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Abstract

Copper was first released into the environment as the result of the mass
generation of oxygen from photosynthetic bacteria roughly 2.7 billion years ago. While
it proved to be poisonous to early life on Earth, those that met the evolutionary challenge
utilized the metal as a cofactor in enzymes to perform biochemically significant
functions, while controlling intracellular levels of copper with a sophisticated network of
trafficking proteins. Proteins and enzymes that utilize copper as a cofactor have evolved
significantly different coordination environments than copper trafficking proteins, as a
result of the different functions they perform. Of particular interest was characterizing
the unique Cu(I) binding events observed in some of these proteins, the extracellular N-
terminal regions of eukaryotic high affinity copper transport proteins (Ctr), and the
bacterial periplamsic CusF protein of the CusFBCA Cu(I)/Ag(I) efflux pathway.

Model peptides corresponding to the methionine rich binding motifs (Mets
motifs) were characterized in terms of Cu(I) binding affinity, stoichiometry, and metal
specificity, via an ascorbic acid oxidation assay and electrospray ionization mass
spectrometry. Metal induced structural features and coordination environments were
elucidated with NMR, CD and X-ray spectroscopy. A series of peptides was also
examined to infer the relative Cu(l) binding affinities, and susceptibility to oxidation, of
methionine, histidine, cysteine residues found in copper binding motifs. The resistance
of Cu" specific peptides to metal catalyzed oxidation is also described. Attempts were

also made to model the Cu(I)/Ag(]) tryptophan cation-m interaction observed in CusF.
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1. Copper: From Poison to Utilization
1.1 The Role of Metals in Abio genesis and Early Life

Hypotheses to the origin of life on Earth are plentiful and diverse. Explanations
to abiogenesis have included the archaic notion of spontaneous generation, the classic
theory of a primordial soup, the exotic idea of panspermia or exogenesis, and modern
hydrothermal vent theories. While the emphasis of some of the earlier hypotheses was
the origin of the organic compounds that were the building blocks of life, the more

modern theories take into account the contribution of metals in initiating life.

1.1.1 Early Theories on the Origin of Life
The earliest perception on the origin of life was that of spontaneous generation,

whereby life arose from non-living matter. Due to the collective work of Francesco Redi
(1668), Lazzaro Spallanzai (1768), and Louis Pasteur (1861), the theory was abandoned
in the early 19" century in favor of biogenesis, a theory stating that all current life arose
from pre-existing life. The rejection of spontaneous generation in favor of biogenesis left
the scientific community with a critical dilemma; if omne vivum ex oyahen how did life
first start? In 1871 Charles Darwin, in a personal letter to J.D Hooker, proposed an early

version of the well-known primordial soup theory:

It is often said that all the conditions for the first production of a living organism
are now present, which could ever have been present. But if (and oh! what a big if!) we
could conceive in some warm little pond, with all sorts of ammonia and phosphoric salts,
light, heat, electricity, &c., present, that a proteine [sic] compound was chemically
formed ready to undergo still more complex changes, at the present day such matter
would be instantly devoured or absorbed, which would not have been the case before
living creatures were formed.'

"Latin: OAIl life [is] from [an] eggO, attributed to William Harvey (1578 -1657).
1



In 1924, Alexander Oparin further developed the theory, speculating that the
conditions of the early Earth where life first arose were radically different than those of
the present day, and that a primeval soup composed of organic molecules could have
been created via that action of solar radiation in an anaerobic environment.” J.B.S
Hadlane independently described a similar scenario in 1929; he proposed that, in a
reducing environment, organic compounds could be generated from reactions of methane,
ammonia, and water with electricity or ultraviolet light as an energy source.’ In 1953
Miller and Urey conducted Hadlane’s proposed experiments and were able to produce
many of the building blocks of life, including amino acids, sugars, and lipids.* Joan Oro
conducted similar experiments in 1961, and discovered that by including hydrogen
cyanide as a starting material, nucleic acids could also be generated.”® After Miller’s
death in 2007, samples analyzed from previously unreported experimental conditions
believed to mimic the prebiotic atmosphere after volcanic activity, indicated the presence
of amino acids in a greater diversity and yield than any of the previous examined
conditions.’

Once sufficient quantities of these building blocks of life have been generated,
both Oparin and Hadlane predicted they would polymerize, increasing in complexity until
they achieved self-replication, and eventually spawn life once arriving at cellular
integrity. RNA is believed to be the most likely candidate to first achieve self-replication
and develop the complexity required to initiate life. This ‘RNA world’, first described by
Walter Gilbert in 1986, is attractive since the biopolymer can take on different degrees of

dimensional complexity, and thus, functionality.® RNA can be either an effective



information storage device as a one-dimensional strand that allows for easy copying, or
can exhibit enzymatic activity via more complex three-dimensional structures. RNA was
believed to accommodate both of these functions until acquiring the ability to synthesize
protein-based enzymes that could more efficiently catalyze a wider variety of reactions,
and the advent of reverse transcription and the ultimate biological storage device, DNA.
Despite being accepted as scientific dogma for over 80 years, the feasibility of
biopolymers self-assembling in a primordial soup appears unlikely. Self-assembly of
RNA polymers would require high concentrations of ribonucleotides, and more
importantly, energy.” RNA polymerization and replication would result in the
continually decreasing availability of nucleotides, and the ability to adequately replenish
these building black via the primordial soup theory synthesis mechanism seems unlikely.
The primordial soup lacks a sufficient energy source to drive these reactions. Lightning
would not occur frequently enough to serve as a reliable source, and UV radiation has as
much potential to decompose organic compounds as it does to induce polymerization.
The homogenous primordial soup would itself have no internal energy having reached

thermodynamic equilibrium, inhibiting nucleotides from reacting further.

1.1.2 Modern Theories on the Origin of Life

Modern hydrothermal vent theories address the major concerns of the primordial
soup theory and recognize the important role of metals in the origin of life. Two types of
hydrothermal vents are credited as possibly being the cradle of life on Earth, volcanic
vents,' commonly known as ‘black smokers’, and alkaline vents,'' " formed by the
reaction of sea water with components of the oceanic crust. Both environments are far

3



from equilibrium with the surrounding seawater and provide ample resources and energy
to accommodate the prebiotic reactions that would eventually initiate life. These
environments rely heavily on the chemistry first described by Wachtershauser in 1988 as
the ‘iron-sulfur world’, which is suggested to be the forebearer of the ‘RNA world’.'* "

Black smokers are located at sites of active ocean floor spreading and formed by
the interaction of sea water with magma. They release hot, around 350°C, acidic water,
pH 1-2, rich in reactive gases, including CO, CO,, HCN, and H,S, and dissolved metals,
mostly Fe*", Mn?", and Ni*".'° The vent towers are comprised of various metal sulfides
that precipitate as the effluent mixes with the surrounding water and cools. Alkaline
vents are formed by the geochemical process known as serpentinisation, whereby sea
water hydroxylates olivine, one of the main components of the oceanic crust, to
serpentine, causing the material to expand and fracture, further promoting the process.'®
Serpentization produces relatively high temperatures, between 150-200°C, and strongly
alkaline, pH 9-11, hydrothermal fluids rich in H,."” The fluids are driven back up
through the crust via thermal expansion, forming vent towers comprised of calcium
carbonate that precipitates as the effluent cools to about 70°C.

Alkaline vents are believed to provide a more advantageous environment to
spawn life. Volcanic vents are too hot, acidic, and have a short life span of only a few
decades.'™ The lifespan of alkaline vents is orders of magnitude longer than that of
black smokers, presumably more conducive to the time scale required to initiate life. The
lack of sufficient quantities of H, found is black smokers is also of concern, carbon

fixation by direct hydrogenation of CO, to form methane or acetate is believed to be one



of the key reactions that lead to abiogenesis.”’ Alkaline vents also provide
compartmentalization via micrometer scale interconnected pores throughout the CaCO;
towers, through which the alkaline hydrothermal fluid flows. It is believed that these
pores are the sites of the ‘iron-sulfur world’ where FeS and NiS catalyzed reactions of
inorganic compounds, continuously delivered by the flow of the hydrothermal fluid,

23,24

. . . . 22 . .
generated organic molecules, including acetyl thioesters,” amino acids, and

2%-26 and allowed for accumulation to concentrations high enough for

nucleotides,
polymerization. These pores may also have been templates for the first cell membranes.
Although the same metal catalyzed reactions likely occur at the sites of volcanic vents,

the organic compounds would diffuse into the ocean, unable to reach concentrations high

enough to foster self-assembly.

1.1.3 Metals and Early Life

Noticeably absent from the discussion of abiogenesis was the metal of interest,
copper. At this time in Earth’s history, when the oceans were void of oxygen and
abundant in H,S, copper existed primarily in the form of extremely insoluble sulfides.
The rise of oxygen producing photosynthetic bacteria dramatically altered the metal
composition of the early oceans.”’ The solubility, and thus availability, of copper and
other biologically important metals has a played a critical role not only in the initiation of
life, but also the evolution of it.

Examining the solubility products of sulfide and hydroxide complexes of

28,2
8:29 reveals a trend

biologically relevant first row transitions metals, shown in table 1,
that closely resembles the Irving-Williams series of complex stabilities: Mn*" < Fe*™ <

5



Co™" <Ni*" < Cu*" > Zn®". The divalent metal ions form more stable sulfide and
hydroxide complexes moving across the period as the ionic radii decrease and the CFSE
increases. Cu(Il) compounds attain maximum stability as the result of Jahn-Teller
distortion, and Zn(II) compounds experience a diminished stability as a result of the d'°

electron configuration.

Table 1: The solubility products of sulfide and hydroxide complexes of
biologically relevant metals at 25°C

Compound Formula Solubility Product

Sulfides
Manganese(II) Sulfide MnS 3x107"°
Iron(IT) Sulfide FeS 6x107"
Cobalt(IT) Sulfide CoS 8x107%
Nickel(IT) Sulfide NiS 2x107!
Copper(II) Sulfide CuS 6x107%
Copper(I) Sulfide Cu,S 2x10™
Zinc(IT) Sulfide ZnS 4.5%x107

Hydroxides
Manganese(I1) Hydroxide Mn(OH), 2.5x107™
Iron(I1) Hydroxide Fe(OH), 3x107"°
Iron(IIT) Hydroxide Fe(OH); 4x107*
Cobalt(Il) Hydroxide Co(OH), 5x10™"°
Nickel(II) Hydroxide Ni(OH), 2x107"°
Copper(I) Hydroxide Cu(OH), 1.6x107™"°
Zinc(IT) Hydroxide Zn(OH), 1.2x107"

The solubility products of the metal sulfide complexes also reveals the limited
diversity of available free metal ions that developing life could utilize for
metalloproteins. The first enzymes to incorporate metals likely appropriated Fe*" and

Mn>" as these were the most soluble and abundant.”" It was the utilization of Mn*" that

A discussion on the solubility of metals in the early oceans must include an acknowledgment of
pH. At the perceived time of abiogenesis, 3.8 billion years ago, dissolved carbon dioxide was
believed to be at levels up to 1000 times that of the present day, resulting in a much more acidic
ocean with a pH of nearly 5, as opposed tothe current level of. % Protolife reactions were likely
occurring in the alkaline hydrothermal vents at pH 9 -11. Thus, it is likely that sea water

6



lead to the rise of photosynthetic cyanobacteria and the mass production of O, 2.7 billion
years ago.>’ For roughly 200-300 millions years, the O, produced was consumed by the
oxidation of Fe*" to Fe’", resulting in the mass precipitation of iron from the ocean as
Fe(OH);. During this time, copper was liberated from its insoluble sulfide form as it was
oxidized from Cu" to more soluble Cu*". Environmental levels of O, only began to
accumulate after this global metal oxidation event.

The disappearance of free iron, the advent of O,, and the solubilization of copper,
resulted in dramatic changes in the chemistry and biochemistry of early life. Iron had
become an essential element, acting as a cofactor in many enzymes. The precipitation of
insoluble iron required a reinvention in the mechanisms used to acquire it. Early life
adjusted by excreting organic acids and strong iron(III) chelators (siderophores) to
solubilize the metal, and developed sophisticated methods by which to then obtain it.
Organisms also evolved methods to sequester Fe'* for later use, most notably via ferritin,
the ubiquitous iron storage protein.

The rise of O, altered the redox chemistry of the environment. In the absence of
0O,, life had adapted to reaction systems in the lower portion of the redox potential
spectrum, limited by the H,S/S and Hy/H™ potentials ranging 0.0 to -0.4 V at a pH of 7.**
The presence of O, increased the upper limit of the range to 0.8 V, leading to oxidation

and degradation of organic compounds and cellular components vital for life. Soluble

contained higher levels of free metal ions than the fluid found in the alkaline hydrothermal
vents, where precipitation was more likely, further limiting the availability of free metal
ions.
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copper also proved hazardous to early life by replacing zinc in essential metalloproteins
and catalyzing the formation of damaging reactive oxygen species. Oxygen would
eventually transform from poison to a necessity once utilized as the final electron
acceptor to produce ATP in aerobic respiration. Life would also evolve uses for copper,
and highly sophisticated networks that would allow organisms to acquire, transport,
sequester, and export copper to prevent accumulation of toxic levels.

The work presented in this dissertation will focus on the coordination chemistry
of copper when bound by synthetic peptides modeled after binding sites observed in these
copper trafficking pathways. Of particular interest, and the focus of chapter 2, is the
coordination chemistry involved in the methionine-only coordination of Cu(I) observed
in eukaryotic high affinity copper transport proteins, and bacterial Cu(I)/Ag(I) efflux
pathways. Chapter 3 describes the individual contribution of the different copper binding
amino acids, cysteine, histidine, and methionine, particularly their relative affinity for
Cu(I), the pH dependence of that affinity, and their susceptibility to metal catalyzed
oxidation. Chapter 4 will discuss attempts to model different potential Cu(I) binding sites
observed in bacterial CusF. To put the importance of this work into context, it is
important to first review the coordination chemistry of different copper proteins. An
emphasis will be placed on drawing a distinction between two, albeit very broad, classes
of copper proteins: (i) proteins that utilize copper as a cofactor and (ii) copper transport

proteins and chaperones.



1.2 Proteins and Enzymes Ut ilizing Copper as a Cofactor

The first group of copper proteins to consider is those that evolved to utilize
copper as a cofactor to perform a biological function. This group includes all copper
proteins and enzymes not involved in copper trafficking pathways. As a result of the
environment, many of the proteins in this group evolved functions related to oxygen.
Most members of this group bind copper with high affinity in high coordinate binding
sites to prevent loss of the metal during redox cycling. These binding sites have been
well-defined and characterized using a variety of techniques, including UV-vis and EPR

spectroscopy, as well as X-ray crystallography.

1.2.1 The Emergence and Function of Copper as a Cofactor

The oxygen rich and iron deficient environment that accompanied the explosion
of photosynthetic bacteria likely affected the evolution of the first copper proteins. The
presence of oxygen, and the resulting expansion of the range of available redox potentials
into positive values, made new energy sources and beneficial new chemistry possible.
Where iron was the early cofactor of choice to catalyze redox reactions, organisms were
hard pressed to develop methods to solubilize and obtain the metal. The bioenergetically
costly strategies of iron complexation and/or reduction left abundant and soluble copper
alone to serve as a cofactor in enzymes filling these new niches.

Evidence for this phenomenon can be seen when comparing the reduction
potential of copper containing proteins to iron containing proteins, and also comparing
iron containing proteins that evolved before and after utilization of oxygen (Table 2).
Copper proteins have positive reduction potentials, while only iron proteins that interact
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with oxygen, or oxygen dependent systems, have positive reduction potentials. Other
evidence to support this theory can be found in bioinformatic analyses of the
metalloproteome of aerobic vs. anaerobic organisms. Almost all aerobic organisms
contain copper proteins compared to very few anaerobic organisms that have

functionalized the metal >* **

Table 2: Reduction potentials of copper and iron proteins reported at pH 7.0
in volts relative to the standard hydrogen electrode

Copper Proteins Iron Proteins

Laccase’ +0.34-0.78 No O, Function

Hemocyanin®® +0.54 Ferredoxin®’ -0.39-0.42

Cu, Zn sop*® +0.40 Transferrin®’ -0.50

Plastocyanin™ +0.37 Enterobactin®’ -0.75

Tyrosinase* +0.36 With O, Function

Azurin® +0.27-0.32 Fe SOD* +0.23-0.29
Cytochrome ¢* +0.24
Hemoglobin*® +0.14

Primary functions of copper proteins include electron transfer, catalyzing redox
reactions of various biological substrates, and dioxygen transport. Examples of copper
proteins and their functions are summarized in table 3. Considering the previously
discussed hypothesis involving the rise of copper proteins, it is not surprising to find that
many of them have oxygen related functions. Interestingly, very few copper proteins are
found in the cytosol. With the exception of superoxide dismutase, all of the listed
oxidoreductases are extracellular proteins, while the electron transfer proteins reside in
membranes. Another notable exception is a class of proteins excluded from the list,
copper transport proteins. Many copper chaperones are found within the cytosol, these

will be more thoroughly discussed later.
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Table 3: Functions of copper proteins and enzymes found in bacteria, fungi,
plants and animals

Copper Protein/Enzyme  Function
Electron Transfer Proteins

Auracyanin
Azurin
Cytochrome ¢
Plastocyanin
Rusticyanin
Oxidoreductases
Amine oxidase
Ascorbate oxidase

Ceruloplasmin

Cu, Zn SOD

Cytochrome oxidase
Galactose oxidase

Laccase, Tyrosinase
Lysyl oxidase

Nitrite reductase

Nitrious oxide reductase

Other
ACE-1 (MAC)
Ethylene receptor
Hemocyanin
Metallothionein

Electron transfer in photosynthesis and respiration
Electron transfer, exact function unknown
Electron transfer in respiration

Electron transfer in photosynthesis

Electron transfer in respiration

Oxidation of primary amines
(reduction of O, to H,O,)
Oxidation of ascorbate
(reduction of O, to H,O)
Oxidation of Fe(IT) to Fe(III)
(reduction of O, to H,O)
Superoxide dismutation
(reduction of O," to H,O,, oxidation of O," to O,)
Reduction of O, to H,O
Oxidation of primary alcohols to aldehydes in sugars
(reduction of O, to H,O,)
Oxidation of phenols
(reduction of O, to H,O)
Cross-linkage of collage
(reduction of O,)
Reduction of NO, to N,
Reduction of N,O to N,

Transcription factor
Hormone signaling
O, Transport
Cu(I) Storage

1.2.2 Metal-Ligand Coordination Chemistry as Related to the
Composition and Geometry of Copper Binding Sites

Before examining different types of copper centers found in cuproproteins, it is
first important to understand the principles of metal-ligand coordination chemistry as
they relate to the composition and geometries we should expect to find. We will soon
observe that protein copper binding sites are dominated by coordination via histidine,

cysteine, and methionine residues. This occurrence is in agreement with the Hard and
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Soft Acids and Bases (HSAB) principle developed Pearson in 1963,*” expanding on work

established by Ahrland, Chatt and Davies in 1958.*

The distinction of hard or soft depends on the atom or molecule’s polarizability.
Non-polarizable, or hard, acids and bases are those that have relatively small ionic/atomic
radii and a high charge density; polarizable, or soft, acids and bases, have larger radii and
a lower charge density. Hard acids include metals with large positive charges or with d

electrons unavailable for  bonding. Soft acids include metals with low positive charges
or with d electrons or orbitals available for © bonding. Generally, the larger an atom is,

the softer its character is; shielding of outer electrons by inner electrons results in a more
polarizable metal. Acids and bases can also be defined as borderline if they exhibit

intermediate hard/soft characteristics. The theory predicts that interactions between like
species will be stronger than interactions of non-like species. Pearson’s classification of

metal ions and ligands is summarized in table 4.

Table 4: Classification of metals and ligands according to Pearson's hard soft
acid base principle

Hard Lewis Acids Borderline Acids Soft Acids
H',Li",Na", K, Fe*", Co™", Ni*', Cu”", Cu’, Au’, Ag’, TI', Hg',
Be®’, Mg*’, Ca*", Sr*", Zn*, Pb*, Bi*", Rh*", 1" Pd¥, cd*’, PYY, Hg®"

3+ 4+ 4+ 3+ 3+
Sc¢™, Ti"', Zr™, Cr', Al

3+ 1 3+ 3+ 3+ o 3+
Ga’',La’",Gd™", Co™, Fe

metals w/ oxidation states > 4 metals w/ oxidation states = 0
H-bonding molecules T acceptors

Hard Lewis Bases Borderline Bases Soft Bases

F,HO", H,O, ROH, CI', RO, NO,’, Br, N;3', N,, RSH, RS, R,S, S,

R,0, CH;CO;, aniline, pyridine, imidazole CN’, RNC, CO, T,

NH;, RNH,, NH,NH,, Cng’, R;3As, R3P, C¢Hg, CoHy, HoS,
NOs, 05, SO.*, PO,>, CIO* HS,H R
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Applying this concept to the metal of interest, we see that Cu” is a soft acid while
Cu”" is borderline, thus, we would expect copper binding sites to be dominated by amino
acids containing side chains with soft or borderline ligands. Amino acids with imidazole,
thiolate, or thioether side chains, histidine, cysteine, and methionine, respectively, would
therefore be preferred over amino acids with hydroxyl, carboxyl, or primary amine side
chains, serine and tyrosine, aspartate and glutamate, and asparagine, glutamine, and
arginine, respectively.

Metals exhibit preferences in binding geometry based on the number of valence d
electrons and the number and type of coordinating ligands, as explained through the
principles of ligand field theory (LFT). Developed by Griffith and Orgel in 1956, LFT
is more comprehensive than Bethe’s crystal field theory,”® which lacks a description of
bonding, and can be described as an application of molecular orbital theory to transition
metal complexes. Interactions between positively charged metals and the non-binding
electrons of a ligand result in the splitting of energy levels of the 5 degenerate d orbitals.
The splitting can be affected by the nature of the metal, such as the oxidation state, the
higher the oxidation state the larger the splitting, and the nature of the ligands, defined as
the empirically derived spectrochemical series: I' < Br < $* < SCN™ < CI' < NO; < N3 <
F <HO < C,04> <H,0 <NCS” < CH;CN < py <NHj < en < 2,2’-bipyridine < phen <

NO;y < PPh; < CN" < CO, listed in increasing order of induced splitting energy (Ao). The
magnitude of A, can yield different spin systems for d* — d’ metals depending on orbital
electron occupancy, with large Ao resulting in a low-spin state and small A, resulting in a

high-spin state. Preferences in geometry arise from the resulting stabilization of the d
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electrons generated by the metal-ligand environment, or the ligand field stabilization
energy (LFSE). Metals with d°, high-spin d’, and d'° do not have LFSE.

Based on LFT, differences in geometric preferences for Cu” and Cu®" are
expected. Cu” is a d'’ system and therefore does not experience, or have geometric
preference based on, LFSE. It is often found coordinated by 2, 3, or 4 ligands in linear,
trigonal planar, or tetrahedral geometries, respectively. Cu®" is a d’ system that does
experience, and exhibits geometric preferences based on, LFSE. It is often found
coordinated by 4, 5, or 6 ligands, in square planar, square pyramidal, or axially distorted
octahedral geometries, respectively, the later being the result of Jahn-Teller distortion.
Upon examination of many redox-active copper proteins that cycle between Cu” and Cu®"
states, we will see that the metal is found predominately in the tetrahedral geometry.
Described as the entatic state, the high energy Cu' geometry that is imposed on the

oxidized form of the metal enhances its reactivity by increasing the redox potential.”" >

1.2.3 Copper Center Classifications and Example Cuproproteins

Proteins utilizing copper as a cofactor are often classified into groups based on
ligand composition and geometry of the metal center. These copper centers exhibit very
similar characteristics, including UV-vis and EPR signals, and reduction potentials,
regardless of which protein they are found in. The different types of copper centers,
including the number of copper atoms and metal center geometry, are listed in table 5,

along with example proteins and their respective copper coordination environments.
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Table 5: Characteristics and examples of different copper centers

Center #Cu Geometry Example Coordination Environment
Typel
Class| 1 Tetrahedral Plastocyanin Cu(N%ie)2ScysS Met
Class Il 1 Tetrahedral Umecyanin Cu(N%i)2S%cysO%Giu
Class Il 1 Trigonal bipyramidal  Azurin CU(NBHis)stCysSBMetO(;ly
Type 11 1 Square planar Cu, Zn SOD Cu(N°4;),:H,0
Type 111 2 Trigonal bipyramidal =~ Hemocyanin ,Uoz[Cu(NBHis)ﬂz
Cuy 2 Tetrahedral Cytochrome c oxidase  £i(Scys)2[ CuN®giS et ] [CuUN?isOitu]
Cugp 1 Trigonal pyramidal Cytochrome ¢ oxidase  Cu(N%;)s
Cuy 4 Tetrahedron N,O reductase USTTACu((NP;):0(2)]

Copper centers are often described as having distorted versions of these geometries

The type I (T1Cu) group of copper proteins is probably the most studied and
characterized. Most members of this group are electron transfer proteins, and are also
known as the cupredoxins. All members of this group contain 1 copper atom coordinated
by 2 histidine imidazole nitrogens and 1 cystiene thiolate sulfur in a trigonal planar
fashion, with further classification depending on the number and type of axial ligands.
Class I T1Cu centers have a methionine thioether sulfur weakly bound in the axial
position, while those in class II have a non-methionine of axial ligand, both resulting in a
distorted tetrahedral geometry. Class III T1Cu centers have 2 axial ligands, one of which
1s methionine, and the other is a glycine carbonyl oxygen, resulting in a distorted trigonal
bipyramidal geometry. Examples of Class I, I, and III T1Cu centers from
plastocyanin,’® umecyanin,’* and azurin> are shown in figure 1. All T1Cu proteins have
positive reduction potentials greater than 0.25 V. They also have a strong absorbance

around 600 nm as a result of the cysteine thiolate sulfur-to-copper charge transfer band,
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giving rise to yet another name for this group, the blue copper proteins. T1Cu proteins

also exhibit small hyperfine splitting in the parallel region of EPR spectra.*

%\NH o %\NH o) %\NH o
m {fw o {’191 wn
S H (0] H o)
/E %/N (0] o %/N j\; 5 /H o
s Y s N
HN N b D W TN
\ r~ NH \ /<N NH N o L\
HN ‘*7-«4, HN “7\«,., T oj/
\/ﬁNH \/&]/NH fe) HN—g HN
\
O (ZL,L o S
Plastocyanin Umecyanin Azurin
Type | Class | Type | Clasdl Type | Class I
Cu(l\‘SHis)zSYCysS8 Met Cu(NsHis)ZSYCysoeGlu Cu(l\pHis)zsycysS8 metOaly

Figure 1: Examples of type I copper centers: plastocyanin, umecyanin, azurin

Type Il copper centers (T2Cu) are often found in the oxidoreductases. The metal
center is coordinated predominately by histidine residues in a distorted square planar
geometry; oxygen-containing ligands are also common. Cu, Zn superoxide dismutase
(Cu, Zn SOD) is the most well known member of this group. The Cu, Zn SOD T2Cu
center is shown in figure 2, water has been placed in the substrate binding axial

position.”” T2Cu centers lack distinctive features in absorbance spectra as they lack sulfur

ligands. They are, however, EPR active, usually exhibiting axial symmetry and hyperfine

splitting.”®
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Figure 2: Example of a type II copper center: Cu, Zn SOD

Type III copper centers (T3Cu) are binuclear copper centers, with each copper
bound by 3 histidines. They are found in some oxidases, and the arthropod oxygen
transport protein, hemocyanin. In the absence of dioxygen, each copper atom in the
T3Cu center is in a trigonal planar geometry.”® Upon dioxygen binding, the copper atoms
are drawn closer together, and take on a trigonal bipyramidal geometry.® This process is
shown in figure 3. UV-vis spectroscopy of the oxygen-loaded hemocyanin shows a
strong absorbance between 350-580 nm. The protein is EPR silent due to the
antiferromagnetic coupling of the two S = %% Cu’" atoms, resulting from the bridging O,

ligand.®'
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Figure 3: Example of a type III copper center: hemocyanin

Deoxygenated hemocyanin is shown on the left, and the oxygenated form on the right.
Upon oxygen binding, the copper atoms are drawn closer together, switching from a
trigonal planar geometry to that of a trigonal bipyramidal geometry, cha racteristic of
type Il copper centers

Copper A and B centers, Cua and Cug respectively, are both found in cytochrome
c oxidase (CcO), a large multidomain protein that is the last enzyme in the electron
transport chain. The Cuy center is located in the Cox2 domain and contains 2 copper
atoms bridged by 2 cysteine resiudes, both in a tetrahedral geometry. The first is also
coordinated by a histidine and a methionine, while the second is also coordinated by a
histidine and the carbonyl oxygen of a glutamate residue. The Cu, site is believed to be
the cyctochrome c electron acceptor, which then donates the electron to the internal
heme. In the Cug site, located in the Cox1 domain, copper is bound by 3 histidine
residues in a trigonal pyramidal geometry. The open face of the Cug is believed to be
part of an oxygen binding site involved in electron transfer from the heme. Both the Cuya

and Cug centers from CcO are shown in figure 4.%
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Figure 4: Example of Cu, and Cug copper centers: cytochrome c
oxidase

The last type of copper center, and the most recently discovered, is the copper Z
center (Cuz) found in a N,O reductase. The Cuyz center contains 4 copper atoms arranged
in a distorted tetrahedron coordinated by 7 histidines and bridged by an inorganic sulfur
ion (Figure 5).° The fourth copper atom, ligated by only 1 histidine and an unknown
oxygen species, is believed to be the location of substrate binding. Copper centers are
not mutually exclusive, N>,O oxidase also contains a Cuy site. Laccase and ascorbate
oxidase each contain a T1Cu center, and a trinuclear T2Cu/T3Cu center.** % In both
cases the T1Cu center accepts an electron from the reducing substrate, and then transfers

it to the T2Cu/T3Cu center where oxygen is reduced to water.
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Figure 5: Example of a Cu, copper center: N,O reductase

1.3 Copper Trafficking Proteins

Copper trafficking proteins include integral membrane proteins that transport
copper across cell and organelle membranes, copper chaperones responsible for shuttling
the cofactor to respective cuproenzymes, and resistance proteins utilized to prevent
accumulation of toxic levels of copper. Many of these proteins in eukaryotes are found
within the reducing environment of the cytosol, and thus have evolved to stabilize and
transfer Cu’. There are very few copper trafficking proteins found in the prokaryotic
cytosol, they are almost exclusively located in the plasma membrane and, in the case of
gram-negative bacteria, also the periplasm. The periplasm is more oxidizing than the
cytosol, thus many bacteria have evolved proteins that can accommodate both oxidation

states of copper. Copper trafficking proteins contain binding sites with low affinity or
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low coordinate flexible geometries, that promote transfer to the recipient protein or

enzyme.

1.3.1 Integral Membr ane Copper Transport Proteins

There are two families of integral membrane copper transport proteins, the P;p-
type ATPases and Ctr proteins. Copper ATPases are ubiquitous in all three domains of
life, while Ctr proteins are found exclusively in eukaryotes. In eukaryotes, ATPases are
used to excrete excess copper from the cell, and recruit copper to the Golgi apparatus for
incorporation of the cofactor into enzymes. Most prokaryotes utilize ATPase for the
former. A list of example functions of copper transporting ATPases is shown in table 6.
Ctr proteins are used for cellular and vesicular acquisition of copper. Copper ATPases
and Ctr proteins have significantly different mechanisms of transport, structures, and

copper binding sites.

Table 6: Examples and functions of copper P3-type ATPases

Organism ATPase Function
Eukaryote
Yeast Ccc2®®  Recruits copper to the Golgi apparatus for incorporation in to
Human MNK®”  cuproenzymes. Used on cell surface to export excess copper.
WLN®  MNK expressed in non-liver tissue, WLN expressed in liver
Prokaryote
E. coli CopA®®  Exports copper from cytosol to periplasm

Synechocystis CtaA®  Recruits copper to the cytosol
sp. PCC 6803  PacS® Recruits copper to the thylakoid for incorporation into
photosynthetic proteins

Pis-type ATPases catalyze the dephosphorylation of ATP to ADP and inorganic
phosphate, utilizing the energy released to transport copper across a membrane. Copper
ATPases are comprised of multiple domains, including a pore forming transmembrane

domain comprised of 8 a-helices, a nucleotide binding domain, a phosphorylation
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domain, and a variable number of soluble metal binding domains located at the termini,
each containing a copper-binding motif.”” The number of these domains appears to
increase with increasing complexity of the organism. NMR analyses of ATPases reveal
that they bind copper in a CXXC binding motif with near linear S-Cu-S bond angles

ranging 120-170°(Figure 6).”" The binding site is presumed to be flexible and capable

of accommodating a diversity of geometries, particularly when the metal is transferred to
and from the ATPase, resulting in the observed deviations from a pure linear geometry.
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CU(SCys)Z CU(SICys)ZNSHis

Figure 6: Examples of copper binding sites in ATPases and chaperones

Ctr proteins are believed to be ubiquitously expressed among all eukaryotes, and
have already been identified in yeast, insects, mice, humans, and various plants.”*”® Ctr
proteins do not utilize ATP as an energy source to transport copper across membranes.™
Instead, the transporter takes advantage of the favorable concentration gradient as
intracellular copper is effectively sequestered. Ctr proteins are symmetrical homotrimers

that form a pore at the interface of the 3 o-helix-containing subunits.*' ™ The N-terminal

region of the protein located on the cell surface contains methionine residues (Mets

motifs) implicated to be involved in copper transport (Figure 7).** Some organisms also
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utilize histidine or cysteine in concert with methionine at the cell surface, mammals and
the green algae Chlamydomonas, respectively, which bind copper in a fashion similar to
what is shown for the Mets motif in figure 7. Mammalian Ctr proteins also contain
proposed histidine-only copper binding motifs on the cell surface, including the Cu®"
specific HoN-XXH amino terminal copper/nickel (ATCUN) square planar binding site,
and the linear bis-histidine (HH) binding site (Figure 7).*> Methionine motifs are also
important for shuttling copper down the pore.* The C-terminal region of the protein
located in the cytoplasm contains histidine and cysteine motifs that are believed to
transfer copper to chaperones.**® More detailed information regarding the structure,

function, and binding sites of Ctr proteins will be discussed in chapter 2 and chapter 3.
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Figure 7: Examples of copper binding sites in Ctr proteins

1.3.2 Copper Chaperones

Cells utilize chaperone proteins to safely ferry copper to the desired location,
while preventing redox cycling and the resulting production of damaging reactive oxygen
species. Copper chaperones can be divided into 3 groups, those that transport the metal
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to ATPases, those that deliver the cofactor into Cu, Zn SOD (SOD1), and those that
shuttle copper to the mitochondria and/or assist with incorporation into CcO. All
chaperones, even bacterial chaperones, are located in the cytosol and the inner membrane
space of the mitochondria of eukaryotes. All chaperones utilize the CXXC motif, some
also appear to incorporate histidine into the binding site (Figure 6). Examples of
chaperones, including recipient proteins/enzymes, locations, and binding site

compositions, are listed in table 7.

Table 7: Examples of copper chaperones

Chaperone Organism Recipient Location Binding Site
ATPase Related
Hahl/Atox1**"  Human MNK/WLN  Cytosol CXXC
Atx17%% Y east Cec2 Cytosol CXXC
ScAtx17+%¢ Synechocystis  PacS Cytosol CXXC+H
sp. PCC 6803
CopZ°™% E. hirae CopA Cytosol CXXC
B. subtilis
SOD Related
hCccs” Human hSODI Cytosol CXXC, CXC
yCCs'0-102 Y east ySODI Cytosol CXXC, CXC
CcO Related
Cox11'® Yeast (Human)  Cox| IMS CXXC
Cox17'+1% Human, Yeast  Scol, Cox11 Cytosol/IMS CXXC
Scol'® Yeast (Human)  Cox2 IMS CXXC+H
Sco2'% Yeast (Human)  Cox2 IMS CXXC+H

Chaperones that deliver copper to ATPases are often referred to as Atx1-like
chaperones, named after the yeast version of the protein which was the first to be
characterized.”? They are usually around 70 amino acids, and contain the CXXC binding
motif. NMR analyses have revealed that the Atx1-like chaperones do not coordinate
copper in a pure linear geometry. The S-Cu-S bond angles observed in Atx1 and CopZ

range 115-120°, which suggests a geometry closer to that of a distorted tetrahedral.'”” '*®

While EXAFS data does suggest the presence of a possible additional sulfur donor, it is
24



unclear if the bond angles determined by NMR are just a reflection of the flexibility of
the binding motif, or if there is an unknown exogenous third ligand.'® It is possible that
EXAFS is detecting a coordination environment similar to what has been observed in the
crystal structure of the human version of the chaperone, Hah1/Atox1. Here, two Hahl
molecules bound Cu(l) via three cysteine residues in a distorted tetrahedral geometry.”
Interestingly, EXAFS studies of Hahl only revealed two sulfur donors.''’ ScAtx1 and B.
subtilisCopZ contain a histidine near the binding site, however it is only involved in
copper binding in the ScAtx1 version.”*°

Eukaryotes utilize CCS to deliver copper to Cu, Zn, SOD located in the cytosol.
Prokaryotes do no have homologues for CCS, as Cu, Zn SOD in gram-negative bacteria
is located in the periplasm. Structural determination of the human and yeast version of
the protein are still incomplete. They appear to be large, around 27 kDa, proteins
comprised of 3 domains, the first of which has considerably homology to Atx1 and also
contains the CXXC motif.'"” A histidine residue is also located near the binding site.
The second domain contains similar structural elements to Cu, Zn SOD, however lacks a
copper-binding site. The third domain contains a conserved CXC motif that is known to
be critical for activity.'"

The exact mechanism of how copper is transported to the mitochondria and then
incorporated into the CcO is still being elucidated. Cox17 was initially believed to
shuttle copper from the cytosol to the mitochondrial inner membrane space (IMS),

however Cox17 tethered to the inner mitochondrial membrane is fully functional, and

mitochondrial copper levels are independent of Cox17."'> ' Recent evidence suggests
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that there may be a low molecular weight copper ligand that is responsible for shuttling
copper to the mitochondria.''* '

Regardless of mechanism, a great deal is still known about the chaperones
involved in inserting copper into CcO. Cox17 is a small, 64 amino acid, cysteine rich

peptide that binds copper with CXXC motif in near linear geometry with a S-Cu-S bond

angle of 164°.'"> Cox17 has been shown to transfer copper to Cox11 and Scol, which

then insert copper into the Cox1 and Cox2 domains of CcO, respectively.'” Sco2 is
structurally very similar to Scol and believed to perform the same function.'” Cox11 is
tethered to the inner mitochondrial membrane by an N-terminal linker, the 164 amino
acid protein contains a CXC copper-binding motif. NMR and EXAFS analysis of a
soluble anchorless construct has suggested the formation of a dimeric protein state with
two cysteine residues bridging two Cu(I) atoms.''® Both Scol and Sco2 are large
proteins, around 30 kDa, and like Cox11, are also anchored to the inner mitochondrial
membrane. Scol and Sco2 both bind Cu(l) in a near trigonal planar geometry utilizing a
CXXXC motif, and an additional histidine.'® " It has been suggested that Scol and
Sco2 also contain a Cu(II) binding site, based on hyperfine splitting in the EPR consistent
with a square planar or square pyramidal T2Cu center.'"® Only two residues have been

identified as potential coordinating ligands: a conserved histidine and aspartate.

1.3.3 Copper Resistance Proteins

Protein networks involved in copper resistance are predominately found in
prokaryotes, particularly gram-negative bacteria. Bacteria remove excess copper from

the cytosol utilizing the ATPases CopA. While this effectively removes the poisonous
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metal from a gram-positive bacterium, gram-negative bacteria still need to manage the
copper that is being transported in to the periplasm. Two copper handling systems have
been identified that accomplish this, Cus, a proton driven CBA transport system, and the
plasmid-encoded pcoor copdeterminant. Eukaryotes do express one potential copper
resistance protein, metallothionein.

The Cus pathway is a CBA export system whereby three proteins, CusA, a protein
of the resistance nodule division (RDN), CusB, a membrane fusion protein (MFP), and
CusC, an outer membrane factor (OMF), form a transport complex that spans the length
of the periplasm, from the plasma membrane to the outer membrane.''*"'** Unlike other
similar resistance pathways in gram-negative bacteria utilizing the CBA complex
strategy, the Cus determinant employs a novel protein, CusF, that functions as a copper
chaperone, recruiting Cu(I) and Ag(I) to the CBA efflux machinery.'” Energy for the
process is believed to be supplied by CusA via proton-substrate antiport.'** > There is
little structural data regarding the CBA complex. An X-ray crystallographic structure has
been determined for CusB.'*® How reflective this is of the functional structure of the
protein is questionable. The stoichiometry of metal binding, and the composition of the
binding sites observed in the crystal structure, are not supported by biochemical and
EXAFS studies, which suggest CusB binds 1 equivalent of Cu(I) or Ag(I) in a3
coordinate methionine-only environment (Figure 8).">” CusA and CusC have not been
structurally characterized, but contain methionine and cysteine rich regions respectively.
CusF has been well defined structurally, and binds Cu(I) and Ag(I) with 2 methionine

and 1 histidine residues in a distorted trigonal planar geometry.'”® There also appears to
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be a novel cation-7t interaction between the bound metal and a nearby tryptophan residue

(Figure 8)."**'* CusF will be discussed in greater detail in chapter 4.

CusF CusB
CU(S Met)2 N! HisWCation—" CU(S Met)S

Figure 8: Examples of copper binding sites in CusF and CusB

The mechanisms of plasmid-encoded Pco and Cop copper resistance pathways are
less defined. These resistance systems were first discovered in bacteria able to survive in
environments with such high concentrations of copper, that it would compromise the

130131 These plasmid-

normal, chromosomally encoded, copper homeostatic system.
based resistance networks are comprised of 4 to 5 copper proteins, the most well studied
include the E. coliPcoABCDE and P. syringaeCopABCD, and 2 regulatory proteins,
PcoRS and CopRS. The proposed functions and locations of the Pco and Cop proteins are

132 pco/CopA™ exhibit oxidase activity.'*® Pco/CopC and Pco/CopD are

listed in table 8.
required for full copper resistance, Pco/CopC may recruit copper to Pco/CopD where it is

transported into the cytosol for incorporation into apo-Pco/CopA."** ¥ PcoE is a known

i CopA of P. syringaeis not an ATPase
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copper binding protein, and Pco/CopRS regulate expression of the pathway."**'*” The
only structurally characterized proteins from these pathways are PcoC and CopC, both of
which appear to bind Cu(I) and Cu(Il) in separate sites. XAFS studies of E. coliPcoC
suggest that Cu(I) is bound trigonally by 2 methionine and 1 histidine residues (Figure
9)."** Cu(II) coordination is less defined, with XAFS suggesting a four-coordinate site
with at least 1 histidine ligand, 2 other N donors and 1 oxygen donor'**. Structural
analyses of P. syringaeCopC produced somewhat conflicting results for the Cu(I)
binding site. NMR and EXAFS suggest that Cu() is 3 or 4 coordinate, with 2 or 3
methionine ligands and one histidine ligand, while a crystal structure suggests a 4

coordinate methionine binding site (Figure 9)."*%'*

The Cu(Il) binding site was less
ambiguous, with all techniques suggesting coordination by at least 2 histidine residues

and two other N/O donors, one of which could possibly be a third histidine.

Table 8: Functions and locations of Pco/Cop proteins

Protein Location Function

Pco/CopA'"*’ Periplasm Multi-copper oxidase, copper binding
Pco/CopB Outer membrane  (Copper binding)

Pco/CopC"** ¥ Periplasm Copper binding, (copper uptake w/ Pco/CopD)
Pco/CopD"**'**  Inner membrane  (Copper uptake w/ Pco/CopC)

PcoE'¢ Periplasm Copper binding, (chaperone)

Pco/CopR"’ Cytoplasm DNA binding transciprtional activator

Pco/CopS"’

Inner membrane

Periplasmic copper sensing histidine kinase
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Figure 9: Examples of copper binding sites in Cop/PcoC

Eukaryotes employ a different strategy to deal with excess cellular copper,
sequestration via metallothionein. Many studies have shown the metallothionein plays a

role in copper detoxification.'*'* Others studies suggest it may store the metal until it is

142, 143 147, 148

required for insertion into apo-copper enzymes and apo-copper chaperones.
These theories are certainly not mutually exclusive. Metallothionein is a small protein,
53 amino acids, containing 12 cysteine residues, and has been observed to bind between 6
and 8 equivalents of copper.'*”'* EXAFS analyses of the full-length protein and
truncated construct have revealed that only 10 of the 12 cysteine residues bind copper.""
152 There is a long history of attempts to determine the structure of copper loaded
metallothionein. Crystallization of the full-length protein was never successful, and
while NMR structures have been determined with increasing accuracy, information
regarding the copper cluster could not be inferred.""'**1*¢ Crystallization of the

previously mentioned truncated construct was successful and has revealed that 6 of the

coppers are coordinated trigonally by cysteines, with the remaining 2 are coordinated
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diagonally."’ Tt is believed that the diagonal coordination may play an important role in
copper loading and unloading of metallothionein. The diagonal and trigonal mixed

geometry is supported by previous EXAFS studies.'”

1.4 Comparison of Copper Proteins

The broad classes of copper proteins, (i) those that utilize the metal as a cofactor,
(i1) and those that traffick the metal, can be distinguished by the differences in cellular
location and copper coordination environments. Copper trafficking proteins are
exclusively found within the cell, while the majority of cuproenzymes/proteins serve an
extracellular function (Figure 10). Some exceptions include Cu, Zn SOD, which is
located in the cytoplasm of eukaryotes and the periplasm of gram negative bacteria, CcO,
located in the inner membrane of the mitochondria in eukaryotes and the cytoplasmic
membrane of bacteria, and cytochrome ¢ (Cyt ¢), located in the inner membrane space of

the mitochondria in eukaryotes the periplasm of gram negative bacteria.
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Figure 10: Location of copper proteins of interest in yeast and bacteria

a) is a diagram of a yeast cell and b) a bacterial cell showing the location of copper
proteins of interest. Most cellular copper proteins are trafficking proteins, with the
exception of SOD1, CcO, and Cyt c. Abbreviations: metallothionein (MT), outer
membrane (OM), inner membrane space (IMS), inner membrane (IM).

Different types copper proteins can also be distinguished by their coordination
environments, particularly by the type and number of ligands used. Enzymes and
proteins that utilize copper as a cofactor bind the metal in high affinity, high coordinate
(CN 4-5) environments that prevent loss of the metal during redox cycling, while copper
trafficking proteins promote metal lability through low affinity or low coordinate binding
(CN 2-3) sites that promote metal transfer. These binding sites are dominated by
methionine, histidine, and cysteine residues, as predicted by the HSAB principle. Each
one of these amino acids has unique copper binding properties, including oxidation state
specificity, affinity, and pH dependence. These properties have been exploited by nature
when evolving different copper proteins that perform different functions. As histidine is
the only borderline ligand, it has the ability to effectively bind both Cu” and Cu®", as

opposed to the soft methionine and cysteine ligands that more effectively bind Cu'".
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Cysteine exhibits the strongest affinity for copper as a result of the electrostatic character
of the coordinate covalent bond that is lacking in histidine and methionine interactions
with copper. Histidine and cysteine bind copper via protonatable side chains, pKa 6 and
8 for the free amino acids, respectively, and thus exhibit pH dependent binding. How
these properties effect Cu’ binding is the topic of chapter 3.

As we have observed, coordination chemistry of the electron transfer proteins and
the oxidoreductases is dominated by high coordinate environments comprised of mostly
histidine residues. This is necessary as histidine can accommodate cycling between both
oxidation states of copper without a considerable decrease in binding affinity that may
result in the metal vacating the binding site. Cysteine is also commonly found in these
binding sites, presumably to increase affinity for Cu’, preventing metal loss. Methionine
is rare in these binding sites and when found is usually a weakly coordinated axial ligand.

Copper ATPases and chaperones are similar to electron transfer proteins and
oxidoreductases as they also bind Cu(I) with high affinity. They differ in that they do so
in a low coordinate binding site to promote metal lability and copper transfer to a
recipient protein, while electron transfer proteins and oxidoreductases use high
coordinate binding sites to promote metal stability. Copper ATPases and chaperones
most frequently accomplish this using 2 cysteine residues that bind copper in a high
affinity (Kp=10""- 10" M),** '*® flexible, near linear geometry.

Copper resistance proteins are similar to the ATPases and chaperones as they
utilize binding sites that promote metal lability, however, they do so with higher

coordinate environments similar to the electron transfer proteins and oxidoreductases.
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The difference between binding sites in the copper resistance proteins and the electron
transfer proteins and oxidoreductases is ligand composition. Copper resistance proteins
contain methionine-rich bindings sites that are usually accompanied by a single histidine,
as opposed to the electron transfer proteins and oxidoreductases that are comprised of
multiple cysteine and histidine residues. The resistance proteins exploit these methionine
and histidine residues, which have a relatively weak Cu(I) binding affinity compared to
cysteine, in order to promote metal lability (Kp = 10°—1072 M).'?- %159 A resistance

protein with a novel Cu’ tryptophan cation- interaction is the topic of chapter 4.

The high affinity copper transport proteins, or Ctr proteins, are perhaps some of
the most diverse and interesting. No other copper protein contains the variety of binding
sites found in different versions expressed across the eukaryotic branch of life. While
yeast and human Ctrl (yCtrl and hCtrl, respectively) have been the most studied, both
structurally and biologically, a fair amount of biology is also known about the green
algae version of Ctrl (crCtrl). The N-terminal extracellular regions of these proteins are
most similar to the copper resistance proteins in that they bind copper with low affinity to
promote lability. They differ in mode of binding; the resistance proteins bind copper in
highly organized binding sites with amino acids that can be of considerable distance from
each other, while the Ctrl proteins usually bind copper in flexible contiguous motifs.
Each of the listed organisms binds the metal with a different composition, yCtrl with just
methionine residues, hCtrl with histidine and methionine residues, crCtr1 with cysteine
and methionine. A more detailed analysis of this phenomenon, particularly how the
individual characteristics of the amino acids are utilized in different environments, can be
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found in chapter 3. The C-terminal intracellular copper binding sites are equally as
diverse, yCtrl binds 4 equivalents of Cu(I) with 6 cysteine residues, reminiscent of, albeit
with fewer atoms than, metallothionein, hCtrl binds Cu(I) in a cysteine or histidine rich
environment, and crCtr1 presumably binds Cu(I) in a cysteine rich environment. Of
particular interest were the Mets motifs observed in yCtrl. This is one of the first
examples of methionine only coordination of Cu(I). Chapter 2 provides the most detailed

characterization of these binding events to date.
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2. Methionine Motifs of Copper Transport Proteins
Provide General and Flexible Thioether -Only Binding
Sites for Cu(l) and Ag(l) '

2.1 Background and Significance

Copper, an essential element required by all aerobic organisms, is a cofactor in
enzymes in many important biochemical processes including iron acquisition, respiration,
and free radical detoxification.'® Proper trafficking and sequestration is required to
prevent copper from reaching toxic levels. Copper toxicity has been attributed to
Cu(I)/Cu(Il) redox cycling resulting in the production of reactive oxygen species (ROS)
through Fenton-Haber Weiss chemistry, as well as copper replacing iron in the active site

161 ROS are known to cause cellular

iron-sulfur clusters found in many dehydratases.
damage including lipid peroxidation in membranes, direct oxidation of proteins, and
cleavage of DNA and RNA molecules. Dehydratases are key components of metabolic
pathways utilizing the iron-sulfur clusters to bind enzyme substrates. Cells have
developed a complicated network to acquire, transport, and sequester copper in order to
avoid its potentially damaging effects.'” An imbalance in copper homeostasis is
associated with disease, most notably the genetic disorders Menke’s disease and Wilson’s
syndrome, but has also been associated with neurodegenerative'®* and prion diseases.'®
Elucidation of the still poorly understood mechanisms of copper transport and

sequestration may one day lead to more effective prevention and treatment of copper

related cellular damage and disease.

' Reproduced in part with permission from Rubino, J. T.; Riggs-Gelasco, P.; and Franz, K. JIBIC
2010, In Press DOI:10.1007/s00775010-06639. Copyright 2010 Springer Berlin/Heidelberg
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One pathway of cellular copper acquisition is via the high affinity copper

transport protein Ctr].** %4

Yeast Ctrl (yCtrl) is a 406 amino acid protein with three
transmembrane domains (TMDs), a portion including the carboxy terminus that is
exposed to the cytosol, and a portion including the amino terminus extruding from the

cell surface. The cytosolic portion contains 6 cysteine residues which UV/visible

spectroscopy studies have shown can bind up to 4 equivalents of copper in a Cu'y(u-Cys-

Cys)s cluster identified by X-ray absorption spectroscopy (XAS).* The extracellular
segment contains 140 amino acids, 30 of which are methionine residues organized in 8
proposed copper binding Mets motifs, each comprised of 3—5 residues in combinations of
MXXM and MXM. The specific sequences are listed in Table 9. Human Ctrl (hCtrl) is
190 amino acids long and has considerable homology to yCtrl but also some interesting
differences. Like the yeast homolog, hCtrl also has three TMDs and a conserved
MXXXM motif in the second TMD that is critical for copper uptake.** The extracellular
domain contains 66 amino acids with only two Mets motifs. Unlike the yeast protein, the
mammalian versions also contain potential copper binding histidine residues. The
cytosolic portion lacks the multiple cysteine residues observed in the yeast version,
although does contain a His-Cys-His motif that XAS suggests binds copper via the

cysteine residue, or the histidine residues if cys is not present.*
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Table 9: Methionine motifs in yeast and human Ctrl

Motif Position Sequence Pattern
yCitrl
yMets1 1-6 M-E-G-M-N-M M-X-X-M-X-M
yMets2 10-15 M-N-M-D-A-M M-X-M-X-X-M
yMets3 26-34 M-A-S-M-S-M-D-A-M M-X-X-M-X-M-X-X-M
yMets4 45-53 M-S-S-M-S-M-E-A-M M-X-X-M-X-M-X-X-M
yMets5 64-72 M-S-S-M-A-S-M-S-M M-X-X-M-X-X-M-X-M
yMets6 77-84 M-S-G-M-S-M-S-M M-X-X-M-X-M-X-M
yMets7 102-108  M-S-G-M-S-G-M M-X-X-M-X-X-M
yMets8 119-127 M-D-M-D-M-S-M-G-M  M-X-M-X-M-X-M-X-M
hCitrl
hMets1 7-12 M-G-M-S-Y-M M-X-M-X-X-M
hMets2 39-44 M-M-M-M-P-M M-M-M-M-X-M

Recent biochemical®' and X-ray crystallographic data®®’

suggest that Ctrl forms
a symmetric homotrimer with a unique structure more similar to that of an ion channel
protein than the copper-transporting ATPases. The nine TMDs form a putative cone-
shaped pore that appears to be unobstructed, suggesting a passive transport mechanism.
The current hypothesis is that Ctr1 recruits Cu(l) to the vicinity of the pore via the
extracellular Mets motifs, then passes it to the motif in TMD 2, and finally to the
cytosolic histidine/cysteine residues before Cu(I) is acquired by one of the cytosolic
copper chaperones, or a putative copper storage ligand,''>''* before delivery to the

. 1 1
appropriate cuproenzyme'®> %

(Figure 11). The proposed copper-binding role of the
extracellular Mets motifs seems likely. Previous experiments have shown that model
peptides containing at least three methionine residues can effectively bind Cu(I)'®’ and

studies in yeast have shown that the Mets motifs are important for cell growth under

copper limiting conditions.*
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Figure 11: Proposed copper transport scheme in yeast

Extracellular Mets motif bind and stabilize Cu(l) prior to transport through the
membrane to His/Cys motifs which then pass copper to cytosolic chaperones/storage
ligand for delivery to cuproenzymes. Only 1 segment of the functional yCtrl homotrimer
is shown.

Methionine is well suited for a role as an extracellular Cu(I) ligand involved in a
copper transport scheme. From a biological perspective, experiments in yeast have
shown that environmental Cu(Il) is likely reduced to Cu(I) prior to cellular acquisition.”*
168169 Erom a chemical perspective, Cu(I) coordination by sulfur donors is
thermodynamically favored over oxygen and nitrogen containing ligands,'”® thus one
would expect methionine and cysteine ligands to be involved in Cu(l) transport. Cysteine
1s more commonly observed as a biological Cu(I) ligand, either in high-coordinate active

sites of cuproenzymes that accommodate Cu(I)/Cu(Il) redox cycling, or in the low-
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coordinate binding sites of cytosolic copper chaperones that facilitate metal-ion transfer.
Methionine, on the other hand, is less common. When it does appear in a binding site, it

171 +1:
33171 or utilized for a structural role

is often as a weak axial ligand in some cuproenzymes
in copper chaperones'’” and copper-transporting ATPases.”' Both of these amino acids
have unique chemical properties that make them optimal under different biological
environments. Extracellular environments are more oxidizing compared to the reducing
nature of the cytosol, which has an estimated effective reduction potential ranging from -

172 With the inclusion of

190 to -250 mV, with respect to the normal hydrogen electrode.
a methyl group on sulfur as opposed to an easily ionizable proton, methionine is far more
resistant to oxidation than cysteine. Cysteine is much more effective at binding Cu(I)
inside the cell where the reductive environment and high concentration of glutathione
prevent the formation of disulfide bridges, thus permitting the formation of a copper-
thiolate bond that is more favorable than that of a copper-thioether due to the electrostatic
character of the interaction.'”> This stronger interaction is likely why Cu(I) can be
effectively bound by two cysteine residues, as in the CXXC motif found in cytosolic

115,174
copper chaperones,' !’

whereas three methionine residues are required in Mets motifs.
17 Interestingly, most Mets motifs contain at least 3 methionine residues and some as
many as five.

Whereas Mets motifs are known to bind copper, very little has been published
regarding characterization of the binding sites. For example, it is unknown if the various

motifs and sequences exhibit different binding affinity and stoichiometry, if Mets

peptides exhibit affinity for other metal ions, and what kind of structural changes and
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coordination environments accompany metal binding. The aims of this study were to (i)
determine the Cu(I) affinity of the different Mets motifs observed in nature and how the
number of methionine residues and intervening amino acids within the motif may affect
binding affinity, (ii) confirm that Cu(I) is favored over Cu(II) and other metals, (iii)
examine structural changes of the motifs upon Cu(I) binding, and (iv) elucidate the

coordination environment of metal ions bound by Mets peptides.

2.2 Materials and Methods
2.2.1 Peptide Synthesis and Purification

Peptides were synthesized using a Protein Technologies PS3 automated peptide
synthesizer in 0.1 mmol scale on PAL-PEG-PS resin (Applied Biosystems). Standard
Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Chem-Impex and
Novabiochem) were coupled in 20 minute cycles with HBTU (O-benzotriazole-
N,N,N',N'-tetramethyluronium hexafluorophosphate) (Novabiochem) and N-
methylmorpholine (NMM) (Acros) in N,N'-dimethylformamide (DMF) (Caledon). Fmoc
protecting groups were removed using 20% piperidine (Aldrich) in DMF. The N-termini
of peptides designated with an ‘Ac’ were acetylated using acetic anhydride (Aldrich) and
NMM. Cleavage from resin and the removal of side chain protecting groups was
accomplished by treating resin with a 10 mL mixture of 95% trifluoroacetic acid (TFA)
(Sigma-Aldrich), 2.5% 1,2-ethandithiol (EDT) (Fluka), and 2.5% triisopropylsilane (TIS)
(Aldrich) under nitrogen while shaking for 4 hours. During the final hour of incubation
additional EDT (100 uL) and 65 UL of bromotrimethylsilane (TMSBr) (Acros) were
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added to prevent methionine oxidation. Peptide was precipitated from solution by
evaporating off TFA with a nitrogen stream, followed by three washes with diethyl ether
(Caledon). Purification was accomplished by semi-preparative reversed-phase HPLC on
a YMC C18 column with a linear 40 min. gradient from 7 to 70% acetonitrile in water
with 0.1% TFA. Purity was validated to be greater than 95% by analytical HPLC. Mass
of each peptide was determined by ESI-MS. yMets] calcd for C37HgsN12013S3: 982.4.
Found: (M +H") 983.4. yMets2 calcd for C4sHgoN14015S3: 1212.5. Found: (M + H")
1213.8. yMets3 calcd for C47Hs3N130,7S4: 1129.5. Found: (M + H+) 1230.6. yMets4
calcd for Cs;HooN14020S4: 1346.5. Found: (M + H+) 1347.9. yMets4a calcd for
CssH 04N 60,1S3: 1456.7. Found: (M + H+) 1457.8. yMets5 calcd for C4sHgsN14018S4:
1274.5. Found: (M + H+) 1275.9. yMets5a calcd for CssHjgoN16019S3: 1384.7. Found:
(M +H") 1385.7. yMets6 calcd for C45HgiN;3017S4: 1203.5. Found: (M + H") 1204.0.
yMets7 calcd for C39H7oN2015S5: 1042.4. Found: (M + H+) 1043.3. yMets8 calcd for
Cs9HosN150,0Ss: 1493.6. Found: (M + H+) 1494.7. yMets8a-c calcd for
Ce6H100N17021S4: 1603.7. Found: (M + H+) 1604.7. hMetsl1 calcd for C44H71N11015S5:
1089.4. Found: (M + H+) 1090.6. hMets2 calcd for C4sHg1N1;012Ss: 1127.5. Found: (M
+ H+) 1128.5. hMets2a calcd for C44HgoN;9O10S3: 1004.5. Found: (M + H+) 1005.7.
spMets1 calcd for Cs¢HesN11011S3: 923.4. Found: (M + H+) 924.8. spMets2-5 calcd for
C36HgsN11012S3: 939.4. Found: (M + H") 940.5. MG,;MGM caled for Ca9Hs,NgOoSs:
752.3. Found: (M + H+) 752.5. MG;MG;M calcd for C31Hs6N19O9S3: 808.3. Found: (M

+H") 809.6. PcoC caled for C34HeN10O1;S3: 882.4. Found: (M + H") 883.8.
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2.2.2 Preparation of Stock Solutions

Peptide stock solutions were prepared by adding 5-15 mg of lyophilized peptide

to a pre-tared microcentrifuge tube containing 250—1000 UL of nanopure water.

Concentration was verified by a UV-visible spectroscopic assay utilizing extinction
coefficients generated by data from quantitative amino acid analysis (Dana Farber Cancer
Institute, Boston, MA and AAA Laboratory, Mercer Island, WA) (Appendix A). An
extinction coefficient was generated for peptides of similar composition. Separate
extinction coefficients were determined for peptides of considerably different
composition. Absorption spectra were recorded in a 1-cm, 1-mL Starna masked quartz
cuvette (Atascadero, CA) on a Varian (Palo Alto, CA) Cary 50 UV-vis
spectrophotometer. Peptides in lyophilized and solution form were stored at -20 °C.
Ascorbic acid solution was prepared fresh daily from L-(+)ascorbic acid (Acros 99%) in
nanopure water. Metal stock solutions were prepared from CuSO4¢5H,0 (Sigma),
Co(NO3),*6H,0 (Mallinckrodt), FeSO4¢7H,0 (Fisher), Ni(Ac),*4H,0 (Aldrich 98%),
ZnS0Oy4 (Sigma 99.0%), MnSO4*H,0 (Fisher), AgNO; (Fisher), CdSO4 (Sigma), and
Hg(Ac), (Fisher) in nanopure water, except for [Cu(CH3CN)4]PF¢ (Aldrich) prepared in
degassed acetonitirile or degassed acetonitrile-ds (Aldrich). All experiments using
[Cu(CH;3CN)4]PFs were conducted using a concentrated stock solution of
[Cu(CH;3CN)4]PFs in acetonitrile to minimize the percentage of acetonitrile in the final
solutions to 0.25-2%. Control experiments by ESI-MS showed that this low content of
acetonitrile has negligible impact on the Cu(I)-Mets interactions. Increasing its content

above 10%, however, causes a decrease in intensity of the copper-peptide peak with an
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increase in intensity of the apopeptide peak, confirming that acetonitrile can compete

with Mets peptides for Cu(l) if it is present at 10% or higher.

2.2.3 Ascorbic Acid Oxidation Assay

Experiments were conducted in a multi-well plate using a Perkin Elmer 1420
Mutlilabel Counter Victor’ V Model with attached automated injector system containing
two pumps. Stock copper sulfate (0.2 M) was diluted to the working copper sulfate

solution (0.2 mM) as necessary. Fresh 400 uM solutions (pH 4.5) of ascorbic acid were

diluted from stock (100 mM) for each assay. Copper sulfate solution (0.2 mM) was

attached to pump 1 and 400 uM ascorbic acid solution was attached to pump 2. A copper

standard curve was generated prior to each assay, which was used to correlate the
observed rate constant of the Cu-catalyzed oxidation of ascorbic acid to the concentration
of available copper. In the experiment, the starting concentration of ascorbic acid is kept

constant at 400 UM while the concentration of copper sulfate ranges from 5 to 16 uM in 1
UM increments. Under these conditions the kinetics were assumed to be first order as

Cu”" is continually regenerated from Cu” in the presence of oxygen. Concentration of
dissolved oxygen is not of concern as solutions used are air saturated and reactions are
monitored during the initial portion of the first-order decay curve that is exponential over
three half-lives. The rate of ascorbate oxidation eventually decreases once oxygen is no
longer in excess, whereby first-order exponential decay is no longer observed. Degassing
the ascorbate solution with nitrogen had a similar, although immediate, effect. The initial
rate of oxidation of each concentration of Cu was determined by recording the decrease

in the abundance of ascorbic acid by monitoring the absorbance at 260 nm. The reaction
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was monitored where the LN(Az40) vs. time graph is linear, with a slope equal to Kops.
The slope of the standard curve (Kops vs. [Cu]r) was then used in the ascorbic acid assay
to determine the catalytically available Cu.

The effective dissociative binding constant (Kp) of copper ion with peptide at pH
4.5 was determined in a similar fashion. The concentrations of ascorbic acid and copper

sulfate were held constant at 400 uM and 8 uM respectively, while the concentration of
peptide was increased from 10—-100 uM in various increments. The rate of oxidation of

ascorbic acid for each concentration of peptide was determined by recording the decrease
in ascorbic acid concentration by monitoring the absorbance at 260 nm. The LN(Az40) vs.
time graph produces a straight line with a slope equal to the Kops. A 1:1 peptide copper
binding stochiometry is assumed as the concentration of peptide is considerably greater
than the concentration of CuSOj, and similar conditions examined on ESI-MS only
reveal masses associated with 1:1 complexes. With 1:1 binding stoichiometry (P + Cu"

I PCu) the dissociation constant (Kp = [P][Cu]r/[PCu]) is equal to the concentration
of free Cu®" multiplied by the concentration of free peptide divided by the concentration
of the copper-peptide complex. The concentration of free Cu>” can be determined by
using the slope of the line from the standard curve. The concentration of the copper-
peptide complex can be determined by taking the difference of total and free Cu>" ([PCu]
= [Cu]r— [Cu]r). The concentration of free peptide can be determined by taking the
difference of the total peptide and copper-peptide complex ([P]g = [P]r — [PCu]). For
each peptide a Kops vs. [P]r was generated and fit to the expression in Eq. 1 using the

previously mentioned mass balance equations to yield the effective Kp:
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where [Cu]r = Kops([Cu]1/K,) and Kk, is Kobs when [P]r = 0.

2.2.4 Electrospray lonization Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) experiments were performed
using an electrospray quadrupole ion trap mass spectrometer (1100 Series LC/MSD Trap,
Agilent, Palo Alto, CA) with a conversion dynode detector (Daly). Samples were

injected via a Harvard Apparatus (Holliston, MA) syringe pump at 33 uL/min. Ionization

was achieved in the positive ion mode by application of +5 kV at the entrance to the
capillary with the nebulizer gas pressure set at 20 psi. Drying gas was heated to 300°C at
a flow of 7 L/min. Full-scan mass spectra were recorded in the mass/charge (m/2 range
of 400-2000.

For effective Kp determination, a standard curve was generated by recording the
intensity of the peak associated with free peptide at concentrations ranging from 1-50
UM in 5 mM H,Asc for studies at pH 3.5, and in 5 mM H,Asc in 10 mM ammonium
acetate (NH4OACc) (Mallinckrodt) buffer for studies at pH 7.0. Dilute NH4OH (Fisher)
was used to adjust the H,Asc/NH4OAc buffer pH to 7.0. The intensity of the free peptide
peak was then recorded with increasing concentrations of CuSQO4 ranging from 10-100
UM in 10 uM increments, while the peptide concentration was kept constant at 2040 uM
in 5 mM H,Asc or 5 mM HzAsc in 10 mM NH4OACc buffer. The effective Kp was
determined using the same equation as in the ascorbic acid assay (Kp =

([Cu]e[P]#/[CuP])). The concentration of free peptide was determined using the standard
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curve. The concentration of the copper-peptide complex was determined by taking the
difference between the concentration of total peptide used in the experiment and the
concentration of free peptide ([PCu] = [P]r — [P]r). The concentration of free copper was
determined by taking the difference between the concentration of total copper used in the
experiment and the concentration of the copper-peptide complex ([Cu]r = [Cu]r — [PCu]).
For each peptide a [P]r vs. [Cu]r graph was generated and fit to the quadratic equation
using the previously mentioned mass balance equations to yield the effective Kp.

For metal competition studies, solutions containing 20 UM peptide in 5 mM
ascorbic acid (H,Asc) with 20 uM CuSO4and 200 uM of a competing metal solution,
Co(NO3),, FeSOy4, Ni(Ac),, ZnSO4, MnSOy4, CdSO4, or Hg(Ac), were injected into the
ESI. Additional competition studies for Ag(I) and Cu(I) were conducted anaerobically
where 20 UM of hMets2 in H,O was incubated with 5 equivalents of either AgNOs or
[Cu(CH;3CN)4]PFs followed by titration with 0.5 to 5 equiv of the other metal ion. For
the non-competitive metal binding studies, stock peptide was diluted into nanopure water
adjusted to the appropriate pH using dilute NH4OH and 1 M HCI (Fisher), no ascorbate

was used. 20 uM peptide was injected into the ESI with 20 uM and 200 uM or the

previously listed metals, including CuSOs, at pH 4, 7, and 10.

2.2.5 CD Spectroscopy

Circular dichroism experiments were performed with an AVIV 62DS
spectropolarimeter (Aviv Associates, Lakewood, NJ) using a 1-cm quartz cuvette at 25
°C. The CD signal was averaged for 10 s every 1 nm from 185-275 nm. Each spectrum

corresponds to an average of 3 scans and has been baseline corrected. Ellipticity is
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reported as mean residue molar ellipticity (deg cm® dmol™) where [6] = 100 [0]obs/ (C L
N), [0]obs 1s the observed ellipticity in degrees, C is the molar concentration of the
peptide, L is the optical path length of the cuvette in cm, and N is the number of amino
acid residues in the peptide (N = 8 for PcoC, N =9 for hMets2).

CD spectra of 4 uM peptide were recorded in the absence and presence of 1 and
10 equivalents of AgNO3;, NaNOj;, CuSOs, or [Cu(CH3CN)4]PF¢. Peptide solutions were
prepared using filtered nanopure water, for anaerobic experiments using
[Cu(CH;3CN)4]PFs water was degassed with N,. The concentration of Cu(I) in solutions
prepared from [Cu(CH3CN)4]PFs was confirmed by using bathocuproine disulfonic acid

(BCS) (MP Biomedicals) (Cu(BCS),” €453 = 13,300 M cm™).*® CD spectra of filtered

nanopure water in the absence of peptide were recorded to perform baseline corrections.

CD spectra of 4 uM peptide solutions were also recorded at pH 2, 7, 10, and 12. Filtered

nanopure water was adjusted to the appropriate pH using 1 M NaOH (Sigma-Aldrich)
and 1 M HCI and was then used to dilute stock peptide solutions. For competition
studies, samples of hMets2 were prepared under anaerobic conditions, separate spectra
were recorded after incubation with 10 equivalents of AgNO; and [Cu(CH3CN)4]PFg, and

after titration with 1 and 10 equivalents of the competing metal.

2.2.6 NMR Ag(l)/Cu(l) Titrations

"H-NMR spectra of 8 mM hMets2 prepared in D,O (Aldrich) were collected
before and after titration with 0.25 to 10 equivalents of AgNOj3, also prepared in D,O.

The experiment was repeated for titration with 0.5 to 10 equivalents of
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[Cu(CH3CN)4]PFs, prepared in degassed acetonitrile-d;. For competition studies,
separate spectra were recorded for hMets2 after incubation with 5 equivalents of AgNOs
and [Cu(CH;3CN)4]PFg, and after titration with 0.25 to 5 equivalents of the competing
metal. Anaerobic conditions were used for experiments with [Cu(CH3CN)4]PF¢, hMets2
solutions were prepared in degassed D,O. "H-NMR experiments were collected on a
Varian Inova 500 MHz Spectrometer. Chemical shifts and J values for apo-hMets2 are
reported in ppm and Hz, respectively: 'H-NMR (D,0): & 3.86 (2H, m), 3.71 (2H, m),
3.00 (2H, t, 7.55. 7.55), 2.60 (10H, m), 2.32 (1H, m), 2.00 (40H, m), 1.78 (1H, m), 1.70
(2H, m), 1.46 (2H, m), 1.22 (3H, d, 6.36).
2.2.7 X-Ray Absorption Spectroscopy

Samples of peptide-copper complexes were generated by mixing stock solutions
of the MGo,MG;M or hMets2 peptide with ascorbic acid, CuSOs, glycerol and water such
that final concentrations were 4 mM peptide, 2 mM CuSO4, 5 mM H,Asc and 25 %
glycerol. Samples were loaded into a lucite sample cell wrapped in Kapton tape before
flash freezing in liquid nitrogen. Spectra were collected at the Stanford Synchrotron
Radiation Laboratory, beamline 9-3. The SSRL storage ring was operating at 3 GeV with
a maximum current of 200 mA. Beamline 9-3 uses a focusing mirror, has Si(220)
monochromator crystals, and a 13 keV energy-cutoff mirror was used to reject
harmonics. Copper fluorescence was detected with a Canberra 100 element germanium

detector. Samples were maintained at 8K in an Oxford liquid helium continuous flow

' Samples prepared by J.T. Rubino, experiment conducted and data analyzed by our collaborator,
P. Riggs-Gelasco
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cryostat. A 6 micron nickel filter with a Soller-slit assembly was placed between the
cryostat window and the detector to reduce scatter. The energy was calibrated by
simultaneously measuring the edge spectrum of a copper foil, with the energy of the
rising inflection point being assigned as 8980.3 eV. Data were analyzed using
EXAFSPAK'” interfaced with FEFF7.0'"° for theoretical phase and amplitude functions.
Eo and scale factor were set at -14 eV and 1.0 respectively, based on previous calibration
to fits on model complexes.'”” The data were fit over a k range of 2-13 A™' without the
use of any Fourier filtering or smoothing. Spectra represent the average of 3—4 scans.
The goodness of fit was evaluated using the F factor (a least-square deviation between
data and fit) that was corrected for the number of variable parameters used in the fit (F’ in
Table 10).175 The Cu-ligand distance, R, and the Debye-Waller factor, sz, were freely
varied in each fit. Coordination number was varied incrementally but was not refined in
the fits. Typical errors in XAS distance determination are +/- 0.02 A and typical errors in

coordination number are +/-25%.
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Table 10: Structural results for the Cu(I)-peptide complexes obtained from
extended X-ray absorption fine structure data analysis

Cu-S Cu-C Cu-C F’
Model R CN o2 R CN 42 R CN 42
hMets2
S 2.31 3.0 6.1 0.408
S, C 2.31 3.0 6.0 3.34 2 6.0 0.381

S,C,C 231 3.0 6.0 3.34 2 4.5 4.06 2 24 0346

MG,MG,M
S 231 34 44 0.878
S,C 231 34 44 3.39 2 6.1 0.845
S,C,C 231 34 43 3.38 2 5.3 4.05 2 1.8 0818
?Fits were to unfiltered, unsmoothed data from 2 P13 « . A scale factor of 1 and a [E,

of -14 were used in all shells. Bond distance,R (+ 0.02¢) , and Debye-Waller factor, ¢°

(+ ?), were varied. ¢° is scaled by 1Gin the table. The CN (coordination number) for the
Cubs shell was varied systematically in 0.1 increments and the optimal value is shown.

2.3 Results

Model peptides corresponding to the extracellular Mets motifs of yeast and
human Ctrl that were synthesized for these studies are listed in Table 11. Initial attempts
at studying these motifs were hampered by poor solubility, however a similar peptide
derived from the E. coli copper resistance protein PcoC containing a positively charged
lysine was found to be water soluble.'®” '™ Model peptides lacking a native lysine were
therefore synthesized with one or two C-terminal lysine residues to increase solubility. In
addition to the native sequences, other peptides were also prepared in order to compare
how the number of methionine residues and the number and type of intervening amino
acids in a motif may affect metal ion affinity. For example, some peptides containing
more than three methionine residues were also synthesized with norleucine replacements,
a non-sulfur containing methionine analogue. The norleucine versions are denoted with

an ‘a-¢’ suffix in table 11. Other biological examples of Mets motifs were derived from
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the high affinity copper transport protein Ctr4 from the fission yeast S. pombg’; these
sequences are noted with an ‘sp’ prefix. Ctr4 forms a heteromeric complex with Ctr5 that
is similar in function and regulation to the Ctrl homotrimer.”>'”® “Scaffold” peptides
incorporate glycine residues as the only intervening amino acids. The PcoC peptide was

also included and used as a standard during experimentation.
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Table 11: Effective K, values determined by the ascorbic acid oxidation assay
(AAA) and electrospray ionization mass spectrometry (ESI) for 1:1 peptide-Cu(I)

complexes

Peptide Position K™ (uM)  Kp™' (uM)®  Kp=' (uM)®  Sequence

yCtrl

yMets1 1-6 9(2) M-E-G-M-N-M-G-S-K-NH,

yMets2 10-15 4.5(8) 3(1) Ac-M-N-M-D-A-M-S-S-A-S-K-NH,

yMets3 26-34 1.9(4) Ac-M-A-S-M-S-M-D-A-M-S-K-NH,

yMets4 45-53 3.2(3) 43(3) Ac-M-S-S-M-S-M-E-A-M-S-S-K-NH,

yMetsda 11(2) 4.2(5) Ac-M-S-S-M-S-M-E-A-Nle-S-S-K-K-NH,

yMets5 64-72 3.5(5) 2.4(4) 3.6(8) Ac-M-S-S-M-A-S-M-S-M-G-S-K-NH,

yMetsSa 8(1) 3(1) Ac-M-S-S-M-A-S-M-S-Nle-G-S-K-K-NH,

yMets6 77-84 3(1) Ac-M-S-G-M-S-M-S-M-S-S-K-NH,

yMets7 102-108  5.5(3) Ac-M-S-G-M-S-G-M-S-S-K-NH,

yMets8 119-127  7.1(3) Ac-M-D-M-D-M-S-M-G-M-N-Y-K-NH,

yMets8a 4.9(6) Ac-M-D-M-D-M-S-M-G-Nle-N-Y-K-K-NH,

yMets8b 5.7(4) 7.5(6) Ac-Nle-D-M-D-M-S-M-G-M-N-Y-K-K-NH,

yMets8c 5.1(8) Ac-M-D-M-D-Nle-S-M-G-M-N-Y-K-K-NH,

hCitrl

hMets1 7-12 10(1) 10(1) 9(1) Ac-M-G-M-S-Y-M-S-K-NH,

hMets2 39-44 4.8(6) 3.7(4) 4(1) Ac-S-M-M-M-M-P-M-T-K-NH,

hMets2a 4.7(7) 3.7(2) Ac-M-Nle-Nle-M-P-M-T-K-NH,

S. pombe

spMets 54-60 4.4(5) 3.6(2) 43) Ac-M-A-A-M-N-M-S-K-NH,

spMets2-5  65-70,  4.1(3) 4(1) 3.6(3) Ac-M-S-G-M-N-M-T-K-NH,
77-82,
89-94,
101-106

Scaffold

MG,MGM 10(2) 8(1) 12(1) Ac-M-G-G-M-G-M-K-NH,

MG>MG,M 4.4(2) 4(1) 4.8(7) Ac-M-G-G-M-G-G-M-K-NH,

PcoC 41-48 2.7(5) 2.4(3) Ac-M-T-G-M-K-G-M-S-NH,

Peptide prefixesy, h, and sp, refer to yeast (Saccharomyces cerevi3jdmiman, and the
budding yeast Schizosacchaomyces pombepectively. Peptide suffixes a-c refer to
peptides synthesized with norleucine (Nle) replacements of methionine. Sequences
starting w ith Ac have acetylated N-Termini. Methionines are in red, and nonnative
lysines are in blue. In 400 uM H,Asc, pH 4.5,%In5 mM H,Asc, pH 3.5,%In 10 mM
NH ,OAc, 5 mM H,Asc, pH 7.0

Two different methods previously employed by us were used to determine the

effective affinity of Cu(I) for Mets peptides.'®” The first, a UV-vis assay originally
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designed to run on a standard spectrophotometer, was adapted for use with a plate reader
allowing for high-throughput analysis; the second relied on ESI-MS. Both techniques
utilize the biologically relevant reducing agent ascorbic acid (HyAsc) to generate Cu(I)
from Cu(II). These methods were developed as the Mets motifs are unable to compete
with known spectrophotometric Cu(I) specific chelators, particularly bathocuproine

disulfonic acid (BCS) and bicinchonic acid (BCA).**'*" The weaker of these, BCA (B, =
4.6 x 10" or 2(1)x 10" M), has been used to determine Cu(I) affinities for peptides

and proteins exhibiting Kp values within the nanomolar to picomolar range, 3-6 orders of
magnitude tighter than values reported here for Mets peptides.”” '*! ESI-MS was also
used to determine binding stoichiometry and to probe for affinity of the peptides for other
metal ions. CD spectroscopy was used to examine structural changes upon metal
binding. "H-NMR and X-ray absorption spectroscopy were used to characterize the

coordination environment.

2.3.1 Determination of Peptide -Cu(l) Kp via the H ,Asc Oxidation
Assay

Cu(I) binding events are difficult to study due to the spectroscopically silent
nature of d'’ electron systems. A convenient assay has been developed that relies on
ascorbic acid as both a reductant and a spectroscopic handle. Cu(II) oxidizes ascorbate to

dehydroascorbate (HAsc™) as shown in equation 1.'%

In the presence of oxygen (Eq. 2),
or hydrogen peroxide (Eq. 4), Cu(l) is converted back to Cu(Il), making the process
catalytic in copper. As shown by Eqs. 2—4, these reactions can generate reactive oxygen

species including the superoxide radical (Of), hydrogen peroxide (H,0,) and hydroxyl
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radicals (¥OH), all of which could potentially cause peptide oxidation. Indeed, copper
and ascorbic acid are often utilized to identify amino acids susceptible to metal-catalyzed
oxidation, and have been shown to oxidize methionine in protein and peptides including

Azuri'®, prion proteins'®*, and Alzheimer’s related A[3.185 Interestingly, methionine

oxidation was not observed in our Mets peptides even after prolonged exposure to both

copper and ascorbic acid.

Cu(Il) + HAsc™ — Cu(I) + HAsc™ (2)
Cu(l) + O, — Cu(Il) + O* (3)
0,” + 2H+ — H,0, + O, 4)
Cu(I) + H,0, — Cu(1l) + "OH + OH (5)

The rate at which ascorbate is oxidized is dependent on the concentration of
H>Asc, Cu®’, oxygen, and the pH (Eq. 6).'*® Progress of ascorbate oxidation can be
monitored via the loss in intensity of ascorbate’s characteristic absorption band between
245-265 nm."®” '8 In the strict absence of metal ions, ascorbate is air stable, therefore
autoxidation is not of concern.' The rate of oxidation increases with increasing pH as
the prevalent species shifts from H,Asc (pKa; 4.1, pKa, 11.3), to HAsc', the ascorbate

. 2- .o 182
monoanion, and then to Asc”, the ascorbate dianion.'®

We have found that conducting
the assay at pH 7 or greater amplifies unwanted errors and is less reproducible, both
because of the faster ascorbate oxidation rate and because insoluble products of Cu(II)

hydrolysis can be problematic. Experiments herein were conducted at pH 4.5 where

HAsc™ dominates. This pH was also selected for its biological significance. Yeast acidify
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their media to pH 45 via the Pmalp H'-ATPase, generating a proton and
electrochemical gradient across the plasma membrane to promote various transport
processes.'™ Also, Cu uptake by hCtrl-transfected human cells was significantly
increased at low extracellular pH.** Oxidation experiments were conducted where the
change in the Ayeo (concentration of HyAsc) did not decrease more than 10%, while the
solutions were O, saturated, and at a constant pH. These conditions result in the Kops
defined in equation 7, and the pseudo-first order rate of ascorbate oxidation dependent on

the concentration of Cu’" (Eq. 8).

d[HAC] _ HAC][CU][O,]*

dt [H'] ©)
_ KHAC][O, ] )
obs [H+]
M — kobs[cu2+] (8)
dt

Metal chelators are known to decrease the rate of copper-catalyzed ascorbate
oxidation."®® "° Cu(II) chelators decrease the rate by directly preventing ascorbate
oxidation, making Eq. 2 rate-limiting, while Cu(I) chelators prevent oxidation back to

1 191 .
9. 191 The decrease in

Cu(II) disrupting the catalytic cycle, making Eq. 3 rate-limiting.
the rate of the reaction in both cases is assumed to be via the formation and eventual

dissociation of the chelate complex, followed by catalysis involving the free copper ion.
Previous studies have shown that this is not always the case; many chelates can oxidize

ascorbate as a secondary ligand via the formation of mixed ligand complexes.'® This

mechanism depends on the ability of ascorbate to coordinate to the metal chelate and on
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the stability of the ternary complex, which must accommodate both oxidation states of
copper. Mets peptides have shown specificity for Cu(I) with no affinity for Cu(II),
therefore the formation of a mixed-ligand complex containing peptide, Cu(Il), and
ascorbate is unlikely. The decrease in the rate of ascorbate oxidation by Mets peptides is
therefore attributed to the stabilization of Cu(I) by the binding event.

To determine the effective binding affinity of Mets peptides for Cu(I), the rate of
copper-catalyzed ascorbate oxidation was determined as a function of peptide
concentration, and the observed rate constant (K,ps) was compared to a standard curve of
Kobs vs. [Cu]r. The concentration of the catalytically available copper in solution is
directly proportional to Kb (figure 12), which allows for the quantitation of free copper
in solutions where peptide is present and a portion of the total copper is chelated and
unavailable for catalysis. Plots of ks vs peptide concentration were created for all
peptides, an example for hMets2 is shown in figure 13. Data were fit to Eq. 1 to

determine effective dissociation constants for Cu(l) (Kp), which range between 2—11 uM

for the Mets peptides, as shown in table 11.

! 5 8 10 12 14 16

[Cu], pM

Figure 12: Copper catalyzed oxidation of 400 pM H,Asc at pH 4.5
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Figure 13: k,,, vs. [hMets2] for the copper catalyzed oxidation of H,Asc

0-103.5uM hMets2, in 11.5uM increments, and 8 uM CuSO, in 400 uM ascorbic acid,
pH 4.5. The line is the fit of the data to Eg. 1 with R=0.99. Multiple assays were
conducted over various ranges of peptide concentration. Reported K, values are the
averages of multiple runs with the standard deviation reported in parentheses

Mets peptides composed of the same methionine pattern exhibited different
binding affinities. Peptides containing the MX,MXM motif, yMets1, yMets4a, hMets2a,
spMets1, spMets2-5 and MG, MGM had Kp values of 9(2), 11(2), 4.7(7), 4.4(5), 4.1(3)
and 10(2) uM, respectively. Peptides containing the MX,MX,M motif, yMets5a, yMets7,

MG;MG;M and PcoC had Kp values of 8(1), 5.5(3), 4.4(2) and 2.7(5) uM, respectively.

Mets motifs with more methionine residues did not exhibit tighter binding; differences in
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Kp values of Mets peptides containing 3 methionine residues compared to peptides
containing 4 or 5 were not statistically significant.

Sequence composition was considered as a potential explanation to the observed
difference in affinities. When examining the intervening amino acids in Mets motifs,
Ala, Ser and Gly occur most frequently, with occasionally some bulkier and/or charged
amino acids also present, including Tyr, Pro, Asn, Asp and Glu. MG, MGM and
MG;MG;M were synthesized to help elucidate the affect intervening amino acids have on
binding affinity. Glycine was chosen to allow for greater flexibility of the peptides,
which would presumably allow for a more favored binding geometry and a greater
binding affinity. However, Kp values for these peptides were not significantly different
than other Mets peptides. MG,MGM and hMets1 have comparable Kp, values, 10(2) and
9(1) uM, respectively, though hMets1 contains a bulky tyrosine residue. hMets2 contains
a proline and exhibits an even tighter binding, 4.8(6) uM.

The presence of charged residues that could potentially interfere with the
electrostatics of the binding event also do not appear to affect Kp. yMetsl (Kp = 9(2)
UM) has a comparable affinity to MG2MGM even though it contains a negatively charged
glutamic acid residue. A higher affinity would be predicted if glutamic acid were to
attract the Cu’ ion. Positively charged lysine residues also do not appear to adversely
affect the binding event. PcoC contains a naturally occurring lysine within the Mets

motif and exhibits a Kp of 2.7(5) uM, while yMets2 contains a native lysine 5 residues
away from the Mets motif and exhibits a Kp of 4.5(8) uM. A weaker affinity would be

predicted if lysine were to exert a repulsive force on the Cu’ ion.
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2.3.2 Stoichiometry of Cu(l) -Mets Peptide Interactions

ESI-MS was used to elucidate the binding stoichiometry of Mets peptides with

metal ions. Spectra of peptide samples ranging in concentration from 10 to 200 uM with

5 mM H,Asc were recorded in the absence and presence of 1 to 10 equivalents of CuSOs.
All Mets peptides examined effectively bind one Cu(I) ion; however, at very high
concentrations of Cu(I) Mets peptides containing 4 or 5 methionine residues were
observed to bind a second. Figure 14 is a series of spectra of yMets8, containing 5
methionines, and yMets6, containing 4 methionines. The top panels, (a) and (b), show

the spectra of 20 uM hMets8 and 10 uM yMets6 in 5 mM H,Asc, pH 3.5, respectively.

The most intense signals, m/z= 1494.6 in (a) and 1204.7 in (b), correspond with the mass
of the singly charged yMets8 and yMets6 apo-peptide, respectively, with one proton.
Also present in (a) is a fairly intense signal at m/z= 747.8 corresponding to the mass of
the doubly charged yMets8 apo-peptide with 2 protons. The addition of an equivalent of
CuSOq results in a decrease in the intensity of the apo-peptide peaks and the emergence
of peaks corresponding to the predicted myz for single copper adducts with one proton,
779.1 in (c) and 633.9 in (d). In high concentrations of CuSQOs, 5 equivalents in (e) and
(f), minor peaks corresponding to the predicted nvVz for double copper adducts are

observed, 540.9 and 810.8 in (e) and 444.2 in (f).
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Figure 14: Positive electrospray ionization mass spectrometry (ESI-MS)
spectra of yMets8 and yMets6 and their Cu(I) adducts

(a) and (b) show spectra of yMets8 and yMets6 in the absence of copper. The major
peaks correspond to the M + H*, and M + 2H" in (a), with m/ z of 1494.6 and 747.8 for
yMets8, and 1204.7 for yMets6. (c) and (d) show spectra with the addition of an
equivalent of CuSO,, peaks corresponding to a single Cu(l) adducts emerge with m/ z of
779.1 for Cu(l)}-yMets8 and 633.9 for Cul)-yMets6. Incubation with 5 equivalents of
CuSQ, (e) and (f) result in the emergence of double Cu(l) adducts with m/ z of 540.9 and
810.9 for 2Cu(lyyMets8 and 444.2 for 2Cu(l}yMets6.

Mets peptides were not observed to bind copper in the absence of ascorbate,
suggesting a preference for Cu(I) over Cu(Il). To assess the potential for peptides
themselves to reduce Cu(Il) to Cu(I), Mets peptides were incubated with CuSOy for 48
hours. Neither peptide Cu(I) adducts nor peptide oxidation products were observed by
ESI-MS, suggesting Cu(Il) auto-reduction does not occur. Several experiments were

conducted to determine if the conditions used throughout the study could oxidize Mets
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peptide. Mets peptides (20 uM) were incubated in 5 mM H,Asc with and without 20 uM

CuSOq for 1-4 hours at pH 3.5, and at pH 7.0 using 10 mM NH4OAc buffer, with no

oxidation observed by ESI-MS. In another experiment 20 UM CuSQO4 was incubated in 5
mM H,Asc for an hour prior to addition of 20 uM peptide and then injected on to ESI-

MS, oxidation was still not observed. Oxidation was observed when peptides were

incubated in excess hydrogen peroxide.

2.3.3 Determination of Peptide -Cu(l) Kp via ESI-MS

ESI-MS was also used to validate Kp values determined by the ascorbic acid
oxidation assay. Figure 14 shows that as the concentration of copper increases, there is a
decrease in the intensity of the apopeptide and an increase in the intensity of the Cu
adduct. It can therefore be assumed that the loss of the apo-peptide signal is the result of
the formation of the peptide-copper complex. A standard curve was generated to
correlate the intensity of the apo-peptide peak to concentration. The concentration of the
peptide-copper complex cannot be determined directly due to differences in ionization
efficiencies of adducts and charge states. Once apo-peptide intensities are converted into
concentration, the quadratic equation is fit to the data of [P]g vs. [Cu]r plots to determine
Kp. As this method does not rely on observing the rate of ascorbate oxidation to arrive at
an affinity, instead utilizing ascrobate as a reductant, effective Kp values could be
determined at pH values above 4.5. Therefore, effective Kp values were determined at
pH 3.5 and 7.0 by ESI-MS, both to confirm results from the ascorbate oxidation assay

and to assess potential pH dependence. Values obtained via ESI-MS, shown in table 11,
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are in agreement with values obtained using the ascorbate oxidation assay and appear to

be independent of pH over the pH range 3.5-7.0.

2.3.4 Cu(l) Binding Specificity of Mets Peptides

Two different experiments were conducted to determine if Mets peptides have
affinity for other metal ions, both utilizing ESI-MS. In the first experiment Mets peptides
were incubated with 1-10 equivalents of either ZnSQO4, NiSO4, FeSO4, MnSOy,
Co(NO3),, AgNO3, CdSOq4, Hg(Ac),, or CuSOq, at pH 4, 7, and 10. With the exception
of Ag(l), no significant peptide-metal adduct peaks were observed when incubated with 1
equivalent of metal at any pH. Weak signals corresponding to peptide-metal adducts
were observed when 10 equivalents of metal were added at pH 4 and 7, however, the
signal intensities were barely distinguishable from background noise and can be
attributed to non-specific binding. yMets8 was an exception and was observed to bind all
metal ions at pH 4, all metal ions except Cu(Il) at pH 7, and only Ag(I) at pH 10.

Binding of metal ions other than Cu(I) and Ag(I) is likely the result of weak coordination
by yMets8’s two aspartic acid residues.

The second experiment was a metal competition study whereby peptides were
coincubated with 1 or 2 equivalents of CuSO4 and a 10-fold excess of either ZnSO,,
NiSOy4, FeSO4, MnSO4, Co(NO3),, CdSOy, or Hg(Ac),; in 5SmM HyAsc. Chloride salts
were not used as Cu(I) can be stabilized by CI” further complicating the system."”* The
intensity of the peptide-Cu(I) adduct in the presence of the excess metal was recorded
and normalized to the intensity of the peptide-Cu(I) peak in the presence of only CuSOs.

Figure 15 shows an example of this experiment using 10 uM hMets2, 20 uM CuSO4 and
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200 uM of the previously listed metal salts. No significant decrease in intensity was

observed, and no new peaks corresponding to peptide-metal adducts emerged.

593.5)

Normalized Intesnity of PCu Peak (m/z

Zn(l)  Ni(ll)  Fe(ll)  Mn(ll)  Co(ll)  Cd(ll)  Hg(ll)
Figure 15: Metal competition study of hMets2 as determined by ESI-MS

Shown are intensities of the peptide-Cu(l) mass ion peak of 10uM hMets2 in H,0 with
5 mM ascorbic acid and 20uM CuSQ, in the presence of 10fold excess of a competing

metal ion. The peak intensities are normalized to the intensity of the peptide -Cu(l) peak
in the presence of only copper. No significant decreases in intensity were observed
suggesting that Mets peptides exhibit specificity for Cu(l).

To determine the preference of Mets peptides for Cu(I) or Ag(I) hMets2 was
incubated with 5 equivalents of AgNO; or [Cu(CH3;CN)4]PFg, and then titrated with 0.5
to 5 equivalents of the other metal ion using anaerobic techniques. Titration of Ag(l) into

hMets2 with 5 equiv. of Cu(I) resulted in the decrease in intensity of the copper adducts

while the intensity of the Ag(I) adducts increased. When conducted in the opposite
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direction, Cu(I) titrated into hMets2k with 5 equiv. of Ag(I), no copper adducts emerged.

These results suggest Mets peptides exhibit a preference for Ag(I) over Cu(I).

2.3.5 CD Spectroscopy

CD spectroscopy was used to probe for any structural changes of the peptides
upon metal binding. Multiple model peptides were examined representative of each of
the naturally occurring Mets motif patterns (yMets4, yMets5, yMets7, yMets8, hMets|,
hMets2, and PcoC). CD spectra of all peptides in the absence of metal show a large
negative peak at 195 nm, indicative of a random coil conformation (Figure 16). Spectral
changes were observed for all peptides upon addition of AgNOs, with two characteristic

responses that are both suggestive of a [3-‘[ype-turn.193 The first group, represented by

PcoC in figure 16(a), was the MX,MX>M motif peptides where addition of AgNO3
resulted in the emergence of a positive peak at 200 nm. Similar results have been
observed for PcoC peptide coincubated with cisplatin.'” Addition of AgNO; to the
second group, the non-MX,;MX,;M motif peptides represented by hMets2 in figure 16(b),
resulted in a positive shift in the negative 195 nm band and the emergence of a negative
peak at 225 nm. CD spectra of the peptides were unchanged by the addition of NaNO; or
when examined at pH 2—12 (data not shown), suggesting the structural changes are not

due to an increase in salt concentration or variation in pH.
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Figure 16: Circular dichroism (CD) spectra of Mets peptides in H,O titrated
with AgNO;

Apo forms of 4 uM PcoC (a) and 4uM hMets2 (b) are shown in solid black lines,

addition of 1 Eq of AgNO ; (dashed blue lines) and 10 Eq (dotted green lines) of AQNG;
induces structural changes.
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Spectral changes upon addition of Cu(I) resemble those induced by Ag().
Titration of PcoC with [Cu(CH3CN)4]PF¢ resulted in the emergence of a positive peak at
210 nm (Figure 17(a)). Titration of hMets2 with [Cu(CH3CN)4]PF¢ resulted in a positive
shift in the negative 195 nm band, however, as observed upon titration with Ag(I), Cu(I)
did not induce the emergence of a negative peak at 225 nm (Figure 17(b)). Spectral
changes were not observed upon addition of CuSQOy, providing further evidence that Mets

peptides exhibit a preference for Cu(I) over Cu(Il).
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Figure 17: CD spectra of Mets peptides in H,O titrated with [Cu(CH;CN,)]PF;
Apo forms of 4 uM PcoC (a) and 4uM hMets2 (b) are shown in solid black lines,

addition of 1 Eq of [Cu(CH ;CN),]PF; (dashed blue lines) and 10 Eq (dotted green lines)
of [Cu(CH ;CN),]PF; induces structural changes.

Cu(I)/Ag(I) competition studies were conducted similarly to the ESI-MS

experiments described above, whereby 1-10 equivalents of AgNO; or [Cu(CH3CN)4]PFg
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were titrated into solutions of hMets2 preloaded with 10 equivalents of the other metal.
Titration of Ag(I) into hMets2 with 10 equiv. of Cu(I) resulted in a positive shift in the
negative 195 nm band and the emergence of a negative peak at 225 nm, reminiscent of
figure 16(b). The titration in the opposite direction, Cu(I) into hMets2 with 10 eq. of
Ag(I), did not affect the spectra. These results are in agreement with those of the ESIMS
competition experiment suggesting that Mets peptides exhibit a preference for Ag(I) over

Cu(D).

2.3.6 NMR Ag(l)/Cu(l) Titrations

"H-NMR was used to further characterize Ag(I) and Cu(I) coordination by Mets
peptides. Figure 18 shows 'H-NMR spectra of apo-hMets2, and Ag(I) and Cu(T)
titrations with 0.5, 1, and 2 equivalents. Spectra remained relatively unchanged beyond 2
equivalents of metal. Only peaks associated with methionine, MyCH, and MeCH3
highlighted in red, shifted downfield upon addition with either metal suggesting a
methionine thioether-only coordination environment. A larger shift occurs with the Ag(I)
titration as compared to Cu(l), this is expected as the larger more electron-rich silver ion

provides greater shielding of the methionine protons.
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Figure 18: '"H-NMR spectra of hMets2 in D,0 upon the addition of AgNO;
and [Cu(CH,;CN),]PF,

Only peaks associated with methionine (labeled in red) shift up on addition of metal,
indicating a methionine/thioether only binding event. Peaks associated with other
amino acids and the acetyl cap (labeled in blue) are undfected by addition of metal.

The different pattern in the shifting of the MeCHj; peaks suggests different

coordination environments for Ag(I) and Cu(I). Titration with Ag(I) results in the initial
separation of the individual peaks, at 0.5 equivalent, and then the eventual coalescences

at and beyond 2 equivalents. Of particular interest were the MeCH3 peaks at 1 equivalent

of Ag(I). There are 2 sharp peaks at 2.41 and 2.38 ppm, which integrate for 3 and 6
protons respectively, and then 2 broad peaks at 2.34 and 2.30 ppm which both integrate
for 3 protons. This observation suggests that Ag(I) is likely coordinating to sulfurs on 4
methionine side chains, with some exchange occurring between silver and a fourth and
fifth methionine present in the sequence. Titration with Cu(I) results in the separation of

the peaks, however they do not coalesce, even at 10 equivalents. Also of interest were
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the MeCHj; peaks at 1 equivalent of Cu(I). The 2 peaks at 2.34 and 2.29 ppm, integrating

for 3 and 6 protons respectively, shifted considerably more down field than the peaks at

2.20 and 2.17 ppm, both integrating for 3 protons, not far removed from MeCHj3 peaks in

the absence of metal ranging 2.11-2.14 ppm. Broadening of peaks suggests some degree
of exhange of copper between the 5 methionine residues. These observations suggest that
hMets?2 effectively coordinates Cu(l) with 3 methionine residues, with the remaining 2
methionine residues having some minimal interaction.

Peaks associated with the other amino acids in the peptide, serine, proline, and
lysine, as well as the acetyl cap, are unaffected by metal titration. The representative
peaks are labeled in blue in figure 18. The peak associated with the acetyl cap at 2.08
ppm is easily identified in the spectra of the apo-hMets2 and the titration with AgNOs, it
1s swamped out in the titration with [Cu(CH3CN)4]PFg as the methyl protons of the
acetonitrile released by the Cu(I) source appear in D,0O at 2.06 ppm. Small peaks

throughout the spectra, most predominant adjacent to the MeCHj3 peaks between 2.10 and

2.45 ppm, are attributed to a poorly populated isomer of hMets2 where the proline in the
cis conformation; proline heavily favors the trans conformation.

Cu(I)/Ag(I) competition experiments were conducted similarly to the competition
studies described above for ESI-MS and CD spectroscopy. 0.25 to 5 equivalents of
AgNOs or [Cu(CH3CN)4]PFs were titrated into solutions containing hMets2 with 5
equivalents of the other metal. Titration of Ag(I) into hMets2 with 5 eq. of Cu(I)

resulted in the MeCH3; peaks shifting further downfield and eventually coalescing to give

a spectrum reminiscent of the the Ag(I) titration into apo-peptide shown in figure 18.
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Titration of Cu(I) into hMets2 with 5 eq. of Ag(I) did not affect the spectra. These results
corroborate those observed by ESI-MS spectrometry and CD spectroscopy to support the
claim that Mets peptides exhibit a preference for Ag(I) over Cu(I).
2.3.7 X-Ray Absorption Spectroscopy "

X-ray absorption spectroscopy (XAS) was employed to further characterize the
Mets peptide-Cu(I) binding event. Data were collected for 2 peptides, hMets2 and
MG;MG;M, bound to Cu(l), to provide further evidence of the thioether-only interaction
and to determine the number of coordinating methionine ligands. The X-ray absportion
near edge spectra (XANES) for both peptides are shown in figure 19. The intensity of

195

the 1s — 4p transition feature at 8984 eV is indicative of 3 coordinate Cu(I), ~ and the

other general features of the XANES spectra are similar to those reported for other Cu(I)-
methionine only coordination in peptides'”® and proteins.'*” " Figure 20 shows the k’-
weighted-extended X-ray absorption fine structure (EXAFS) and corresponding Fourier
transformation (FT) for both peptides with the corresponding best 2-shell fits ranging

from 2-13 A", The large first shell peaks at R+ AR= 1.9 A can only be modeled using

sulfur neighbors; fits utilizing only low-Z ligands or a mixture of S and low-Z ligands did
not optimize with reasonable DeBye-Waller factors. Best-simulated 2 shell fits for both
peptides include a sulfur shell at 2.31 A and a carbon shell at 3.3-3.4 A, with hMets2
having an optimal S coordination number of 3.0 and MG,MG,M fitting best with 3.4

sulfur (Table 10). An additional carbon shell at ~4.1 A can be added to effectively model

I Samples prepared by J.T. Rubino, experiment conducted and data analyzed by our
collaborator, P. Riggs-Gelasco
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the small feature at R+ AR= 3.5 A with no effect on the other refined distances or
coordination number. The 3 coordinate thioether Cu—S bond lengths here, 2.31(2) A, are
longer than the 3 coordinate thiolate Cu—S bond lengths reported in the literature, 2.23—
2.28 A% 1% The longer Cu—S(Met) bond is expected as the methionine thioether is a

considerably less effective electron donor than the cysteine thiolate.
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Figure 19: X-ray absorption near edge spectra (XANES) of the Cu(I)-Mets
peptide complexes

Cu(l)-hMets2 complex (black) compared to the Cu(l)-MG,MG,M complex (red). The
vertical line at 8984 eV marks the 1s— 4p transition. The intensity of this feature is
consistent with the assignment of 3-coordinate Cu(l).
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Figure 20: Unfiltered k’>-weighted-EXAFS spectra and corresponding Fourier
transform of Cu(I)-Mets peptide complexes

Cu(l)-hMets2 complex (black line, top frames) and of Cu(l)-MG,MG ,M complex (black
line, bottom frames). Best two shell fits for both are shown in green and include a sulfur
shell at 2.31 + and a carbon shell at 3.3-3.4 «. Fits range from 2913 « ™.



2.4 Discussion

Methionine is emerging as a critical residue involved in copper trafficking
networks. Mets motifs and methionine-rich domains are frequently observed in proteins
located in oxidative environments, such as the high affinity Ctr proteins located at the cell
surface in eukaryotes, or the Cop, Pco, and Cus bacterial Cu/Ag efflux systems found in
the periplasm.'” Expanding on previous work,'®” we have further characterized the
methionine-only coordination of Cu(I) by these Mets motifs. We have previously shown
that 3 methionines are required for effective binding, however Cu(I) can be bound by 2
methionines with considerably less affinity. Both of these types of coordination are
apparent in mass spectral studies when peptides containing 4 or 5 methionines are
incubated with high concentrations of copper (Figure 14). Under these conditions, a
small population of peptide binding 2 equivalents of copper is observed. Based on peak
intensities, this is arguably more prevalent in the peptide with 5 methionines (yMets8)
compared to the peptide with 4 methionines (yMets6). A fairly intense double copper
adduct is observed in the yMets8 where it is presumed that the first equivalent of copper
is bound by 3 methionine residues, and the second equivalent of copper by 2. The double
copper adduct is barely distinguishable from the background noise in yMets6.

Based on our previous and current studies, Mets motifs coordinate Cu(I)
optimally with the thioether sulfurs of 3 methionine residues. The Mets motifs examined

have effective Kps ranging from 2—11 uM at pH values between 3.5-7.0. The affinity of

model peptides containing 4 or 5 methionines was not significantly greater than peptides
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containing 3. Also, no significant differences in effective Kp values were observed for

any of the 4 or 5 methionine containing peptides synthesized with norleucine replacing 1
or 2 methionine residues. The "H-NMR titration of hMets2 with Cu(I) suggests optimal
coordination by three methionine residues (Figure 18). When hMets2 is incubated with 1

equivalent of Cu(l), 3 methionines, indicated by 2 peaks that integrate for 9 MeCHj

protons, shift further downfield than the remaining 2 methionines that are not shifted far

from MeCH3; peaks in the absence of the metal. XAS studies also indicate coordination

of Cu(I) by only 3 Mets residues of hMets2,

Ctr proteins are not the only biological examples of Cu(I) binding by 3
methionine residues. X-ray absorption spectroscopy studies of a methionione-rich
peptide sequence of the N-terminal region of the Haemophilus ducreiu,Zn-superoxide
dismutase also revealed a Cu(I)-3S(Met) coordination environment with a 2.29(2) A Cu—
S distance,'”® which is consistent with the 2.31(2) A distance measured here for hMets2.
XAS studies also showed that methionine-rich CusB binds Cu(l) in a 3-coordinate sulfur-
only environment, with a 2.29(2) A average bond length.'?” Structural studies of CopK
revealed that its Cu(I) binding site is provided by 3 or 4 Met S ligands with an average
distance of 2.31 A."""° The CusB and CopK Cu(I) binding sites are different from the
Mets motifs of Ctrl in that at least one of the 3 methionine residues is 9 residues or more
away in primary sequence, instead of a continuous MX; ,MX;,M pattern. These binding
sites are likely more structured than that of the random coil conformation of the Ctr Mets
motifs and may be able to attain a more favorable binding geometry as the third

methionine enters the binding site from a different portion of the protein. In addition to
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these methionine-only sites, the PcoC protein has also been evaluated by XAS, which
revealed a Cu(I)-2S(Met)/IN site with a 2.30-2.31 A Cu-S distances for three-
coordinate copper. Here, the authors argued that the low coordination number might
facilitate metal transport by increasing the kinetic lability of the metal.'*®

Mets motifs and methionine-rich domains are also known to bind Ag(I).
Isothermal titration calorimetry measurements of CusF suggest that this bacterial copper
trafficking protein binds Ag(I) an order of magnitude more tightly than Cu(I), with Kps
of 38 vs. 495 nM, respectively.'?* '*2% Ag(I) is known to inhibit Ctr] mediated copper
uptake, and has been suggested as another possible substrate.*” Here, we confirmed by
mass spectrometry, NMR, and CD spectroscopy that even simple Mets peptides bind
Ag(I) and do so preferentially over Cu(l).

Changes in the CD signature induced by titration with Ag(I) and Cu(I) indicate

the formation of a B-type-turn, where the peptide chain folds back on itself almost 180°.

While the spectral features for titrations of PcoC with Ag(I) and Cu(l) were very similar,
the titration of hMets2 with Ag(]) elicited a greater response than titration with Cu(l).
This suggests that Cu(I) may not be inducing as significant a structural change as Ag(]).
This is likely the result of the proposed difference in the Ag(I)/Cu(I) coordination
environments that may be the result of the considerable difference in effective ionic radii.
For coordination numbers between 2—4, the ionic radius of Cu(I) ranges from 0.46—0.60
A while the larger Ag(I) ranges from 0.67-1.00 A**"  Whereas coordination of Cu(I) is
via 3 methionines, the larger ionic radius Ag(I) is likely able to accommodate binding of
a 4™ methionine residue. PcoC contains 3 methionine residues, while hMets2 contains
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five. For PcoC, both Ag(I) and Cu(I) could potentially coordinate all 3 methionine
residues thereby causing a turn in the peptide chain. For hMets2, Ag(]) is likely binding
4 methionine residues, while Cu(I) only 3, and can therefore more effectively induce a
turn in the peptide chain.

The "H-NMR Ag(I) titration of hMets2 also suggests the formation of a B-type-

turn (Figure 18). When hMets2 is incubated with 1 equivalent of Ag(I), 3 methionines

are predicted to bind Ag(I), indicated by the 2 sharper peaks that integrate for 9 MeCHj

protons, while the significant broadening of the peaks corresponding to the remaining 2
methionines suggests they are in a state of constant exchange between a bound and
unbound state with the metal ion. In one possible scenario, it is easy to imagine that
Ag(I) is bound by the central 3 methionines in the hMets2 sequence (SMMMMPMTK)
with the two flanking methionine residues exchanging between the bound and unbound
state inducing a turn in the peptide.

Mets motifs seem well suited for their proposed role as extracellular antennas that
increase the local concentration of Cu(l) at the cell surface around the Ctr pore to help
promote passive facilitated diffusion across the lipid membrane via a concentration
gradient. This claim is supported by knock out studies in yeast that show these
extracellular Mets motifs are critical for growth under copper limiting conditions, but are

not required for transport when the metal is abundant.®* >

Mets motifs are unique
compared to the other copper binding motifs in their exquisite selectivity for Cu(I). Both

cysteine and histidine, the two other residues predominantly found in cuproprotein sites,

have affinity for both Cu(I) and Cu(Il) as well as a variety of other biologically available
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metal ions. This selectively of Mets motifs may be critical under copper limiting
conditions where the lack of affinity for other metals prevents competition that could
potentially compromise copper transport activity. Mets peptides also exhibit affinity for
Ag(I) and Pt(II) based drugs,”” and, although usually not biologically abundant, in
excess can inhibit copper uptake.”*

Another unique feature of methionine is that its sulfur donor atom is independent
of pH for binding to metal, whereas both cysteine and histidine must be deprotonated
first. The studies here confirm that the moderate affinity of Mets peptides for Cu(l) does
not change from pH 3.5 to 7, as expected for these non-ionizable residues. For yeast,
which acidify their growing environment to pH 4-5, the ability to appropriate copper
under acidic conditions is critical for survival. For humans, copper absorption and
transport ranges from acidic to neutral pH. Dietary copper is absorbed in the small
intestine, and as observed in rats®®, likely occurs in all three sections: the duodenum at
pH 5, the jejunum ranging from pH 6-7, and the ileum ranging from pH 7-7.3.%%
Transport of copper from plasma to cells occurs at pH 7.4. Copper-binding domains that
would be protonated under acidic conditions would therefore not be functional for all
these scenarios.

While highly selective, Mets motifs lack sequence specificity aside from requiring
methionine. The systematic investigation of 15 different Mets motifs reveals that the
composition of intervening amino acids does not appear to affect Cu(I) binding affinity,

even when charged or bulky residues are included. Our results therefore demonstrate the

generality and flexibility of the MX; ,MX;»M domain. The simple model peptides
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studied here bind Cu(I) with less affinity (Kp =2-11 x 10 M) than other methionine-

rich copper trafficking proteins, where Kp, values of 107—10™ M have been reported for

CopC'* and 5 x 107 M for CusF.>” In the context of the full-length protein, it is feasible

that the affinity of Ctrl motifs for Cu(I) could be higher. However, tighter binding could
actually hinder the Ctr-mediated copper transport as the process has an estimated Ky

164

ranging from 1-5 x 10 M."** The present study suggests that extracellular Ctr Mets

motifs bind Cu(I) with a low affinity and coordination number in a relatively unstructured

binding site that can easily promote transfer to other Cu(I) binding motifs.
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3. Relative Affinity, pH Dependence, and Susceptibility
to Oxidation o f Cu(l) Binding Amino Acids Observed in
Copper Transport Proteins

3.1 Background and Significance

Methionine is emerging as critical residue involved in mechanisms of copper
transport. Cysteine and histidine commonly work in concert with methionine in the N-
terminal extracellular regions of the integral membrane Ctr proteins, presumably to
recruit Cu(I) to the surface of the cell for transport down the concentration gradient.
Histidine and methionine are utilized by many of the proteins involved in bacterial
copper resistance systems to promote efflux of the metal before it reaches potentially
toxic levels. Each of these amino acids exhibits different Cu(l) binding characteristics
that can vary based on environmental conditions, including the presence of oxygen,
reduction potential, and pH. These different characteristics appear to have been utilized
during evolution to fine-tune the binding affinity of copper trafficking proteins under
specific conditions, allowing them to function optimally.

Yeast utilize Mets motifs on the extracellular N-terminal region of the high
affinity copper transport protein Ctr to recruit the metal to the cell surface, in order to
transport it across the membrane through a pore utilizing the concentration gradient.
Yeast acidify their surrounds to pH 4-5. As cysteine and histidine bind copper with
protonatable sides chains, pKa 8 and 6, respectively, if utilized their ability to bind
copper would diminish as the pH decreased. Cysteine would also be susceptible to

oxidation, forming disulfide bonds with neighboring cysteine residues. Mets motifs were
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likely preferred because they exhibit a pH independent Cu(l) affinity, and are less
susceptible to oxidation.

Some green algae express cysteine in addition to methionine on the N-terminus of
Ctr proteins. The best studied of these are the green algac Chlamydomonasersions of
the protein containing six Cys-Met motifs, the most common being
CXZMXZMX2CX5/6C.79 These algae often grow in acidic, anoxic, nutrient poor
environments,””” where the low oxygen content results in the precipitation of Cu(I) as
insoluble sulphide salts.*”® To compensate for the low environmental levels of copper,
Chlamydomona€tr evolved to bind the metal with an affinity 10-20 times greater than
that of the yeast version of the protein.”*>*-2!® Methionine motifs, exhibiting
micromolar Kp values,?'! alone would not be able to accommodate this high affinity of
copper transport, requiring utilization of another copper binding amino acid. Both
cysteine and histidine would have a diminished copper binding ability at this pH,
however, cysteine is believed to be more effective at binding Cu(I) due to the
electrostatic character of the coordinate covalent bond. Oxidation of cysteine is also not
of concern here considering the anoxic environment.

Humans and other mammals express histidine and methionine on the cell surface
portion of their Ctr proteins. Histidine and methionine residues located on the N-
terminus of human Ctrl have been implicated in being involved in Cu®” binding via the
H,N-XXH amino terminal copper/nickel (ATCUN) square planar binding site, possibly
Cu’ binding via a bis-histidine (HH) linear binding site, and Cu’ binding in a mixed

coordination environment of histidine and methionine.®® These histidine and methionine
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motifs are found in the oxidative extracellular environment at physiological pH. Cysteine
would not be suited for these conditions as it could easily be oxidized. At this pH copper
is not soluble, and is usually found stabilized in copper storage proteins, such as
ceruloplasmin and serum albumin. Histidine is likely required as methionine motifs
alone are presumably not strong enough to recruit copper from the binding sites in these
storage proteins. The methionine motifs likely play a more important role in copper
acquisition in the small intestine, where the pH ranges from acidic to neutral pH (5-
7.3).2% At acidic pH dietary copper is soluble and histidine is likely not the best Cu(I)
ligand due to the protonatable side chain.

Chapter 2 described two very interesting characteristics of methionine motifs,
they exhibit a pH independent Cu(I) binding affinity, and they appear to be unaffected by
metal catalyzed oxidation (MCO) reactions.”'’ This study examined a series of model
peptides at different pH and various oxidative conditions, in order to better understand
the individual contributions to binding affinity, and the susceptibility to oxidation, of
methionine, histidine, and cysteine in a copper-binding motif, as well as to further

characterize the unique properties of methionine-only coordination (Table 12).

Table 12: Sequences and biological resemblances of model peptides

Peptide Sequence Biological Resemblance
MG, MG,M  Ac-M-G-G-M-G-G-M-K-NH, Ctr and Cu resistance proteins
MG,HG,M  Ac-M-G-G-H-G-G-M-K-NH, Ctr and Cu resistance proteins
MG,CG,M  Ac-M-G-G-C-G-G-M-K-NH, Ctr proteins

83



3.2 Materials and Methods
3.2.1 Peptide Synthesis and Purification

Peptides were synthesized using a Protein Technologies PS3 automated peptide
synthesizer in 0.1 mmol scale on PAL-PEG-PS resin (Applied Biosystems). Standard
Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Chem-Impex and
Novabiochem) were coupled in 20 minute cycles with HBTU (O-benzotriazole-
N,N,N',N'-tetramethyluronium hexafluorophosphate) (Novabiochem) and N-
methylmorpholine (NMM) (Acros) in N,N'-dimethylformamide (DMF) (Caledon). Fmoc
protecting groups were removed using 20% piperidine (Aldrich) in DMF. The N-termini
of peptides were acetylated using acetic anhydride (Aldrich) and NMM. Cleavage from
resin and the removal of side chain protecting groups was accomplished by treating resin
with a 10 mL mixture of 95% trifluoroacetic acid (TFA) (Sigma-Aldrich), 2.5% 1,2-
ethandithiol (EDT) (Fluka), and 2.5% triisopropylsilane (TIS) (Aldrich) under nitrogen

while shaking for 4 hours. During the final hour of incubation additional EDT (100 pL)
and 65 UL of bromotrimethylsilane (TMSBr) (Acros) were added to prevent methionine

oxidation. Peptide was precipitated from solution by evaporating off TFA with a
nitrogen stream, followed by three washes with diethyl ether (Caledon). Purification was
accomplished by semi-preparative reversed-phase HPLC on a YMC C18 column with a
linear 40 min. gradient from 7 to 70% acetonitrile in water with 0.1% TFA. Purity was
validated to be greater than 95% by analytical HPLC. Mass of each peptide was

determined by ESI-MS. MG;MG;M calcd for C3Hs6N1909S5: 808.3. Found: (M + H+)
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809.6. MG,HG,M caled for C3,Hs4N1,06S,: 814.3. Found: (M + H") 815.4. MG,CG,M

calcd for CyoHs,N19O9S3: 780.3. Found: (M + H+) 781.3.

3.2.2 Preparation of Stock Materials

Peptide stock solutions were prepared by adding 5-15 mg of lyophilized peptide

to a pre-tared microcentrifuge tube containing 250-1000 UL of nanopure water.

Concentration was verified by a UV-visible spectroscopic assay utilizing extinction
coefficients generated by data from quantitative amino acid analysis (Dana Farber Cancer
Institute, Boston, MA and AAA Laboratory, Mercer Island, WA) (Appendix A).
Absorption spectra were recorded in a 1-cm, 1-mL Starna masked quartz cuvette
(Atascadero, CA) on a Varian (Palo Alto, CA) Cary 50 UV-vis spectrophotometer.
Peptides in lyophilized and solution form were stored at -20 °C. Ascorbic acid solution
was prepared fresh daily from L-(+)ascorbic acid (Acros 99%) in nanopure water. Stock
solutions of CuSO4*5H,0 (Sigma) and [Cu(CH3CN)4]PF¢ (Aldrich) were prepared in
nanopure water, and in degassed acetonitirile, respectively. The concentration of
[Cu(CH;3CN)4]PFs was confirmed by using bathocuproine disulfonic acid (BCS) (MP

Biomedicals) (Cu(BCS),” e453 = 13,300 M cm™).*® All experiments using

[Cu(CH;3CN)4]PFs were conducted using a concentrated stock solution of
[Cu(CH;3CN)4]PFg in acetonitrile to minimize the percentage of acetonitrile in the final

solutions to 0.25-2%.

3.2.3 Ascorbic Acid Oxidation Assay

Experiments were conducted in a multi-well plate using a Perkin Elmer 1420

Mutlilabel Counter Victor’ V Model with attached automated injector system containing
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two pumps. Stock copper sulfate (0.2 M) was diluted to the working copper sulfate

solution (0.2 mM) as necessary. Fresh 400 uM solutions (pH 4.5) of ascorbic acid were

diluted from stock (100 mM) for each assay. Copper sulfate solution (0.2 mM) was

attached to pump 1 and 400 uM ascorbic acid solution was attached to pump 2. A copper

standard curve was generated prior to each assay, which was used to correlate the
observed rate constant of the Cu-catalyzed oxidation of ascorbic acid to the concentration
of available copper. In the experiment, the starting concentration of ascorbic acid is kept

constant at 400 UM while the concentration of copper sulfate ranges from 5 to 16 uM in 1
UM increments. Under these conditions the kinetics were assumed to be first order as

Cu”" is continually regenerated from Cu” in the presence of oxygen. The initial rate of
oxidation of each concentration of Cu was determined by recording the decrease in the
abundance of ascorbic acid by monitoring the absorbance at 260 nm. The reaction was
monitored where the LN(Ay¢0) vs. time graph is linear, with a slope equal to Kyps. The
slope of the standard curve (Kys vs. [Cu]r) was then used in the ascorbic acid assay to
determine the catalytically available Cu.

The effective dissociative binding constant (Kp) of copper ion with peptide at pH
4.5 was determined in a similar fashion. The concentrations of ascorbic acid and copper

sulfate were held constant at 400 uM and 8 uM respectively, while the concentration of
peptide was increased from 10—100 uM in various increments. The rate of oxidation of

ascorbic acid for each concentration of peptide was determined by recording the decrease

in ascorbic acid concentration by monitoring the absorbance at 260 nm. The LN(Az40) vs.
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time graph produces a straight line with a slope equal to the Kyps. A 1:1 peptide copper
binding stochiometry is assumed as the concentration of peptide is considerably greater
than the concentration of CuSOj, and similar conditions examined on ESI-MS only
reveal masses associated with 1:1 complexes. With 1:1 binding stoichiometry (P + Cu"
I PCu) the dissociation constant (Kp = [P]g[Cu]r/[PCu]) is equal to the concentration
of free Cu®" multiplied by the concentration of free peptide divided by the concentration
of the copper-peptide complex. The concentration of free Cu>” can be determined by
using the slope of the line from the standard curve. The concentration of the copper-
peptide complex can be determined by taking the difference of total and free Cu>" ([PCu]
= [Cu]r— [Cu]r). The concentration of free peptide can be determined by taking the
difference of the total peptide and copper-peptide complex ([P]r = [P]r — [PCu]). A Kobs
vs. [P]t was generated and fit to the expression in Eq. 9 using the previously mentioned

mass balance equations to yield the effective Kp:

_ ([Pl +Kp ! [Culp) # V[Pl +Kp ! [Culp)? ! 4K p[Culy
2

Cug )

where [Cu]r = Kops([Cu]1/K,) and Kk, is Kobs when [P]r = 0.

3.2.4 Electrospray lonization Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) experiments were performed
using an electrospray quadrupole ion trap mass spectrometer (1100 Series LC/MSD Trap,
Agilent, Palo Alto, CA) with a conversion dynode detector (Daly). Samples were
injected via a Harvard Apparatus (Holliston, MA) syringe pump at 33 uL/min. Ionization
was achieved in the positive 1on mode by application of +5 kV at the entrance to the
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capillary with the nebulizer gas pressure set at 20 psi. Drying gas was heated to 300°C at
a flow of 7 L/min. Full-scan mass spectra were recorded in the mass/charge (m/2 range
of 400-2000.

For effective Kp determination, a standard curve was generated by recording the
intensity of the peak associated with free peptide at concentrations ranging from 2—-10

UM in 5 mM H,Asc for studies at pH 4.5, and in 5 mM H,Asc in 10 mM ammonium

acetate (NH4OACc) (Mallincrkrdot) buffer for studies at pH 7.4. Dilute NH4OH (Fisher)
was used to adjust H,Asc to 4.5, and the H,Asc/NH4OAc buffer pH to 7.4. The intensity
of the free peptide peak was then recorded with increasing concentrations of CuSO4

ranging from 5-50 UM in 5 UM increments, while the peptide concentration was kept
constant at 10 uM in 5 mM HyAsc or 5 mM H,Asc in 10 mM NH4OAc buffer. The

effective Kp was determined using the same equation as in the ascorbic acid assay (Kp =
([Cu]e[P]#/[CuP])). The concentration of free peptide was determined using the standard
curve. The concentration of the copper-peptide complex was determined by taking the
difference between the concentration of total peptide used in the experiment and the
concentration of free peptide ([PCu] = [P]r — [P]r). The concentration of free copper was
determined by taking the difference between the concentration of total copper used in the
experiment and the concentration of the copper-peptide complex ([Cu]r = [Cu]r — [PCu]).
For each peptide a [P]r vs. [Cu]r graph was generated and fit to the quadratic equation

using the previously mentioned mass balance equations to yield the effective Kp.
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3.2.5 Spectrophotometric Titrations of Cu(BCA)
Titrations of peptides with copper bound 2,2’-Biquinoline-4,4’-dicarboxylic acid
(BCA) (Fluka) were used for peptides that exhibited a high enough binding affinity that

an effective Kp could not be determined by the ascorbic acid assay or through ESI-MS.

Concentrated solutions of peptides were titrated into 15-25 uM [Cu(CH3CN)4]PF¢ and
45-75 uM BCA in 10 mM MOPs at pH 7.4 or 10 mM H,Asc at pH 4.5 prepared in

Chelex treated nanopure water, degassed with argon. BCA was prepared in Chelex
treated nanopure water, degassed with argon and made slightly basic with 1 M NaOH to
promote dissolution. Stock 3-[N-morpholine]proptane-sulfonic acid (MOPS) (Sigma >
99.5%, titration) and H,Asc buffers were prepared in Chelex treated nanopure water,
degassed with argon and brought to pH 7.4 and pH 4.5 using 1 M NaOH, respectively.
Effective Kp values were determined by monitoring the decrease in the

181

characteristic Cu(BCA), complex absorbance at 562 nm (e = 7900 M™")."®" The system

of interest is shown in Eq. 10, where peptide competes to remove copper from the
Cu(BCA), complex, resulting in the formation of the peptide copper complex and the
liberation of 2 equivalents of BCA. Kpc, is the peptide copper association constant, the

constant of interest as Kp = 1/Kpcu, While K¢ gca), 18 the association constant for

Cu(BCA),. The overall equilibrium constant, or K, for the competition is shown in Eq.
11. Kex can be calculated utilizing the Cu(BCA), extinction coefficient to determine the
values of the remaining variables. The concentration of the peptide copper complex can
be determined by subtracting the concentration of Cu(BCA), at the n titration point from

the starting total concentration of Cu(BCA), ([PCu] = [Cu(BCA),]r — [Cu(BCA),]n). The
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concentration of free peptide can be determined by subtracting the concentration of total
peptide from the concentration of the copper peptide complex ([P]r = [P]r — [PCu]). The
concentration of free BCA is the sum of the concentration liberated from the Cu(BCA),
complex, and the excess BCA initially in solution, which is twice the initial concentration
subtracted from the total concentration of BCA ([BCA] = 2[PCu] + [BCA]r —
2[Cu(BCA);]). Once K is calculated, Kpc, can be determined using one of the proposed

values for KCU(BCA)2 , Where KCU(BCA)2 is defined as the B, value shown in Eq. 15,
expressed as the product of K; and K, from Eq. 12 and Eq. 13, respectively, where K; =
K> (Eq. 14).”*"™! Calculations utilized the K; and B, values determined by Rosenzweig,
2.1 x 10" M and 4.6x 10" M, respectively.” These constants produce Kp values that

appear more biologically relevant. The constants reported by Wedd yield Kp values that

suggest a tighter binding affinity by 2-3 orders of magnitude.'®’

K
Cu(BCA), + P —== PCu +2 BCA (10)

_ [PCUIBCAP® _ Kg,

e - (1 1)
[CuBCA),][Pl: KCu(BCA)2
Ky
Cu+BCA L' CuBCA (12)
CuBCA+BCA !}!<2I_i' CuBCA), (13)
1=K, = (CUBCA _, 1+ 1070r4.5" 10 M* (14)
[CU[BCA]
l,= = [CUBCA)]_ 6+ 10#0r 2 107 M2 (15)

"27 T2 T I cul[BCAJ
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3.2.6 Metal Catalyzed Oxidati on Reactions

MCO reactions were prepared with 100 uM peptide, MGoMG>M, MG,HG,M, or
MG;MCG,M, with or without 100 uM CuSO4, 1 mM H,0,, and 5 mM H,Asc in 10 mM

NH4OACc buffer, pH 7.4 and incubated at room temperature for 24 hours before direct
injection onto the ESI-MS. ESI-MS was used to identify oxidation products, and MS/MS
was used to determine the sites of amino acid oxidation. A summary of the different

conditions examined is listed in table 13.

Table 13: Summary or metal catalyzed oxidation conditions and results

100pM  100pyM 1mM  5mM
Condition peptide CuSO, H20; H.,Asc Summary of Results
|

A ! ! No oxidation

B ! ! Met, cys oxidation

C ! ! No oxidation

D ! ! ! Met, cys, his oxidation

E ! ! ! Less met, cys oxidation

F ! ! ! Complete met, his, cys oxidation
3.3 Results

Model peptides were derived from the MG2MG:,M scaffold peptide presented in
chapter 2. The central methionine residue was replaced with the other copper binding
amino acids, histidine and cysteine (MG>2HG:M and MG>CG:M, respectively), in order
elucidate the effect each of the individual amino acids has on the Cu(I) binding affinity of
a copper binding motif. Methionine seemed an appropriate scaffold to study the histidine
and cysteine contributions as methionine presumably exhibits the weakest affinity for
Cu(I). These affinities were examined at 2 biologically relevant pHs, 4.5, the pH to

which yeast acidify their media and the pH at which the green algae Chlamydomonasre
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. 1 212
cultivated, 89,

and 7.4, human physiological pH. A variety of techniques was utilized
to determine effective Kp values for these peptides, however not all techniques were used
for each peptide due to the inherit limitations of each assay. These techniques included
an ascorbic acid oxidation assay, which has been used to determine the values for Cu(I)

167,211

binding peptides exhibiting Kps lower than 1 x 10°M at pH 4.5. Accurate Kp

values cannot be determined for peptides with higher affinities as the equilibrium on the
P+Cu" ! PCu system lies too far to the right, which was the scenario for MG,CG,M.
Peptides that bind Cu(II) cannot be studied with this assay due to the potential to form
ternary complexes of peptide, Cu(Il), and H,Asc (as described thoroughly in chapter 2),
which is the scenario for MG,HG,;M. A method utilizing ESI-MS, which can determine
Kp values in the same range as the ascorbic acid oxidation assay, but can be conducted at
a variable pH, was also utilized.'®”?'" Again, accurate Kp, values cannot be determined
for peptides with Kp, values lower than ~1 x 10° M, as the equilibrium on the P + Cu"
= PCu system lies too far to the right, which was the scenario for MG,CG,M.
Spectrophotometric titrations using the Cu" specific chelator BCA have been used in the
literature to determine the binding affinity of a variety of Cu(I) binding peptides and
proteins with Kp, values ranging 1 x 10°—1 x 107% M.#>%% 129159 Thjs technique was

suitable to study MG,CG,M at both pHs due to its high affinity for Cu". MG,MG,M at

both pHs and MG,HG,M at pH 4.5 could not effectively compete with BCA for Cu’".

3.3.1 Determination of Peptide -Cu(l) Kp

Results of the determination of effective Cu(I) Kp values for the model peptides,

and the techniques used, are summarized in table 14. The binding affinity for MG,MG,M
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was determined utilizing the ascorbic acid assay at pH 4.5, and the ESI-MS method at pH
4.5 and 7.4. The Kp value for MG,HG,;M at pH 4.5 was determined using the ESI-MS
method. While an exact value could not be determined for MG,HG,M at pH 7.4, an
upper and lower limit has been established from the results of the ESI-MS method and
BCA titration. As described, the ESI-MS method can be used to determine the Kp values

for a peptide that exhibits a Kp > 1 x 10°M, and titrations using Cu(BCA), have been
used to determine the Kp < 1 x 10® M. Binding affinity for MG,HG,M at pH 7.4 is

greater than what can be detected by the ESI-MS method, but less than what can be
detected by titration into Cu(BCA),, therefore the Kp values must lie somewhere in the
range of 1 X 107— 1 x 10® M. Values for MG,CG,M were determined using the BCA

titration at pH 4.5 and 7.4.

Table 14: Effective K values for MG,MG,M, MG,HG,M, and MG,CG,M at
pH 4.5 and 7.4 determined by AAA, ESI, and BCA for 1:1 peptide-Cu(I) complexes

Peptide KA, o (V) KESL (M) KEA M) K5, (M) F KB (M)
MG MG,M  4.4(2)x 10 4(1)x 10 * 4.8(7)x 10° *
MG,HG,M * 1.3(1) x 107 . (>1x10%  (<1x107)
MG,CG,M * * 3.5(2)x 10” * 6(1)x10™"

Values in brackets represent the upper and lower limit detected using the respective
techniques at those respective conditions. *Could not be determined, binds Cu(ll),

«Could not be determined, exhibits too high a Cu(l) affinity, ¢ Could not be determined,

exhibits too low a Cu(l) binding affinity , In 400 uM H,Asc, a In 5 mM H,Asc, @ In 10
mM H ,Asc, £ In5 mM H,Asc, 10 mM NH,OAc, ! In 10 mM MOPS

To determine the effective binding affinity of MG,MG,;M for Cu(l), the rate of
copper-catalyzed ascorbate oxidation was determined as a function of peptide
concentration, and the observed rate constant (K.ps) was compared to a standard curve of

Kobs vs. [Cu]r. The concentration of the catalytically available copper in solution is
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directly proportional to Kybs, which allows for the quantitation of free copper in solutions
where peptide is present and a portion of the total copper is chelated and unavailable for
catalysis. The plot of Kybs vs peptide concentration for MG,MG;,M is shown in figure 21.

Data were fit to Eq. 9 to determine effective Kp for Cu(l), 4.4(2) x 10° M at pH 4.5.

6

s —e— MG2MG2M |

[P1,. kM

Figure 21: k,, vs. [MG,MG,M] for the copper catalyzed oxidation of H,Asc

0B50 uM hMets2, in 5 uM increments, and 8 uM CuSQO, in 400 uM ascorbic acid, pH 4.5.
The line is the fit of the data to Eq. 9 with R = 0.99. Multiple assays were conducted
over various ranges of peptide concentration. Reported Ky values are the averages of
multiple runs with the standard deviation reported in parentheses

ESI-MS was used to determine Kp values for MG,HG,M and MG, MG;M at pH
4.5, and MG,MG;M at pH 7.4. For these experiments, standard curves were generated
for each peptide in order to correlate the intensity of the apo-peptide peak to
concentration at each condition of interest. Figure 22(a) shows and example standard

curve for 2-10 uM MG,HG;M in 5 mM H,Asc and 10 mM NH4OAc at pH to 7.4, there
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is a direct correlation between the concentration of peptide in solution and the intensity of
the peak associated with the mass of the peptide plus one proton (P+H"). If the
concentration of peptide is kept constant and the concentration of copper increases, the
intensity of the apo-peptide decreases and a peak associated with the mass of a peptide
copper adduct emerges. It can therefore be assumed that the loss of the apo-peptide
signal is the result of the formation of the peptide-copper complex. The concentration of
the peptide-copper complex cannot be determined directly due to differences in

ionization efficiencies of adducts and charge states. Once apo-peptide intensities are
converted into concentration, the quadratic equation is fit to the data of [P]g vs. [Cu]r
plots to determine Kp (Figure 22(b)).

MG>MG,M exhibited a Kp of 4(1) x 10° M and 4.8(7) 10° M at pH 4.5 and 7.4,
respectively. MG,HG,M exhibited a Kp, of 1.3(1) x 10° M at pH 4.5. At pH 7.4
MG,HG,M appears to exhibit a Kp value of less than 1 x 10° M, which as described

earlier, is the lower limit of detectable binding affinity utilizing this method.
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Figure 22: K, determination by ESI-MS: standard curve and [P]; vs. [Cul;
plot for MG, HG,M

(a) ESKMS intensity of the apo-peptide plus a proton (P+H *) peak of 2D 10 uM
MG,HG,M, in 2 uM increments, in 5 mM H ,Asc pH 4.5, with data fit to a line with R=

0.99. (b)ESHMS intensity of the P+H " peak of 10uM MG,HG,M incubated with 0 45

UM CuSQ,, in 5 uM increments, in 5 mM H,Asc, pH 4.5, with data fit the quadratic
equation, similar to Eq. 9, R = 0.98.

BCA is a Cu'-specific chelator that exhibits a strong absorbance at 358 nm (g =
42900 M™") and 562 nm (¢ = 7900 M™") upon formation of the [Cu(BCA),]* complex.'®"

199" Concentrated solutions of peptide were titrated into a solutions of known Cu(BCA),
concentration in an attempt to remove copper from the complex. The result of a peptide

that could effectively compete with BCA for Cu” would be a decrease in the absorbance
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of the characteristic peaks associated with the Cu(BCA), complex. The loss was
quantitated using the known extinction coefficients and used to determine an effective Kp
for MG,CG;M at pH 7.4 and pH 4.5. Experimental results of the titration of up to 20
equivalents of MG,CG:M into 25 uM (BCA), in 10 mM MOPS buffer at pH 7.4 are
shown in figure 23. The insert shows that as the concentration of peptide increases, there
is a decrease in absorbance of the peak at 562 nm until it reaches zero, where presumably

all copper in solution is bound by the peptide. An effective Kp value was determined at

each point, the average being 6(1) x 107" M.

1.6 0.24
]
1.4 02
016
1.2 g 012 ®
<L [
0.08
E 1 I'.
c 0.04 l.
S 0.8 *ece oo,
o] 0 o
2 0 5 10 15 20
< 06 Equivalents MG,CG,M, pH 7.4
0.4
0.2
0 - —— -
300 400 500 600 700 800

Wavelength, nm

Figure 23: Titration of MG,CG,M into Cu(BCA), at pH 7.4
25uM [Cu(CH sCN),]PF, 75uM BCA, in 10 mM MOPS buffer pH 7.4, titrated with up

to 20 equivalents of MG,CG,M. Insert shows the decrease in the absorbance of the
characteristic Cu(BCA), complex peak at 562 nm.
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The Kp value for MG,CG;M at pH 4.5 was determined in the same fashion
(Figure 24). Here, up to 100 equivalents of peptide were titrated into 15 uM (BCA); in
10 mM HjAsc buffer at pH 4.5. The absorbance of the 562 nm peak was not reduced to
zero suggesting that copper was not completely removed from the Cu(BCA), complex,
even at the highest concentration of peptide tested. MG,CG;M does appear to effectively
compete with Cu(BCA), for copper, as there is a continual decrease in the absorbance at
562 nm as more peptide is added to the system. It is believed that with high enough
concentrations of peptide, all copper could be removed from the Cu(BCA), complex.

The effective Kp value was estimated to be 3.5(2) x 10™ M.
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Figure 24: Titration of MG,CG,M into Cu(BCA), at pH 4.5

15uM [Cu(CH ;CN),]PF, 45uM BCA, in 10 mM H ,Asc buffer pH 4.5, titrated with up
to 100 equivalents of MG,CG,M. Insert shows the decrease in the absorbance of the
characteristic Cu(BCA), complex peak at 562 nm.

This experiment was also attempted for MG,HG,M at pH 7.4, but an effective Kp
could not be determined from the data (Figure 25). Here, up to 800 equivalents of

peptide were titrated into 15 uM (BCA), in 10 mM MOPS buffer at pH 7.4. Even in the

presence of such an excessive amount of peptide the absorbance of 562 was barely
reduced. The decrease in the absorbance appears to stop after the addition of 300

equivalents of peptide. Clearly this indicates that MG,HG,M cannot effectively compete
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with BCA for copper. The Kp, for Cu(I) under these conditions must be less than 1 x 10”
M.

One theory for this behavior was the formation of a ternary complex between 1
peptide molecule, 1 BCA molecule, and 1 Cu' ion that was also absorbing at 562 nm.
Three different mass spectrometry techniques were employed in an attempt to find a mass
associated with this complex, ESI-MS, matrix assisted laser desorption ionization mass
spectrometry (MALDI-MS), and direct analysis in real time mass spectrometry (DART-
MS), however, no such peak was found. In a UV-vis experiment, [Cu(CH3CN)4]PF,
was incubated with excess peptide, and then titrated with less than 1 equivalent of BCA
in an attempt to promote the ternary complex formation. Comparison of spectra did not

reveal any new features that could be attributed to the formation of a ternary complex.
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Figure 25: Titration of MG,HG,M into Cu(BCA), at pH 7.4

15uM [Cu(CH ;CN),]PF;, 45uM BCA, in 10 mM MOPS buffer pH 7.4, titrated with up
to 800 equivalents of MG,HG,M. Insert shows the decrease in the absorbance of the
characteristic Cu(BCA), complex peak at 562 nm.

3.3.2 Metal Catalyzed Oxidation Reactions

Metal catalyzed oxidation reactions are often used to identify copper and iron
binding sites, utilizing conditions similar to those in the ascorbic acid oxidation assay.
Upon oxidation of Cu(I) to Cu(Il) or Fe(II) to Fe(Ill), reactive oxygen species are
generated at the sites of the metal in close proximity to metal binding ligands. Hence, the
metal binding ligands are the residues most likely to succumb to oxidative modification.

Interestingly, the Mets peptides in chapter 2 did not experience oxidation under these
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conditions even after prolonged exposure, while peptides containing histidine did. To
understand this phenomenon, and to examine the susceptibility of methionine, histidine,
and cysteine in copper binding sites to oxidation, model peptides were treated with H,O,
and a variety conditions often used in metal catalyzed oxidation reactions (Table 13).
Metal catalyzed oxidation is usually specific, involving only those amino acids
that interact with copper. As glycine has a very low propensity for oxidation, only
oxidation products of methionine, histidine, and cysteine were expected. Oxidation
products of histidine and methionine are shown in figure 26. The oxidized histidine
product observed was 2-imidazolone, unless specifically noted. Masses of the observed
oxidation products did not correspond to the mass of the dehydro-2-imidazolone species.
The oxidized methionine product observed was methionine sulfoxide. Additions of 2
equivalents of oxygen to each histidine and methionine, 5-hydroxy-imidazolone and
methionine sulfone, respectively, were rare. Oxidation of cysteine resulted in the
formation of a disulfide bond and a dimer of 2 peptide molecules, as shown in figure 27,
with a total of 4 methionine residues available for oxidation. Dimerization was regularly

examined for using ESI-MS.
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Figure 26: Oxidation products of histidine and methionine
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Figure 27: Dimer of MG,CG,M

ESI-MS was used to identify the masses of oxidation products, and MS/MS was
used to determine the specifc amino acids oxidized. The MS/MS process results in the
collosional decomposition of the peptide, breaking into the well-defined ions, an example
of which is shown in figure 28. The most common collisional products are the b and y
ions that form upon cleavage of the peptide bond. b and y ions are assigned numbers

based on which peptide bond is broken, and the number of amino acids the ion contains.
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Figure 28: ESI-MS/MS collisional decomposition of peptides produces b and y
ions

Another phenomenon observed in the ESI-MS is the collisional decomposition of
methionine sulfoxide (Figure 29)."* This oxidative product of methionine is easily
identified in ESI-MS spectra as the formation of vinyl glycine and liberation of
methanesulfenic acid results in the occurrence of -64 m/zpeaks. In the following spectra

the asterisk (*) denotes peaks associated with this loss of 64 mass units.

H O
“L,_L:N f! H (0]
- _N
w» 51117 7‘%:.:‘ + CH3SOH (Methanesulfenic Acid)
S=0 /
/

Methionine sulfoxide Vinyl glycine

Figure 29: ESI-MS/MS collisional decomposition of methionine sulfoxide

All three peptides were treated with condition B (H>O;) and incubated at room
temperature for 24 hours in an attempt to determine which of the copper binding amino
acids is more prone to oxidation by hydrogen peroxide. All three peptides were oxidized.
ESI-MS analysis of treatment of MG2MG,;M with condition B confirmed the generation
of 2 main oxidation products (of high intensity), Pox and P,oy, and a minor (of low

intensity) Psox product (not shown). ESI spectra of treatment of MG,CG,M with
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condition B is shown in figure 30. Condition B induced the oxidative formation of a
disulfide bond between 2 peptide molecules, with peaks corresponding to the mass of the
dimer at 1559.5 (P, +H") and at 781.3 (P, +2H"). Oxidation products of the dimer
include addition of 10 at 1575.5 (P, ox+H") and 788.4 (P, ox+2H"), 20 at 1591.5 (P,
20xF2H") and 796.4 (P; 20c+2H"), and 30 at 1607.5 (P; 30,+H") and 804.4 (P; 30x+2H").
Based on the composition of MG,MG;M and presumed oxidative formation of a disulfide

bond in MG,CG;M, methionine and cysteine residues appear to be easily oxidized by

H,0,.
+MS
+MS
> P oot 2H*
2|P,,+2H" PyoctH” PaxxtH
-9 + + +
_iP2+2H\ PAHT M PasoctH
e Pagut2H" »
| |
M 1400 1500 1600 1700 1800
=0 T == A 1
750 800 850 900 950 1000

m/z

Figure 30: ESI-MS analysis of oxidation products of MG,CG,M treated with
condition B

100uM MG ,CG,M, 1mM H ,0, in 10 mM NH ,OAc buffer at pH 7.4 incubated for 24
hours. Peaks associated with dimer formation via a disulfide bond are observed at
1559.5 (R+H") and 781.3 (BR+2H"). Oxidation products of the dimer are also
observed, 10 at 1575.5R, ,,+H") and 788.4 P, ,,+2H"), 20 at 1591.5R,,.,+H") and
796.4 P, ,+2H"), and 30 at 1607.5R, 3o, +H™) and 804.4 @, 5,+2H").

Treatment of MG,HG,M with condition B (H,O,) generated intense Pox and P«

products, however MS/MS analysis was required to determine which amino acids were
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being oxidized (Figure 31). (a) is the standard MS, prominent peaks associated with
masses for P+H" and P+2H" at 815.4 and 408.2, respectively, and oxidation products
including Po,+H" and P, +2H"at 831.3 and 416.2, respectively, and Px+H" and
Pyoxt2H" at 847.4 and 424.2, respectively. The MS/MS of P,+H" is shown in (b),
prominent peaks include Po,+H' minus CH3;SOH (*Po,+H") at 767.4, by, b, bs, and by
ions at 686.3, 539.1, 464.2, and 425.2, respectively, and oxidized b; and bg minus
CH3SOH (*b7 ox and *bg ox, respectively) at 622.3 and 491.3, respectively. The presence
of *P.+H" and lack of oxidized ions, other than those associated with the loss of
CH;SOH, indicate methionine is the site of oxidation. The MS/MS of Pyox+H is shown
in (c), prominent peaks include *P,,+H" at 783.4, a peak associated with the loss of 2
equivalents of CH;SOH (**Pao+H") at 719.3, and *bg ox ion at 491.3. The presence of
%P, +H" indicates that both methionine residues are oxidized, and that histidine is not as

susceptible to oxidation by H,O, as methionine.
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Figure 31: ESI-MS/MS analysis of oxidation products of MG,HG,M treated
with condition B

100uM MG ,HG M, 1mM H ,0, in 10 mM NH ,OAc buffer at pH 7.4 incubated for 24
hours. (a) shows standard MS, prominent peaks include peptide plus 1 proton (P+H*)
at 815.4, peptide plus 2 protons at 408.2 (P+2H), and oxidation productions including
addition of 10 at 831.3 (P,,+H") and 416.2 (B,+2H"), and 20 at 847.4 (B,,+H") and
424.2 (Byx+2H™). MS/IMS of P, +H™ and P,,+H" are shown in (b) and (c), respectively.

O*0 indicates the loss of GBOH, -64 m/z.

All three peptides of interest were treated with condition D (H,Asc, CuSQOy,) as
well as conditions A (H,Asc) and C (CuSOys) to serve as controls. Upon examination of
reactions after 24 hr incubation at room temperature, only MG,HG,;M treated with

condition D was oxidized. No peaks associated with the masses of oxidation products for
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MG;MG;M or MG,CG;M where observed in the ESI-MS. Figure 32 shows the ESI-MS
spectra of the peptide solution (a), including MS/MS of the different oxidation products
(b-e) in an attempt to determine which amino acids were being oxidized, and a diagram
of the y and b ions and their respective masses. The standard MS (a) includes peaks
associated with masses for peptide plus 1 proton (P+H") at 815.4, peptide plus 2 protons
at 408.2 (P+2H"), and oxidation products including addition of 10 at 831.3 (Po,+H") and
416.2 (Pox+2H"), 20 at 847.4 (P20, +H"), and 30 at 863.3 (P3ox+H"). The MS/MS of the

P+H" peak is shown in (b), prominent peaks include P+H" minus H,O (°P+H") at 797.4,

and b7, y7, bg, bs, and b, ions with m/zmatching those predicted in the diagram in figure

32. The MS/MS of Pox+H" is shown in (c), prominent peaks include °Po+H" at 813.3,

*P+H" at 767.4, by ox, V7 ox, and bg ox, at 686.2, 658.3, and 555.2, respectively, *b7 ok at
622.2, and be. The pattern of oxidized ions suggests a mixture of MCO products, with
either methionine or histidine being oxidized. The lack of *bs ox ion when the bg oy 1s the
most intense peak indicates that methionine is not the only site of oxidation, histidine is a
separate site of oxidation, and the resulting spectra is a mixture of the two. The MS/MS

of Pyox+H' is shown in (d), prominent peaks include °P,oxtH" at 829.3, *P,+H" at 783 .4,

b7 20% Y7 20% D7 0xs D6 20x, and *bg 20x 10m8, at 702.2, 674.3, 638.2, 571.2, and 507.2,
respectively. The pattern of oxidized ions suggests the oxidation of 1 methionine and 1
histidine residue. Again, the *P,,+H" indicates methionine is being oxidized, and the
lack of **Py,,+H" suggests histidine, not methionine, is the second site of oxidation. The

MS/MS of P3,+H" is shown in (e), prominent peaks include °Pio+H ' at 845.3, *Pso+H"

at 799.4, 2*P30X+H+ at 735.3, and *b7 30x, and be 20x 10ns at 654.2, and 571.2, respectively.
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Despite the low ion count detected in the ESI-MS, the presence of the 2ap, +H

indicates that both methionine residues are oxidized, in addition to histidine.
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Figure 32: ESI-MS/MS analysis of oxidation products of MG,HG,M treated
with condition D

100uM MG ,HG,M, 100 uM CuSO,, 5 mM H,Asc in 10 mM NH ,OAc buffer at pH 7.4
incubated for 24 hours. (a) shows standard MS, prominent peaks include peptide plus 1
proton (P+H *) at 815.4, peptide plus 2 protons at 408.2 (P+2H), and oxidation
productions including addition of 10 at 831.3 (P ,+H") and 416.2 (P,+2H"), 20 at
847.4 (B, +H™), and 30 at 863.3 (B,,+H"). MS/MS of the P, +H ", P,o,*H", Py, +H"
are shown in (b), (c), and (d) respectively. @0 indicates a loss of water;18 m/z, 0*O

indicates the loss of CH;SOH, -64 m/z.
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To further probe the susceptibility of methionine, histidine, and cysteine to
oxidation in MCO reactions, iterations of conditions B (H,0O,) were employed, including
addition of HyAsc (condition E) and addition of CuSOy4 (condition F). Addition of HyAsc
resulted in less oxidation for all peptides. Results of the treatment of MG,MG,;M with
condition E are shown in figure 33(a), shown in comparison to treatment with condition
B(b). In comparison to spectrum (b), spectrum (a) has significantly fewer oxidation
products; spectrum (b) has intense Po,+H' and Py, +H'" peaks at 825.3 and 841.3,
respectively, while spectrum (a) has only a weak P, +H " peak at 825.3. These results
suggest that HyAsc alone acts as an antioxidant, scavenging H,O, before it can react on
peptide methionine residues. This is in contrast to condition D (H,Asc, CuSQO4) where in

concert with CusO,, HyAsc acts as a pro-oxidant.
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Figure 33: ESI-MS comparison of oxidtion products of MG,MG,M treated
with conditions E and B

(a) 100puM MG ,MG,M, 1mM H ,0,, 5 mM H,Asc in 10 mM NH ,OAc buffer at pH 7.4
incubated for 24 hours, only one oxidation product is observed, P, +H" at 825.3m/z.

(b) 100uM MG ,MG,M, 1mM H ,0,, in 10 mM NH ,OAc buffer at pH 7.4 incubated for
24 hours, multiple oxidation products a re observed, P,,+H" at 825.3m/z and P, +H" at

841.3m/z

Addition of CuSO4 to H,0; (condition F) resulted in the complete oxidation of
copper binding amino acids in all peptides. MS/MS indicated the presence of 2
methonine sulfoxides and the 5-hydroxy-2-imidazolone (not shown). Results of the
treatment of MG,HG,;M with condition F (H,0,, CuSOj) are shown in figure 34(a), in
comparison to treatment with condition B (H,0,)(b). The addition of CuSO4
significantly increased the number oxidation products, with intense peaks corresponding

to the addition of 20 at 847.4 (Pax+H") and 424.2 (P1x+2H"), 30 at 863.3 (P3ox+H"),
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and 40 at 879.3 (P4ox+H"). The absence of P+H" and P.,+H suggest complete oxidation

of the peptide, indicating CuSOj has acts as a pro-oxidant in concert with H,O,.

+MS
a) P3ox+H+
PootH" | PuoctH”
Pt 2H* ST
)
2
2
£ |b) +MS
2

300 400 500 600 700 800 900 1000

Figure 34: ESI-MS comparison of oxidation products of MG,HG,M treated
with conditions F and B

(a) 100puM MG ,HG M, 100 uM CuSO,, 1mM H,0, in 10 mM NH ,OAc buffer at pH 7.4
incubated for 24 hours, multiple oxidation products are observed, addition 20, P,,,+H"
at 847.4 and R,+2H" at 424.2, addition of 30, B,,+H"* 863.3, and addition of 40,
P,x+H™ at 879.3. (b) 100 uM MG ,HG,MK, 1mM H ,0, in 10 mM NH ,OAc buffer at pH
7.4 incubated for 24 hours, only two oxidation products are observed, addition of 10,
P,+H" at 831.5 and B,+2H" at 416.2, and addition of 20, B,+H" at 847.4 and

P, +2H" at 424.2.

3.4 Discussion

3.4.1 Relative Affinity and pH Dependence of Cu(l) Binding Amino
Acids

In order to examine the individual contribution of methionine, histidine, and

cysteine on the Cu(I) binding affinity in a binding site at acidic and physiological pH, the
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effective Kp values for the 3 different models peptides were determined at pH 4.5 and pH
7.4 (Table 14). As expected, the Kp values for peptides containing copper binding amino
acids with protonatable side chains decreased with a decrease in the pH. From pH 7.4 to

pH 4.5, the Kp of MG,CG>M dropped 2 orders of magnitude, 6(1) x 10" to 3.5(2) x 10

M, and the Kp of MG,HG;M dropped 2 or 3 orders of magnitude, from the value within

the established range between 1 x 107—1 x 10® M to 1.3(1) x 10° M. The peptide

containing methionine as the only copper binding amino acid was unaffected by the

decrease in pH, exhibiting a Kp between 4-5 x 10°® M at all examined conditions. This

was also expected, as methionine is the only copper binding amino acid lacking a
protonatable side chain. This suggests that at pH 4.5 methionine binds Cu(I) with a
greater affinity than histidine. The side chain of histidine has a pKa of 6.02. At pH 4.5,
roughly 97% of the imidazole should be protonated, compared to 4% at pH 7.4. Thus,
considerably weaker binding would be expected for the histidine-containing peptide at
pH 4.5 compared to pH 7.4. Despite being weaker than methionine at this pH, the
contribution of the histidine to the binding affinity is not negligible. A peptide containing
the same Mets motif as MG,HG;M, yet lacking the central copper binding amino acid,

(MTGNIeKGMS) was determined to have an even weaker affinity (Kp = 5(2) x 10” M)

under the same conditions, utilizing the same method.'®’

The decrease in the affinity of MG,CG,M for Cu(l) from pH 7.4 to pH 4.5 by two
orders of magnitude is expected. The pKa of free cysteine is 8; therefore 75% of the side
chain is protonated at pH 7.4 and 99.9% at pH 4.5. These percentages may be an over

estimation as the pKa values for cysteine in copper binding motifs are often lower,
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around 6 (4% and 99.9% protonated at pH 7.4 and 4.5, respectively) some as even low as
3.5 (0.01% and 10% protonated at pH 7.4 and 4.5, respectively).'”*?'* The estimated Kp
value seems reasonable in light of biological data regarding a binding motif similar to our
MG,CG;M model peptide. Ctr proteins from the green algae Chlamydomonasontain a
cysteine and methionine rich copper binding CXoMX,MX,CXs6C motif.” Previous
studies have indicated that Chlamydomonagrown in conditions similar to those used in
the current study, anaerobic tris-acetate phosphate media at pH 5.0, are able to reduce the
concentration of copper in the media down to as low as subnanomolar levels (0.2-1.6
nM).79’ 209,212

These results can be used to justify a qualitative description of the trend of Cu(I)
binding affinity for the individual copper binding amino acids that comprise binding sites
observed in copper trafficking proteins at pH 7.4 and pH 4.5. Cysteine appears to bind
Cu(I) more effectively than either histidine or methionine at both pHs, histidine binds
Cu(I) more effectively than methionine at pH 7.4, while methionine binds Cu(I) more
effectively than histidine at pH 4.5 (Cys > His > Met, pH 7.4) (Cys > Met > His, pH 4.5).

These results have interesting applications to biochemical techniques commonly
used to identify potential copper binding amino acids in proteins. Site directed
mutagenesis is often utilized to identify amino acids in the binding sites of copper
trafficking proteins.** '#>'27-2!> These studies are regularly accompanied by the
determination of the levels of either copper uptake or efflux, in order to confirm the

suggested functionality of the amino acid. There are serious ramifications to consider
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with site directed mutagenesis in copper trafficking proteins, particularly when
interpreting the phenotypic results.

Traditionally, to identify amino acids in copper binding motifs, the potential
copper binding amino acids are replaced with non-binding analogues; serine for cysteine,
alanine for histidine, and isoleucine for methionine are some of the most common
mutations. Utilizing any one of these mutations in a copper trafficking protein would be
expected to inhibit copper uptake or efflux. To confirm whether or not certain copper
binding amino acids in a protein are actually involved in copper trafficking, they are
often first replaced with a non-binding analogue to inhibit activity, and then replaced with
an alternate copper binding amino acid to restore function. Considering the pH
dependent relative binding affinities determined in this study, Cys > His > Met, pH 7.4
and Cys > Met > His, pH 4.5, such mutations may not always restore activity, and that
phenotype may be misinterpreted as a false positive.

Copper trafficking pathways are highly evolved networks where binding affinities
have been fine tuned over the millennia to promote transfer of the metal to a recipient
protein. These binding affinities are the result of the inclusion of specific copper binding
amino acids organized to promote specific types of geometries. While a negative result is
expected when mutating a copper binding amino acid for a non-binding analogue, it is
not safe to assume that mutating the same amino acid back to the non-native copper-
binding amino acid will always restore function. As the current study suggests, a cys-to-
his or met mutation in a copper-binding motif will likely increase its binding affinity.

The same can be said for a his-to-met mutation around physiological pH, and for a met-
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to-his mutation at an acidic pH. These types of mutations could cause false positives,
whereby the mutated copper trafficking protein of interest now exhibits a much higher
Cu(I) binding affinity, and is no longer able to promote effective transfer to its recipient
protein, inhibiting function. A met or his-to-cys, a met-to-his at physiological pH, or a
his-to-met at acidic pH will likely cause a decrease in the Cu(I) binding affinity. These
could also result in false positives if the binding affinity of the recipient protein was

reduced to where it could no longer effectively accept Cu(I) from a donor protein.

3.4.2 Susceptibility of Cu(l) Binding Amino Acids to Oxidation by
Metal Catalyzed Oxidation Reactions

A summary of the results of treatment of the three peptides with conditions
commonly used in metal catalyzed oxidation reactions is shown in table 13. Incubation
of peptide with just H,Asc (condition A) or CuSOj4 (condition C) in buffer did not induce
oxidation. However, a combination of the two did (condition D), but only in the case of
the histidine containing peptide, MGo,HG,;M. Oxidation via condition D appears to be
dependent on the ability of the peptide to bind Cu(Il). Histidine with the imidazole side
chain is a borderline base, and much more likely to accommodate binding of the
borderline acid Cu**, accompanied by the softer thioether of methionine residues, than
either the soft methionine thioethers alone or in combination with the soft cysteine
thiolate. Thus, MG,HG;M is the only peptide examined that has the ability to bind both
Cu" and Cu®". This is of critical importance considering that ROS are being generated by
Fenton-Haber Weiss chemistry at the site of the copper atom (Eq. 16-20). Under these

conditions, oxidation of Cu” to Cu®" is accompanied by the generation of the O," (Eq.
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17), H,O, (Eq. 18), and "OH (Eq. 19). The non-oxidation state specific copper-binding
site creates a cage for the generated ROS, keeping the ROS in close proximity to the
copper binding amino acids, resulting in their oxidation.?'® Oxidation is not observed for
Cu" specific binding sites, as upon conversion of Cu’ to Cu®" the peptide is released and

diffuses away from copper and the generated ROS.

Cu(II)P + HAsc” — Cu(I)P + HAsc” (16)
Cu(I)P + O, = Cu(II)P + 0y~ (17)
Cu(I)P + 2H" + O," — Cu(II)P + H,0, (18)
HAsc +2H" + 0, — Asc + H,0, (19)
Cu(I)P + H,0, — Cu(II)P + *OH + "OH (20)

Treatment with H,O, (condition B) caused the oxidation of methionine and
cysteines residues, but not histidine. This suggests that the H,O, generated in Eq. 18 is
not the ROS responsible for the direct oxidation of histidine in condition D, leaving the
possibility of mechanism involving O," or *OH. When comparing the number and
intensity of oxidation products observed by treatment of MG,HG;M condition D vs.
condition F (H,0O, + CuSO,) (Figure 32(a), Figure 34(a)), the combination of H,O, and
CuSOQy, appears to generate a greater amount of oxidation products than the combination
of HyAsc and CuSQOs. This suggests that the *OH generated in Eq. 20 is the ROS
responsible for direct oxidation of histidine. Fewer oxidation products are observed with
the combination of H,Asc and CuSQOys, as these conditions must first generate reactants

(Eq. 16 and 17), prior to formation H,O, (Eq. 18 and 19). While H,0; is catalytically

118



generated under these conditions, the presence of the high concentration of HyAsc may be
scavenging H,O,, as was observed in when comparing the amount of oxidation products
of H,0, (condition B) to the combination of H,Asc and H>O» (condition E). This is
another example of the dual antioxidant-pro-oxidant nature of ascorbic acid.

The lack of oxidation of MG,MG;M and MG,CG,M after treatment with
condition D (H,Asc, CuSO,) suggests that Cu’ specific binding sites may not be able to
be identified by MCO. While the literature is full of examples of MCO reactions
identifying copper binding amino acids in peptides and proteins, none are Cu"
specific.'® 1% 217229 There are examples in the literature of copper binding sites that
resist oxidation by MCO reactions, such as the ATCUN binding motif.**'** These Cu*"
binding sites are believed to bind the metal in a coordination environment that prevents
redox cycling, thus preventing the generation of ROS. This scenario does not seem
likely for the peptides examined. Based on experiments in chapter 2, these peptides
likely bind Cu(I) with 3 ligands, leaving a coordination site available for additional
chemistry. We have therefore proposed that the lack of oxidation observed for

MG;MG;M and MG,CG,M is the result of the peptides diffusing away from the *OH

generated by Cu” to Cu”" redox cycling.

While treatment of Cu" specific peptides with MCO conditions did not result in
oxidation, it is unknown what effect they would have on Cu" specific whole proteins. As
all the known Cu’" specific proteins are trafficking proteins that bind the metal in low
coordinate environments, they are presumably susceptible. Whether or not the Cu”
specific sites in whole protein can be identified by MCO may come down to the ability of
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the protein to diffuse away from "OH generated by oxidation of Cu” to Cu®". This would

seem likely as many Cu(I) binding sites in trafficking proteins are solvent exposed.

3.4.3 Conclusions

This study characterized two of the unique properties of Mets motifs in greater
detail, pH dependence of Cu(I) binding, and resistance to metal catalyzed oxidation, as
first described in chapter 2. Determination Cu(l) Kp values for model peptides revealed
the relative Cu(l) binding affinities for methionine, histidine, and cysteine at acidic and
physiological pH (Cys > Met > His, pH 4.5 and Cys > His > Met, pH 7.4). These relative
affinities are important to consider when using site directed mutagenesis to identify
copper binding amino acids in copper trafficking proteins. Mutations may drastically
affect a proteins Cu(I) binding affinity, compromising the trafficking network and
resulting in a false positive result.

Treatment of model peptides with H,O, demonstrated histidine is resistant to
oxidation by the ROS. While methionine and cysteine are both susceptible to oxidation
by H,O,, cysteine appears to be more so. Treatment of model peptides with MCO
reactions revealed that histidine containing peptides are more susceptible to oxidation,
presumably via a caging effect as they bind both Cu(I) and Cu(Il), whereas peptides
comprised of methionine and cysteine that specifically bind Cu(I) are not. This suggest
that copper binding amino acids in Cu" specific proteins may not be able to be identified
using this method.

These results elucidate the evolutionary preference for methionine, histidine, or

cysteine utilization in the N-terminal regions of Ctrl proteins of different organisms that
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adapted to acquire copper in drastically different environments. Yeast, green algae, and
human Ctr1 proteins import copper in acidic (pH 4-5) oxic, Cu deplete acidic (pH 5)
anoxic, and acidic to neutral (pH 5-7.4) oxic conditions, respectively. To accomplish the
same function at these different environmental conditions, yeast, green algae, and human
Ctrl proteins incorporated methionine, methionine/cysteine, and methionine/histidine
motifs/residues, respectively.

The methionine motifs expressed by yeast on the cell surface portion of the
protein allow for pH independent accumulation of copper at the site of the Ctrl pore in an
oxidative environment. Histidine would not be suitable as the ability to bind copper is
compromised at this pH as a result of the protonateable sidechain. Cysteine would also
not be suitable under these conditions due to its susceptibility to oxidation and propensity
to form disulfide bonds, also compromising the ability to bind copper.

The methionine/cysteine motifs expressed by green algae allow for high affinity
copper uptake in environments where copper is scarce. Copper concentrations in these
environments are so low that methionine motifs alone presumably do not have a high
enough affinity for effective Cu(I) accumulation at the Ctrl pore. Cysteine, which binds
Cu(I) with a considerably greater affinity, is required for transport function at these
conditions. Oxidation of cysteine, and the formation of disulfide bonds, is not of concern
as these algae grow in anoxic environments. Histidine would not be suitable under these
conditions, again as the low pH compromises the copper binding ability.

The methionine/histidine motifs expressed by humans and other mammals is

believed to allow for transfer of copper from storage proteins, cerulopasmin and serum
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albumin, to the Ctrl protein. Histidine is required, as the methionine motifs do not
exhibit a strong enough affinity to remove copper from these storage proteins.
Methionine likely plays a more critical role in the more acidic portion of the small
intestine. Cysteine would not be suitable under these conditions due to susceptibility to

oxidation.
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4. Model Peptides of the Bacterial CusF Cu(l) Binding
Site

4.1 Background and Significance

Bacteria have evolved highly sophisticated mechanisms to control cellular levels
of copper, keeping the metal in sufficient abundance to allow for incorporation of the
cofactor into cuproenzymes, while preventing it from reaching levels that could be
harmful to the cell. One of these homeostatic mechanisms is the CusFBCA Cu(I)/Ag(I)
export system, first identified E. coli*****> CusCBA is believed to form a channel that
spans the periplasm from plasma membrane to the outer membrane, homologous to the
bacterial multidrug export systems.”?***" There are significant difference between these

128, 200, 22 .
8,200,228 W hile

export systems. The Cus pathway is highly specific for Cu(I) and Ag(I),
the multidrug pathways exhibit a very broad substrate specificity.””® The Cus system also
contains a fourth component that is absent in the multidrug pathways, CusF. CusF, a
soluble 88 amino acid protein, is a metallochaperone that delivers Cu(I) and Ag(l) to the
CusCBA complex at the site of membrane fusion protein CusB.**° The metals are then
expelled from the periplasm by action of the outer membrane protein CusC, utilizing
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energy from CusA via proton-substrate antiport. ~" This process is depicted in figure 35.
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Figure 35: CusFBAC mediated Cu(I/Ag(I) export in E. coli

Cu(l) and Ag(l) (yel low circle) are sequestered in the periplasm by the
metallochapoerone CusF, which delivers the potentially toxic metal to CusB, where it is
expelled from the periplasm by the action of CusC with CusA, utilizing energy privuded
by proton -substrate antiport.

CusF has been the topic of considerable study recently due to the discovery of a
novel Cu(l) and Ag(I) coordination environment. X-ray crystal structures of CusF have
revealed that a tryptophan (W44) residue located in close proximity to the 2 methionine
(M47, M49) 1 histidine (H36) trigonal planar binding site, further stabilizes the metal via

a cation-t interaction (Figure 36)."* ' This claim has been further supported by XAFS

and UV resonance Raman spectroscopy. Site directed mutagenesis has revealed that this
interaction is weaker than that of the interaction between Cu(I)/Ag(I) and the methionine

thioether, however it does shield the metal from solvent.'* "> This is particularly
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important for Cu(l), which in the oxidative environment of the periplasm could be

oxidized to Cu(Il).

Figure 36: X-ray crystal structure of the E. coli CusF Cu(I) binding site

X-ray crystal structure of Cu(l) bound CusFggs solved to 1.5 e, retrieved form the
Protein Data Bank, code 2VB2%. The image was generated using Jmol, whereby Cu(l)
(orange) is depicted in CPK spacefill, the amino acids of interest in stick, and the
remaining amino acids in wire frame schemes.

There is a second histidine (H35) of interest in the protein, located near the metal
binding site, one amino acid removed from the known coordinating histidine ligand
(H36). The X-ray crystal structure of the binding site suggests that H35 does not
participate in the binding event as it is situated away from the binding site, exposed to the
solvent. NMR analysis has revealed that the combined "H" and '°N chemical shifts for
H35 upon copper binding is minimal compared amino acids involved in the binding

- 231
site.”?

This potentially copper coordinating H35 is reminiscent of some copper
chaperones, such as the B. subtilisCopZ, which include a histidine adjacent to the CXXC

motif. These histidine residues have not been implicated in copper binding; however,
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they may participate in metal loading into the binding site, or transfer of the metal to the
recipient protein. Some chaperones, such as ScAtzl, Scol, and Sco2, do utilize a
histidine to bind Cu(I) in conjunction with the CXXC motif. Histidine in these proteins
may have initially been involved in loading/unloading, prior to serving as a binding site
ligand. While having a loading/unloading role is an attractive hypothesis for a potential
function of H35 in E. coliCusF, a histidine in this position is not well conserved in many
of the proteins homologous to CusF found in gram negative bacteria, or environmental

. . . 231
sequences of unidentified organisms.*

However, some homologues are encoded by a
single gene that expresses a fusion of CusF and CusB, so they may not require this
histidine to aid in the loading/unloading process.

The goal of this study was to model the CusF binding site, with a particular

emphasis on trying to replicate the weak Cu’ tryptophan cation-T interaction. It was

unknown if a peptide model could provide enough stability to the binding site to
accommodate this interaction, or if the structure imposed on the binding site by the whole
protein was necessary. The first generation peptide was that of amino acid residues 35-
50 (CusF3s.50), and included both histidine residues. The inclusion of the HH motif was
of concern as it is known to bind Cu(I) in a linear geometry that could potentially

interrupt the cation-T interaction of interest.”*>**® A second model peptide was

synthesized to abolish this potentially important binding site, by excluding H35 (CusFse.
s0). The Cu(I) binding affinities of the peptides were compared to determine if the

presence of H35 in the model peptide was of consequence. NMR and metal catalyzed
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oxidation reactions followed by ESI-MS/MS analysis were used to identify metal binding

amino acids.

4.2 Materials and Methods
4.2.1 Peptide Synthesis and Purification

Peptides were synthesized using a Protein Technologies PS3 automated peptide
synthesizer in 0.1 mmol scale on PAL-PEG-PS resin (Applied Biosystems). Standard
Fmoc (9-fluorenylmethoxy-carbonyl)-protected amino acids (Chem-Impex and
Novabiochem) were coupled in 40 minute cycles with HBTU (O-benzotriazole-
N,N,N',N'-tetramethyluronium hexafluorophosphate) (Novabiochem) and N-
methylmorpholine (NMM) (Acros) in N,N'-dimethylformamide (DMF) (Caledon). Fmoc
protecting groups were removed using 20% piperidine (Aldrich) in DMF. The N-termini
of peptides were acetylated using acetic anhydride (Aldrich) and NMM. Cleavage from
resin and the removal of side chain protecting groups was accomplished by treating resin
with a 10 mL mixture of 95% trifluoroacetic acid (TFA) (Sigma-Aldrich), 2.5% 1,2-
ethandithiol (EDT) (Fluka), and 2.5% triisopropylsilane (TIS) (Aldrich) under nitrogen

while shaking for 4 hours. During the final hour of incubation additional EDT (100 pL)
and 65 UL of bromotrimethylsilane (TMSBr) (Acros) were added to prevent methionine

oxidation. Peptide was precipitated from solution by evaporating off TFA with a
nitrogen stream, followed by three washes with diethyl ether (Caledon). Purification was
accomplished by semi-preparative reversed-phase HPLC on a YMC C18 column with a

linear 40 min. gradient from 7 to 70% acetonitrile in water with 0.1% TFA. Purity was
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validated to be greater than 95% by analytical HPLC. Mass of each peptide was
determined by ESI-MS. CusF3s.59 calcd for CssHi2sN26023S2: 1944.91. Found: (M+H+)

1946.7. CUSF36_50 calcd for C79H121N23022823 1807.8. Found: (M+H+) 1808.7

4.2.2 Preparation of Stock Materials

Peptide stock solutions were prepared by adding 5-15 mg of lyophilized peptide

to a pre-tared microcentrifuge tube containing 250—1000 UL of nanopure water.

Concentration was verified by a UV-visible spectroscopic assay utilizing extinction
coefficients generated by data from quantitative amino acid analysis (Dana Farber Cancer
Institute, Boston, MA and AAA Laboratory, Mercer Island, WA) (Appendix A).
Absorption spectra were recorded in a 1-cm, 1-mL Starna masked quartz cuvette
(Atascadero, CA) on a Varian (Palo Alto, CA) Cary 50 UV-vis spectrophotometer.
Peptides in lyophilized and solution form were stored at -20 °C. Ascorbic acid solution
was prepared fresh daily from L-(+)ascorbic acid (Acros 99%) in nanopure water. Stock
solutions of CuSO4*5H,0 (Sigma), AgNOs (Fisher), and [Cu(CH3CN)4]PFs (Aldrich)
were prepared in nanopure water, D20(Aldrich), in degassed acetonitirile (Aldrich),
respectively. The concentration of [Cu(CH3;CN)4]PFs was confirmed by using

bathocuproine disulfonic acid (BCS) (MP Biomedicals) (Cu(BCS),> €453 = 13,300 M’

cm™).*® All experiments using [Cu(CH3;CN),4]PFs were conducted using a concentrated
stock solution of [Cu(CH3CN)4]PFg in acetonitrile to minimize the percentage of

acetonitrile in the final solutions to 0.25-2%.
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4.2.3 Spectrophotometric Titrations of Cu(BCA)2
Titrations of peptides with copper bound 2,2’-Biquinoline-4,4’-dicarboxylic acid
(BCA) (Fluka) were used to qualitatively compare Cu(I) binding affinities for CusFss.so

and CusFs¢.50. Concentrated solutions of peptides were titrated into 15-20 uM
[Cu(CH3CN)4]PF¢ and 45-60 uM BCA in 10 mM MOPs at pH 7.4 prepared in Chelex

treated nanopure water, degassed with argon. BCA was prepared in Chelex treated
nanopure water, degassed with argon and made slightly basic with 1 M NaOH to promote
dissolution. Stock 3-[N-morpholine]proptane-sulfonic acid (MOPS) (Sigma > 99.5%,
titration) weas prepared in Chelex treated nanopure water, degassed with argon and

brought to pH 7.4 using 1 M NaOH.

4.2.4 NMR Ag(l) Titrations

"H-.NMR spectra of 4 mM CusF3s.sp and CusF36.50 prepared in D,O (Aldrich) were
collected before and after titration with 0.25 to 10 equivalents of AgNOs, also prepared in
D,0. 'H-NMR experiments were collected on a Varian Inova 500 MHz Spectrometer.
Chemical shifts and J values for apo-hMets2 are reported in ppm and Hz, respectively:
CusF3s5.50' H-NMR (D,0): & 8.61 (2H, s), 7.66 (1H, d, 7.89), 7.49 (1H, d, 8.17), 7.24 (5H,
m), 7.16 (1H, m). CusF3s.s0' H-NMR (D,0): & 3.96 (1H, d, 7.40), 3.76 (3H, m), 3.59 (1H,
m), 3.38 (2H, m), 3.15 (12H, m), 2.95 (1H, m), 2.72 (3H, m), 2.54 (12H, m), 2.28 (2H,
m), 1.98 (38H, m), 1.75 (2H, m), 1.62 (9H, m), 1.37 (3H, d, 7.26), 1.32 (3H, d, 7.20),

1.19 (3H, t, 6.11, 6.11), 0.92 (6H, d, 5.65), 0.87 (6H, d, 5.91), 0.82 (3H, d, 6.72), 0.67
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(3H, d, 6.66). CusFs4.5'H-NMR (D,0): 8 8.61 (2H, s), 7.66 (1H, d, 7.91), 7.49 (1H, d,

8.08), 7.25 (4H, dd, 9.14, 18.99), 7.16 (1H, m).

4.2.5 Metal Catalyzed Oxidation Reactions

CusFss.50 and CusF36.50 (100 uM ) were incubated with 100 uM CuSO4 and 5 mM

H,Asc in 10 mM NH4OACc buffer, pH 7.4 at room temperature for 24 hours. Solutions
were then directly injected into the ESI-MS to identify oxidation products. MS/MS was

used to determine the sites of amino acid oxidation.

4.2.6 Electrospray lonization Mass Spectrometry

Electrospray ionization mass spectrometry (ESI-MS) experiments were performed
using an electrospray quadrupole ion trap mass spectrometer (1100 Series LC/MSD Trap,
Agilent, Palo Alto, CA) with a conversion dynode detector (Daly). Samples were

injected via a Harvard Apparatus (Holliston, MA) syringe pump at 33 uL/min. Ionization

was achieved in the positive ion mode by application of +5 kV at the entrance to the
capillary with the nebulizer gas pressure set at 20 psi. Drying gas was heated to 300°C at
a flow of 7 L/min. Full-scan mass spectra were recorded in the mass/charge (m/2 range

of 400-2000.

4.3 Results

4.3.1 Qualitative Analysis of Model CusF Peptides Cu(l) Binding
Affinity

Both CusF3s.50 and CusFse.59 exhibit weak Cu(I) binding affinities that can barely

compete with BCA. While Kp values could not be determined utilizing this method, we
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were able to compare them qualitatively. Experimental data for CusFss_so are shown in

figure 37, where up to 100 equivalents of peptide were titrated into 15 uM Cu(BCA); in

10 mM MOPS buffer at pH 7.4. The absorbance at 562 nm decreased in intensity up to
the addition of 60 equivalents of peptide, addition of more peptide did not affect the
intensity. CusF3s.sp was found to exhibit a stronger Cu(I) binding affinity than that of
CusF36.50. When incubated with 30 equivalents of peptide, CusFs.59 only reduced the
Cu(BCA), signal by 562 nm by 4.7% while CusFss_so reduced the intensity by 14.6%
(Figure 38). These results suggest that in CusF3s.s9 H35 is participating in the binding
event, whereas in the full length CusF it does not. CusF36.50 may be a more accurate

model of the binding site of full length CusF as seen in the X-ray structure.
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Figure 37: Titration of CusF;;, into Cu(BCA), at pH 7.4

15uM [Cu(CH ;CN),]PFs, 45uM BCA, in 10 mM MO PS buffer pH 7.4, titrated with up
to 100 equivalents of Cuskss, Insert shows the decrease in the absorbance of the

characteristic Cu(BCA), complex peak at 562 nm.

132



015

1 * e 4 o
0.1
2
0.8 <L
g 0.05
c
0.6
-E 0
E 0 20 40 60 80 100
0.4 Equivalents CusFs¢ o, pH 7.4
0.2 -
\ \‘*m;-.____
_"_':_.F_h___.-_
u ! P —
300 400 500 600 700 800

Wavelength, nm

Figure 38: Titration of CusF,q, into Cu(BCA), at pH 7.4

15uM [Cu(CH ;CN),]PF;, 45uM BCA, in 10 mM MOPS buffer pH 7.4, titrated with up
to 30 equivalents of Cuskgs, Insert shows the decrease in the absorbance of the
characteristic Cu(BCA), complex peak at 562 nm.

4.3.2 NMR Ag(l) Titration

"H-NMR was used in an attempt to further characterize the metal coordination
environment of the model CusF peptides. Ag(I) was chosen as the metal titrant over
Cu(]) as the larger more electron-rich silver ion would provide greater shielding of the

ligand protons, making it easier to identify the potential Ag" tryptophan cation-1t

interaction. Figure 39 shows the "H-.NMR spectra of apo- CusF3s.s9 and the resulting
spectra of titration of the peptide with 0.5, 1, 2, 5, and 10 equivalents of Ag(I) from 4 to

0.5 ppm. Peaks associated with methionine experienced the greatest down field shift,
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shown in red, while the acetyl cap, shown in blue, and the remaining amino acids were
almost completely unaffected. The spectra of CusF3¢.50 in this region were identical,
however there were significant differences in the aromatic region due to the inclusion of
H35 in CusF3s.60 (Figure 40). The most surprising result of the titrations with silver was

the lack of a downfield shift in the histidine €' and & protons. Titrations of histidine with

Zn(IT), Cu(II), and Fe(IT) have shown to both broaden and shift these peaks.”’ The

histidine €' proton in both peptides is located at 8.61 ppm. The & proton is difficult to
distinguish as the signal overlaps with that of the tryptophan &', Ef, and 1” protons. It can

be identified as it is the only peak in the multiplet that doesn’t shift upon addition of
Ag(I), located at 7.26 ppm in the CusF3s.so spectra and 7.28 in the CusF34.59 spectra. The
effect on the tryptophan peaks was more pronounced. Other than methionine, these are
the only peaks to show a significant Ag(I) dependent down field shift, and could possibly
be the result of a Cu’ tryptophan cation-T interaction.
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Figure 39: '"H-NMR spectra of CusF,;;, in D,O titrated with AgNO,
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Peak associated with methionine (labeled in red) experience the greatest shift upon
addition of Ag(l). The acetyl cap (shown in blue) and other amino acids remained
almost completely unaffected by addition of the metal.
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Figure 40: '"H-NMR spectra of CusF;;;, and CusF,q;, in D,O titrated with
AgNO;

Only peaks associated with tryptophan (labeled in red) shift upon addition of Ag(l)

possibly due to the formation of a cation-r interaction. Surprisingly, peaks associated
with histidine (labeled in blue) were unaffected by titration with the metal.

4.3.3 Metal Catalyzed Oxidation Reactions

Conditions to promote metal catalyzed oxidation were utilized in an attempt to
identify amino acids in the Cu(I) binding site for both of these peptides. As discussed in
chapter 3, peptides that are specific for Cu" are not susceptible to metal catalyzed

oxidation, however, histidine-containing peptides also bind Cu(Il). Both peptides (100
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UM) were incubated with an equivalent of CuSOy4, 5 mM H,Asc in 10 mM MOPS buffer

at pH 7.4 for 24 hours and then injected on to the ESI-MS for analysis. MS/MS was used
to fragment oxidation products to identify the modified amino acids. Results for CusFss.
so are shown in figure 41, including a diagram of the y and b ions and their respective
masses. A discussion of the fragmentation pattern can be found in chapter 3. The
standard MS (a) includes peaks associated with masses for 3 oxidation products of the
peptide plus 2 protons, 10 at 981.4 (Po+2H"), 20 at 989.4 (P2, +2H"), 30 at 997.4
(P3ox+2H"), and several y ions whose masses are shown in the diagram. The MS/MS of
the (Po,+2H") peak is shown in (b), prominent peaks include several y ions and oxidized
b ions, including b, ox, b3 oxs 5 0x> D6 oxs D7 0x> D8 0xs D9 0x> D10 ox, aNd b1z ox. This pattern of
1ons suggests that histidine is the site of oxidation. Only b, and not y, oxidized ions are
observed and the ion with the smallest mass that is oxidized is the b, ion, which indicates
that one of the first 2 amino acids in the peptide must be oxidized, both of which are
histidine. The MS/MS of the (P2ox+2H") peak is shown in (c), prominent peaks include
several oxidized y ions and oxidized b ions. Some of the oxidized b ions include the
addition of 2 oxygen atoms, b3 20x, bs 20x, D6 20x> D7 0xs D9 20x, and big20x. This pattern of
ions suggests that there are multiple sites for the second addition of oxygen. The
presence of the bs ,0x 10n indicates that the site of oxidation must be on one of the first 3
amino acids, most likely the other histidine. It is possible for a double oxidation product
of histidine, 5-hydroxy-2-imidazolone, however, in work with other peptides described in
chapter 3, this was only observed upon direct addition of H;O,. The presence of several
oxidized y ions, and -64 m/zpeaks in MS/MS analysis of P,ox+H" ions (not shown),
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associated with the loss of CH3;SOH, a known product of the collisional decomposition of
methionine sulfoxide during the ESI process, suggests methionine is also being

oxidized.”"® Another possibility is tryptophan, while it is difficult to unequivocally prove
based on the data, there is precedent in the literature.”*® Oxidation products of tryptophan

are shown in figure 42.
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Figure 41: ESI-MS/MS analysis of metal catalyzed oxidation products of

CusF;;.5

100uM CusB;550, 100uM CuSO,, 5 mM H,Asc in 10 mM NH ,OAc Buffer at pH 7.4

incubated for 24 hours. (a) shows standad MS, prominent peaks include peptide

oxidation products plus 2 protons, 10 at 981.4 (P,,+2H"), 20 at 989.4 (B,,+2H"), and
30 at 997.4 (R,,+2H"). MS/MS of P ,,+2H" and P,,+2H" are shown in (b) and (c),

respectively.
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Tryptophan Hydroxytryptophan

Figure 42: Oxidation products of tryptophan

Tryptophan can be oxidized in one of the locations noted in hydroxytryptophan,
multiple oxidation products are also common

Results for CusF3¢.s50 are shown in figure 43, including a diagram of the y and b
ions and their respective masses. The standard MS (a) includes peaks associated with the
peptide plus 2 protons at 904.9 (P+2H"), and oxidation products including the addition of
10 at 912.8 (Pox+2H"), 20 at 920.8 (P2, +2H"), and several y ions whose masses are
shown in the diagram. (a) also contains P+H" at 1808.7, Po,+H " at 1824.7, Py, +H" at
1840.7, P3ox+H ', Pso,tH '™ at 1856.7, and Peox+2H " at 1872.7, these peaks could not be
studied with MS/MS as low mass ions in the range of interest would be undetectable due
to instrumental limitations. The MS/MS of the (Po,+2H") peak is shown in (b), prominent
peaks include several oxidized y ions and oxidized b ions. This pattern suggests there are
multiple sites for the first oxidation. The presence of the by ox suggests that it is one of
the first 4 amino acids, most likely histidine; however, the intensity of b, ion and the
absence of b, ox indicates that it may not be very abundant. The presence of several
oxidized y ions, and -64 m/zpeaks in MS/MS analysis of Pox+H" ions (not shown),
suggests that methionine is also being oxidized. The MS/MS of the (P,ox+2H") peak is
shown in (c), prominent peaks include several oxidized y ions and oxidized b ions. This

pattern of ions also suggests that there are multiple sites for the second addition of
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oxygen. The presence of the b,  ion indicates that the site of oxidation must be on one
of the first 2 amino acids, most likely histidine. MS/MS of Pyx+H " (not shown) did not
reveal a peak associated with the loss of 2 equivalents of CH3;SOH, indicating that
oxidation of both methionine residues simultaneously is unlikely. The presence of a bg 0x
suggests that tryptophan is possibly being oxidized. The by ion is the first b ion to
contain tryptophan, and it is the only b ion double oxidation product. This suggests that

there is an interaction between Cu(I) and tryptophan, presumably via a cation-Tt.
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Figure 43: ESI-MS/MS analysis of metal catalyzed oxidation products of
CusF;.5

100uM CusBsg50, 100uM CuSQO,, 5 mM H,Asc in 10 mM NH ,OAc Buffer at pH 7.4
incubated for 24 hours. (a) shows standard MS, prominent peaks include the peptide
plus 2 protons at 904.9 (P+2H) and oxidation products including, 10 at 912.8
(Poxt2H™) and 20 at 920.8 (R,,+2H"). MS/MS of P,,+2H" and P,,,+2H" are shown in

(b) and (c), respectively.
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4.4 Discussion

We have had some success in the development of a model peptide that can
accommodate the Cu(I)/Ag(I) tryptophan cation-w interaction. Titration of both peptides
with Ag(I) monitored by 'H-NMR revealed that the tryptophan proton peaks are shifted
down field in the presence of the metal, while peaks associated with the remaining amino
acids, except for methionine, are largely unaffected. Analysis of metal catalyzed
oxidation products of the peptides, particularly of CusF3¢.50, also supports the claim of an
interaction between Cu" and tryptophan as the residue appears to be oxidized.

Whether or not CusFss.5p contains a linear Cu(I) binding site is inconclusive.
Titration of the peptides in to Cu(BCA); did reveal that CusFss.5 has a stronger Cu(I)
binding affinity than that of CusFse.s0, likely due to the presence of a second copper
coordinating histidine. An interaction between both CusF3s_sy histidine residues and
copper is supported by the analysis of the metal catalyzed oxidation products of the
peptide where both histidine residues are presumed to be oxidized. In this same
experiment, however, methionine is also oxidized and therefore may also be part of the
binding site. This is not uncommon, the HH binding site in hCtr1 is also believed to bind
Cu(I) in a similar coordination environment that may also involve methionine. A model
peptide of this binding site in hCtrl (MDASHHMGMSYMDSKK) was found to have a
Kp=8x10""M."%

Two labs have attempted to determine the Cu(I) binding affinity of the CusF
whole protein. McEvoy has estimated the Cu(I) Kp value for CusF ranges between 8.7 X

10°-4.6 x 10> M'*®, with the lower and upper limit established by the Rosenzweig K|
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and [, constants, respectively, fitting the decrease in the absorbance at 562 nm with
MATLAB.”® O’Halloran reported a CusF Cu(I) binding affinity in terms of the product
of Kp and B, (KpBz = of 7.3 x 10°)."* This was likely due to the debate over which of
Cu(BCA), formation constants, determined by Rosenzweig or Wedd,"®' is more accurate.
O’Halloran utilized the method describe in chapter 3 to measure binding affinity,
whereby the Kpp, value was determined using mass balance equations at each point of
the titration, and reported as an average value. The only major difference between the
method used by O’Halloran was the use of the Cu(BCA), peak at 358 nm, and it’s

respective molar extinction coefficient, to determine Kpf,, while both McEvoy and the

current studied utilized the absorbance at 562 nm. To compare the McEvoy and

O’Halloran results, we used the Rosenzweig 3, constant to convert the O’Halloran Kp3,
value into terms of a Kp (1.58 x 10" M). The extrapolated O’Halloran Kp value is

within the range reported by McEvoy. In a separate report McEvoy also determined the

CusF Cu(I) binding affinity via ITC (Kp = 3.8 x 10" M) which is also within the range

determined by titration with Cu(BCA),.*"

While the absorbance of the characteristic Cu(CBCA), peaks in both of these data
sets also do not reach zero, they appear to bind with a considerably higher affinity than
model peptides examined here. In both studies with whole CusF, titration of Cu(BCA),
with 2 equivalents of protein reduced the characteristic Cu(BCA), peaks by more than
50%. In the current study, titration with of Cu(BCA), with 30 equivalents of CusFss._so

and CusF3¢.50 reduced Asg, by only 14.6% and 4.7%, respectively.
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While NMR and MCO data suggests that these model peptides, particularly
CusF36.50, may be effective at promoting the Ag(I) and Cu(I) cation-7 interaction
observed in the CusF whole protein, spectrophotometric titrations with Cu(BCA), reveal
that the model peptides do not exhibit nearly as tight a Cu(I) binding affinity. This is
likely a result of binding site geometry. The binding site of the whole protein CusF,
located near the second loop of a novel barrel structure comprised of 5 B-strands
organized in 2 three-stranded antiparallel B-sheets,”" is significantly more structured than
those of the random coil model peptides. The random coil peptide is unlikely to as easily
bind the metal in the trigonal planar geometry as the rigid whole protein, where the

geometry is imposed by the greater protein structure.
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Appendix A. Peptide Extinction Coefficients

Concentrations of solutions of peptides and proteins containing aromatic
tryptophan and tyrosine amino acids can be determined using well established extinction
coefficients.”’ Solutions of peptides and proteins lacking these residues can be difficult
to quantitate, as they lack distinctive UV-vis features other than the absorbance of the

peptide bond, A ~190 nm. Over the years, several extinction coefficients have been

proposed to quantitate the concentrations of peptides and proteins utilizing the

absorbances from 205-225 nm*****?

, sometimes being updated due to gross
inaccuracies.”* Many of these techniques were developed for quantitation of whole
proteins, and did not prove applicable to smaller peptide models.

We determined an extinction coefficient per peptide bond at 205 nm based on the
finding that, for very short peptides, the UV absorbance is directly proportional to the

number of peptide bonds**

. This principle was used to determine the concentration for
the majority of our small methionine-rich peptides. The absorbance at 205 nm is not just
reflective of the peptide bond, the individual amino acids also absorb light in this region,
some with considerable more efficiency than others.”* Separate extinction coefficients
were determined for longer peptides, and peptides of considerably different compositions.
To generate extinction coefficients, solutions of peptide dissolved in nanopure

water were measured for UV absorbance at 205 nm using a standard spectrophotometer,
and then sent for quantitative amino acid analysis (QAA). The absorbance of the peptide

was then correlated with the number of moles in solution determined by QAA, whereby

the absorbance at 205 nm was divided by the number of moles, divided by Avogadro’s
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number to convert moles of peptide into molecules of peptide, and then divided by the

number of peptide bonds per molecule of peptide to correlate an absorbance per peptide

bond:
Azes ! 1 mole ! 1 rrplecule ="__|# peptide bonds
# moles  6.022! 10®molecules # peptidebonds ~ **
Peptide Sequence €205/ # peptide bonds x10™°)
PcoC Ac-MTGMKGMS-NH, 7.86
PcoCY Ac-MTGMKGMSY-NH, 8(2)
yMets5 Ac-MSSMASMSMGSK-NH, 8(2)
yMets8 Ac-MDMDMSMGMNYK-NH, 3.3(1)
hMets1 Ac-MGMSYMSK-NH, 43(2)
hMets2 Ac-SMMMPMTK-NH, 8(1)
MG,CG,M Ac-MGGCGGMK-NH, 5.7(4)
MG,HG,M Ac-MGGHGGMK-NH, 8.3(7)
CusFis.50 Ac-HHDPLAAVNWPEMTMR-NH,  13.1(9)

CusF35.50W44M  AccHHDPLAAVNMPEMTMR-NH, 12(2)

This extinction coefficient can then be used for analyzing independent solutions of the
same peptide, or a peptide of very similar length and composition, to determine
concentration by dividing the absorbance by the extinction coefficient to determine the
number of peptide bonds, then divide by the number of peptide bonds in 1 molecule of
peptide and by Avogadro’s number to determine the number of moles of peptide in

solution:

1 1 molecule 1 mole
A - ! - ! n = # moles
(",,s / # peptide bonds) # peptide bonds 6.022! 10 *molecules

Dividing by volume will yield concentration.
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