WT FeCBS 1.3+0.1 97.1+0.7 0.036 +0.006 29+02
CoCBS 7x 0.061 +0.002 13.1+£0.1 0.39 +£0.04 86.7+03

CoCBS 12x 0.083 +0.003 7.6 0.4 0.96 + 0.06 92.4+0.8
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Table 5.4. Enzymatic activity of CoCBS and wild type FeCBS. The CBS activity was
determined in two reactions. In the classical reaction, homocysteine and L-serine were used to
generate cystathionine. In the alternative reaction, hydrogen sulfide was generated by
condensing L-cysteine and B-mercaptoethanol. The extent of saturation of enzyme with the
PLP was tested by running the activity assays in the presence or absence of 0.5 mM PLP. The
reactions were performed in the presence or absence of CBS allosteric activator AdoMet in

final concentration of 0.3 mM.

Activity assay PLP AdoMet CoCBS FeCBS
. - - 75+5 77+9

@la.sswal . _ + 204 + 13 217 £ 15

L-cystathionine-generation 95 + 3 101 + 4
(U/mg of protein) " h >* -

+ + 372+ 19 404 £ 25

- - 91+6 112+ 10

Alternatlv.e _ + 318 £21 329 + 25

H,S-generation
(U/mg of protein) * h 12411 1396

+ + 409 + 24 341 £ 17




219

Figure 5.1. SDS-PAGE analysis of fractions from CoCBS purification (A) and native Western
blot of purified CoCBS (B). (A) Each protein purification fraction was separated on a 9% SDS-
PAGE gel and stained using Simply Blue Safe stain (Invitrogen). Lanes: M — Molecular weight
marker (Biorad), 1 — crude extract (10 ug), 2 — Glutathione Sepharose flow-through (10 ug), 3
— Glutathione Sepharose wash (10 ug), 4 — GST-CBS fusion protein (10 ug), 5 — Fusion protein
cleaved with PreScission protease (10 ug), 6 — DEAE Sepharose pool (2.5 ug), 7, 8, 9 —
CoCBS (10 ug, 5 ug and 1 ng, respectively). (B) CoCBS and WT FeCBS were separated in 4-
12% Tris-HCI native gel, transferred to PVDF membrane and probed with monoclonal anti-

CBS antibody (Abnova).
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Figure 5.2. Electronic absorption spectrum of oxidized (A) and reduced (B) purified human
CoCBS 12x (dashed) compared to that of wild type FeCBS (solid). Enzyme (10 uM) was in
500 mM CHES pH 9.0, 100 mM NaCl at room temperature. Reduction was performed under
anaerobic conditions by using sodium dithionite as a reductant. Underlined values correspond

to CoCBS.
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Figure 5.3. Pyridine hemochromogen spectra of oxidized (A) and reduced (B) protoporphyrins
released from wild type FeCBS and CoCBS. Solid lines correspond to the spectra of
metalloporphyrins released from the enzyme (black for wild-type FeCBS, red for CoCBS).

Dashed lines represent the corresponding metalloporphyrin standard (black for FePPIX, red for

CoPPIX).
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Scheme 5.1. The catalytic reactions of FeCBS and CoCBS. The classical reaction of CBS is
the condensation of L-serine and homocysteine to form L-cystathionine. An alternative reaction
is the condensation of L-cysteine and f-mercaptoethanol to yield S-hydroxyethyl-L-cysteine

and hydrogen sulfide.

Canonical Reaction - Cystathionine Synthesis

COOH
HS NH NH CBS S NH,
~ 4+ HO 2 ——— uN + H0
COOH COOH COOH
Homocysteine Serine Cystathionine
Alternative Reaction e}
NH; SH CBS HO /\)k + H,S
HS LoHOT N S TN N TS o,
COOH NH,

Cysteine -Mercaptoethanol S-hydroxyethyl-L-cysteine
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Appendix

Minimal Media Recipe for E. coli VIS6737 Strain

Stock/Buffer Component Amount/L Amount/500mL
2 M MOPS 75 mL 37.5 mL
0.5 M Tricine 8.0 mL 4.0 mL
0.1 M FeSO47H,0 2.0 mL 1.0 mL
2 M NH4Cl 15.0 mL 7.5 mL
1 M MgSOq4 5.5mL 2.75 mL
1 M CaCl, 2.0 uL 1.0 pL
5 M Na(Cl 10.0 mL 5.0 mL
0.88 M K,HPO, 2.0 mL 1.0 mL
40 % Glucose 18.0 mL 9.0 mL
2 mM Thiamine 10.0 mL 5.0 mL
10X Soluble Amino Acids 100 mL 50 mL
100X Insoluble Amino Acids 10.0 mL 5.0 mL
100X Mineral Solution 15.0 mL 7.5 mL
100X Kao Vitamins (Sigma) 10.0 mL 5.0 mL
Sterile DI H,O 720 mL 350 mL




100X Kao Vitamins Mix Recipe

Component (mg/L)* Kao and Michayluk Vitamin Solution
p-Aminobenzoic Acid 0.02
L-Ascorbic Acid 2.0
Biotin 0.01
D-Calcium Pantothenate 1.0
Choline Chloride 1.0
Folic Acid 0.4
myo-Inositol 100.0
Nicotinamide 1.0
Pyridoxine « HCI 1.0
Riboflavin 0.2
Thiamine « HCI 1.0
Vitamin A (Retinol) 0.01
Vitamin B, 0.02
Vitamin D (Cholecalciferol) 0.01

*Concentrations listed are final concentrations when used at recommended dilution.
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